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Preface 

As the scientific community encounters new and complex problems with each 
passing day and as a dynamically evolving field of science, a need to search for 
advanced biocompatible nanomaterials and the mode of their interaction with living 
systems needs to be explored for their use in human welfare. 

This book entitled “Interaction of Nanomaterials with Living Cells” will further 
enrich the understanding of readers about various classes of nanoscale materials 
vis-à-vis their behavior and interaction with the cellular system. 

This book comprises 31 uniquely drafted chapters critically analyzing various 
aspects of materials in nano dimensions that are currently being explored for 
biomedical applications. Chapter 1 discusses the role of synthetic and natural 
biomaterials in modulating the autoimmune response for better therapeutic 
outcomes, especially in countering autoimmune diseases. Chapter 2 introduces 
nano-biosensors to diagnose a range of conditions as well as their therapeutic 
significance. Chapter 3 sheds light on materials like calcium, phosphorous, bioglass, 
collagen, chitosan, hyaluronic acid, etc. that can be used efficiently for bone tissue 
engineering. Similarly, Chap. 4 covers the use of hydroxyapatite in bioimaging, 
controlled medication administration, gene treatments, and tissue engineering. 
Chapter 5 covers antiviral, antibacterial, antioxidant, anticancer, anti-inflammatory, 
and antiparasitic wound-healing activities properties of nanoparticles fabricated by 
green synthetic routes. Chapter 6 highlights carbon nanotube properties, characteri-
zation, functionalization, toxicity, and future prospects. Chapter 7 brings up the role 
of nanomaterials in improving animal health and production. Further, the toxicity of 
nanomaterials and considerations for animal health and safety are also discussed. 
Chapter 8 discusses the bioinspired materials that are inherited with antimicrobial 
properties that can be used for tissue engineering applications. Chapter 9 introduces 
3D and 4D bioprinting technology for tissue engineering applications focusing on 
organ and tissue bioprinting. 

Chapter 10 discusses the hemocompatibility of differently modified polymeric 
nanofibers and the testing of these nanofibers to determine hemolysis rate, platelet 
adhesion, plasma recalcification time, free hemoglobin estimation, attachment and 
release of red blood cells, and adsorption of plasma proteins. Chapter 11 discusses 
the role of polyurethane nanofibers fabricated by electrospinning used as drug carrier 
systems for treating cancers. Chapter 12 focuses on different types of nanoparticles
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used in cancer therapy and diagnosis. Chapter 13 introduces the applications of 
bioactive compounds and biomaterials in promoting cell differentiation, prolifera-
tion, and regenerating tissue. Chapter 14 will discuss the materials, for example, 
lipid, polymer, and peptide-based, for gene delivery. Chapter 15 introduces the 
natural hydrogels used as dressing for skin wound-healing applications. 
Chapter 16 offers a better understanding of nanomaterial-based cancer theranostics 
and recent innovations in this area. Chapter 17 describes nanocellulose as a sustain-
able nanomaterial for films and coating layers via spray-coating and applications. 
Chapter 18 describes a nanoparticles-based targeted drug delivery systems. 
Chapter 19 gives insight into the treatment of osteoarthritis using different materials. 
Chapter 20 emphasizes the potency of nanoencapsulation techniques using bioactive 
compounds. Chapter 21 reviews the green routes of synthesis, modification, charac-
terization, properties, and applications of palladium-based nanoparticles in biomedi-
cal applications. Chapter 22 describes the different innovative nanomaterials with 
profound antibacterial action applied in biomedical sciences. Chapter 23 introduces 
musculoskeletal pains and diseases with novel insights in biomaterial based treat-
ment. Chapter 24 describes the electrospun cellulose and derivative-based nanofibers 
loaded with bioactive agents that can be used in wound dressing and healing 
applications. Chapter 25 discusses the challenges and advantages of nanomedicine, 
especially the delivery routes, for example, using nanoparticles, dendrimers, micelle, 
drug conjugate, nanocapsules, nanoliposomes exosome, noisome, and nanogel. 
Chapter 26 mentions the silver nanoparticles incorporated in textile substrates for 
antimicrobial applications. Chapter 27 describes the biocompatibility and biodegrad-
ability of gelatin and its favorable physicochemical characteristics. Chapter 28 sheds 
light on biomedical applications of fused filament fabrication. Chapter 29 describes 
the role of stem cells in the delivery of essential pharmaceuticals. Chapter 30 
describes various biomaterials used to treat autoimmune diseases (e.g., rheumatoid 
arthritis, multiple sclerosis, and type I diabetes). Finally, the regulatory and ethical 
issues associated with the use of various types of nanoscale materials are discussed 
in Chap. 31. 
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Abstract 

The human immune system sketches an indispensable role in modulating disease 
advancement and maintaining tissue homeostasis. Conventionally, the immune 
system is recognized as a defensive system preventing bacterial and/or viral 
infections. Besides the immune system’s role in preventing pathogenesis, it 
plays an essential role in countering allergies, cancer, autoimmune diseases, 
tissue repair mechanisms, and regeneration. Modulation of the immune system 
plays a vital role in eliminating many diseases and immune disorders. However, 
therapeutic modulation of the immune system may result in lifelong 
comorbidities and severe to fatal side effects. This chapter presents a brief outlook 
of the immune system and its role in pathogenesis and maintaining tissue 
homeostasis. Furthermore, this chapter highlights the role of different 
bioengineered materials in modulating the host immune system for better thera-
peutic outcomes, especially in countering autoimmune diseases. 

Keywords 

Novel scaffolds · Immune cell types · Autoimmune · Nanomaterials 

1.1 Introduction 

Autoimmunity-assisted disorders (ADs) can be defined as diseases resulting from the 
body’s abnormal immune response, which recognizes the body’s self-antigens as 
“foreign particles,” thereby attacking and eventually destroying healthy tissue or 
organs (Davidson and Diamond 2001). ADs are often found to be idiopathic. The 
symptomatic outburst of such autoimmune diseases generally includes chronic 
inflammation of tissue and systemic circulation, severe pain in joints, fatigue, etc. 
Almost 5–7% of the global population is affected, with a higher prevalence in 
women (Hayter and Cook 2012). Some autoimmune diseases primarily affect 
women, such as rheumatoid arthritis (RA), which is three times higher than in 
men, and systemic lupus erythematosus, commonly known as lupus (Angum et al. 
2020). About 90% of the patients who have lupus are women, and surprisingly, the 
susceptibility of developing the disease is ten times higher in young females during 
and after their adolescence (Angum et al. 2020). There are more than 80 different 
autoimmune diseases reported globally, among which most commonly occurring are 
multiple sclerosis, inflammatory bowel diseases (ulcerative colitis and Crohn’s 
disease), type 2 diabetes, psoriasis, rheumatoid arthritis, Addison’s disease, systemic 
lupus erythematous, Graves’ disease, pernicious anemia, etc. Although most clinical 
manifestations and exact etiology are unknown, significant studies reveal that 
genetic alterations make people more susceptible to ADs. However, uncontrolled 
lifestyle and environmental factors may also trigger the breakdown of the typical 
immune system. For example, those living in an urban environment are more prone



to develop an autoimmune disease, likely due to high exposure to various pollutants, 
chemicals, smoke, etc. (Javierre et al. 2011; Rook 2012; Rose and Mackay 2006). 
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ADs constitute a significant concern worldwide since the diagnosis and manage-
ment of these frequently relapsing and chronic conditions leave a substantial socio-
economic burden. The diagnosis of ADs is often very challenging due to the scarcity 
of standard and clinically relevant biomarkers and the lack of early-stage clinical 
symptoms. For example, clinical diagnosis of inflammatory bowel diseases (IBD) 
involves endoscopic surveillance, such as colonoscopy, flexible sigmoidoscopy, and 
a complete profile of the small intestine (mainly duodenum), entire colon, and 
rectum. In this context, scoring systems, namely, Crohn’s Disease Activity Index 
(CDAI) and Ulcerative Colitis Endoscopic Index of Severity (UCEIS), have been 
developed and validated in order to standardize the endoscopic assessment using a 
combination of factors. To visualize the entire bowel’s more profound appearance, 
few imaging techniques like MRI (magnetic resonance imaging) and CT scan are 
often chosen as diagnostic tools. Other diagnoses include invasive tests instead of 
the scoring system. For instance, type 1 diabetes is typically diagnosed by a glycated 
hemoglobin test (A1C) indicating levels of 6.5 and above. Diagnosis of multiple 
sclerosis (MS) is more complicated, often based on evaluating cerebrospinal fluid. 

1.2 Human Immune System: A Brief Outlook 

The immune system constantly defends the body against invasion of pathogens and 
xenobiotics or tissue damage. In the host body, both the innate and adaptive immune 
responses actively participate in the detection and elimination of pathogenic 
invaders. Innate immunity encompasses immediate, nonspecific response, while 
adaptive or acquired immune strategy is pathogen- or antigen-specific, mediated 
by B and T cell activation that potentiates the production of antibodies and immu-
nologic memory to combat the relapsing incidence of a disease. Adaptive immune 
cells may sometimes attack self-antigens by mistake, which leads to the loss of 
immune tolerance, thereby leading to autoimmune diseases. 

When an exogenous threat is recognized, the immune system constitutes a 
complex series of mechanisms that aims to clear damaged cells, expel toxins, and 
restore tissue homeostasis (Medzhitov 2008). The first-line host defense is initiated 
with neutrophils that act nonspecifically to engulf the pathogens (phagocytosis), and 
simultaneously, a large amount of reactive oxygen species (ROS) is generated that is 
highly cytotoxic to potentially harmful invaders (Nathan 2006; Shi and Pamer 2011). 
Like neutrophils, circulating monocytes that mature into macrophages play a signifi-
cant role in destroying pathogens by phagocytosis. Activated macrophages secrete 
pro-inflammatory factors that potentiate the killing response, followed by its con-
version to an anti-inflammatory phenotype that ensures tissue repair after injury. In 
case of infection, the primary component of physiological immune response is 
antigen-representing cells (APCs). Dendritic cells (DCs) are a specialized subset of 
antigen-representing cells that can take up the invaded pathogens under the skin and 
mucous membrane via phagocytosis and pinocytosis. Furthermore, they migrate to



the lymph nodes, where they become matured DC. Mature DCs then process the 
pathogens into short peptides to make them available on the cell surface, where they 
are displayed to B and T lymphocyte cells. Once those peptides are represented by 
the major histocompatibility complex (MHC) molecules, the cytotoxic T cells or 
CD8+ T cells directly kill the pathogens. In contrast, helper T cells, also known as 
CD4+ T cells, indirectly initiate the maturation of B-lymphocytes which, in turn, 
divide into plasma cells followed by secretion of immunoglobulins. Thus, the 
activated B cells mediate humoral or Th2 response by producing specific antibodies 
upon recognition of antigens (Fig. 1.1). 
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Fig. 1.1 Representation of different physiological barriers as a part of the human immune system 
along with important components of the innate and adaptive immunity that form part of rapid and 
slow response to an antigen. (Image created using BioRender) 

1.3 The Human Immune System Accounts for the Etiology 
and Pathogenesis of ADs 

The term “autoimmune disorder” refers to the condition when the body’s immune 
system fails to apprehend “self” from “nonself” and produces immune cells or 
antibodies (called autoantibodies) that target its own cells, tissues, and/or organs, 
leading to inflammation and significant tissue destruction. In this scenario, the 
body’s defense serves as the body’s enemy. Different organ targets and immune 
cells responsible for autoimmune disorders are shown in Fig. 1.2. 

B cell and T cell play a vital role in triggering the onset of autoimmunity. The 
primary elements attributed to T cell-associated autoimmunity majorly include Type



1 T helper cells (Th1), Type 2 T helper cells (Th2), and/or Th17 cells that secrete 
interleukin-17 (IL-17) (Lewis and Allen 2016). In the case of rheumatoid arthritis 
(RA) and type 1 diabetes, Th1 response significantly predominates, while in multiple 
sclerosis, destruction of nerve axons takes place (Aarvak et al. 2000). 
Pro-inflammatory cytokines such as interferon-γ (IFN-γ), IL-2, granulocyte-macro-
phage colony-stimulating factor (GMCSF), and tumor necrosis factor-α (TNF-α) are 
secreted by Th1 CD4+ cells that efficiently activate the effector functions of 
macrophages (Charlton and Lafferty 1995). 
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Fig. 1.2 Diagrammatic representation of the different mechanisms adapted by the T cells, B cells, 
and dendritic cells in various autoimmune diseases. The dendritic cells are usually activated by the 
antigens released during an active tissue injury, migrate to the lymph nodes and further functional 
B-cells and antigen-presenting cells. Activation of the B cells further leads to a cascade of events 
like the generation of effector T cells and memory B and T cells. Cytokine storms, for example, in 
response to an external aggravation of the immune system, damage the tissues. (Pictorial represen-
tation has been created using BioRender) 

Th17 (T helper 17) cells are widely considered as a potential pathogenic effector 
in autoimmune disorder development and progression. Th17 cells, identified first in 
the year 2005, are a novel subset of CD4+ T cells which actuate the secretion of 
several interleukins (e.g., IL-21, IL-22, IL-17F, IL-17A) (Park et al. 2005). IL-17 is 
an efficient pro-inflammatory cytokine that induces the expression of IL-6, TNF-α, 
and IL-1β present in the endothelial and epithelial cell in conjunction with macro-
phage and fibroblasts cells. This ultimately results in increased inflammation (Waite 
and Skokos 2012). T helper 17 cells (Th17) and their cytokines give rise to several 
autoimmune disorders such as psoriasis, multiple sclerosis (MS), arthritis (RA), 
lupus (SLE), etc. (Maddur et al. 2012). For instance, a preclinical study showed 
that mice lacking in IL-17 failed to develop collagen-induced arthritis (Nakae et al.



2003). Regulatory T cells (Tregs) are another novel subset of CD4+ T lymphocytes 
that provide self-tolerance. The disruption of the delicate balance between Treg cells 
and Th17 cells often acts as a critical promoter of autoimmune complications. 
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B lymphocytes are the significant source of immunoglobulins in our body and 
stimulated B-cells to mediate autoimmune responses by producing 
immunoglobulins like IgE and IgG that function against a self-antigen (Sheikh et 
al. 2021). B cells’ central role in autoimmune pathogenesis involves an array of 
cellular processes, including autoantigen representation followed by production and 
secretion of autoantibodies and inflammatory cytokines (Christiane and Hampe 
2012). Antibodies against self-antigens can cause severe systemic problems. 
Autoantibodies can either stimulate or inhibit the signaling receptors by binding to 
it. For example, myasthenia gravis is associated with receptor blocking autoanti-
body. In this case, autoantibodies produced by B-lymphocytes are released in the 
neuronal junction (synapse) against acetylcholine receptors, which in turn blocks the 
function of acetylcholine, a crucial neurotransmitter released from the synaptic 
boutons (Vrolix et al. 2010). On the other hand, Grave’s disease is characterized 
by hyperthyroidism which is caused as a result of elevated thyroid level (thyroxine 
and triiodothyronine hormone) secreted by stimulated thyrotropin receptor (TSH 
receptor) upon binding to the thyroid-stimulating autoantibodies (Chen et al. 2003). 
In addition, activated B cells often serve as the potentiators for the secretion of 
pro-inflammatory cytokines, for example, IL-4, IL-6, TGF-β, IFN-γ, etc. (Duddy 
et al. 2004; Lund et al. 2005), which help in the pathogenesis of autoimmunity by 
orchestrating a cascade of events, including the activation of macrophages for 
phagocytosis, the migration of APCs (dendritic cells) to lymph nodes, upregulation 
of T cell effector functions, and activation of further B-lymphocytes by providing 
stimulatory signals (Matsumura et al. 2006). 

1.4 Current Strategies and Therapeutics Against Autoimmune 
Diseases 

Due to lack of adequate information regarding the etiology, effective treatment and 
cure for most autoimmune disorders have not been established, necessitating more 
detailed and more in-depth scientific investigation to understand the role of crucial 
inflammatory mediators present in ADs. In modern medicine, clinically relevant 
therapies can be broadly categorized as replacement therapy (symptomatic) and 
immunosuppressive or immune-modulation therapy (Chandrashekara 2012). Symp-
tomatic therapy aims to manage disease symptoms in order to decrease the number 
of relapsing events. The best example of replacement therapy is autoimmune thyroid 
disease, predominantly treated either by reducing the thyroxin production or by 
replacing the hormone once the gland is damaged (Singer et al. 1995). Another 
example is Sjogren’s syndrome, where patients undergo replacements of tear and 
saliva in addition to drugs used for alleviating with additional complications 
(Mavragani and Moutsopoulos 2014).
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Similarly, management of type 1 diabetes requires constant monitoring of blood 
glucose levels besides regular administration of subcutaneous insulin or pressurized 
pumps to ensure normal blood glucose concentrations (Pickup 2012). In compari-
son, systemic diseases like systemic lupus erythematosus (SLE) are primarily treated 
with immunosuppressive agents to prevent organ damage. Previously, immunosup-
pressive drugs used to be nonspecific and toxic. However, the latest developments 
include more target-specific immunosuppressant drugs, with little to no distribution 
to the nontarget organs and a more profound immunosuppressive effect. 

Therapeutic options for the treatment of RA are also sparse. Physiotherapy and 
medication can help slow down the disease’s progression. To relieve pain and 
subdue inflammation, nonsteroidal anti-inflammatory drugs (NSAIDs) are used. 
Immune suppressants like corticosteroids such as prednisone reduce inflammation 
and pain and slow down joint damage. Disease-modifying antirheumatic drugs 
(DMARDs) are highly efficacious in RA; however, they need to be administered 
during the early stages of the disease (Aletaha and Smolen 2002). Commonly used 
DMARDs in clinical setting include sulfasalazine methotrexate, 
hydroxychloroquine, and leflunomide. However, as the joint damage and bone 
erosion become severe with disease progression (Heidari 2011), the use of 
DMARDs is not a viable option (Smolen et al. 2010). Furthermore, these therapies 
are associated with significant adverse effects such as bone marrow depletion, liver 
damage, and severe lung infections. Biological interventions (such as antibodies and 
proteins) have also been developed as alternatives for treating ADs. In IBDs, this 
therapeutic approach suppresses the expression of tumor necrosis factor-α (TNF-α), 
which is associated with abnormal expression of cytokine in IBDs (Sandborn et al. 
2003; Sands and Kaplan 2007). Similarly, treatment with interferon-β (IFN-β) has 
shown promising impact in treating MS. This is the reason that injectable IFN-β 
products represent 50% of the pharmaceutical market for treating MS (Hegen et al. 
2015). However, events of disease relapse are familiar with biological therapies 
(Targan 2006). 

In the last few decades, immunotherapy has been conquered extensively in 
clinical research for the mitigation of a broad spectrum of immune disorders. 
Immunotherapy as a modulation to counter the immune disorders is a strategy that 
either interposes immune dysregulation or induces a specific immune tolerance to 
self-antigens. Immunotherapy was first launched in the early 1980s with a study 
demonstrating clinical evidence of polyclonal IgG immunoglobulin (IVIG) in 
improving autoimmune thrombocytopenia (Targan 2006). More than 70% of IVIG 
is currently clinically used to treat autoimmune diseases in the USA. With the 
advancement of molecular biology, novel immunotherapeutic approaches have 
emerged, broadly classified as regulatory T cell therapy, effector cell depletion 
(e.g., antithymocyte globulin [ATG]), and nonspecific molecular 
immunomodulation (e.g., IL-1 agonist).
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1.5 Biomolecules: Promising Candidates for Autoimmune 
Therapy 

The emerging incidence of autoimmune disorders has become a global threat, 
leading researchers to focus on developing more target-specific and nontoxic treat-
ment strategies. In this context, biomolecules have been well explored for the 
detection and treatment of ADs. Biomaterials are selected or designed based on 
their ability to exert the desired effects concomitant with biocompatibility and most 
negligible adverse effects. To overcome biocompatibility issues of the in vivo 
devices required for external diagnostics, a broad range of biomaterials of synthetic 
and natural origin have been investigated. These include polymers, metal 
nanoparticles, hydrogels, quantum dots (QDs), and biomolecules such as antibodies 
and enzymes. 

1.5.1 Polymeric Hydrogels 

Polymeric hydrogels are among the most frequently utilized biomaterials due to their 
unique properties, such as high flexibility, biocompatibility, softness, high water 
content, resemblance to the living tissue, and degradation property. Polymeric 
hydrogels are of prime importance in the delivery of drugs and tissue engineering 
(Ashraf et al. 2018; Sofi et al. 2019). These can be either synthetic (prepared by the 
polymerization of functional monomers) or naturally derived through cross-linking, 
which offers excellent biocompatibility and degradation properties (Clegg et al. 
2017). The hydrogels are often used as an artificial extracellular niche to support, 
nourish, and protect encapsulated cells (Chan and Neufeld 2010; Truong et al. 2015). 
These gel systems can also be prepared to preserve bioactive agents for targeted drug 
delivery (Chan and Neufeld 2010). These systems exhibit a wide range of responsive 
behaviors. For example, a cross-linked hydrogel composed of pH-responsive 
monomers such as diethylaminoethyl methacrylate or methacrylic acid shows 
pH-dependent swelling behavior. 

Hydrogels may be charged or non-charged based on the nature of functional 
groups present in their structure. In the charged state, the hydrogel gets expanded or 
swollen, driven by electrostatic repulsion. A reverse phenomenon is observed when 
the gels are exposed to certain pH conditions that facilitate removal of the 
“interacting group” charges. This type of pH-responsive behavior can be controlled 
by incorporating comonomers that contain hydrophobes capable of altering the pKa 
of the ionizable groups to minimizing the electrostatic interactions (Liechty et al. 
2013). 

Thermoresponsive behavior is a characteristic feature of polymers like poly(N-
isopropylacrylamide) or poly(N-vinylcaprolactam). These polymers experience a 
transition from hydrophilicity to hydrophobicity near body temperature capable of 
alteration by comonomers (Zhang et al. 2015a). However, pure synthetic polymers 
usually comprised of polyvinyl, polyacrylate, and polyacrylamide backbone which 
are typically nondegradable in nature. This has eventually potentiated the use of



cross-linking agents containing disulfide bonds or biodegradable polymers such as 
poly(lactic-co-glycolic acid) (Lv et al. 2014; Tang et al. 2009). Polymeric hydrogels 
derived from natural sources, including collagen, alginates, chitosan, etc., have 
become very popular, especially in tissue engineering applications, because of 
their excellent biodegradability and biocompatibility (Lv et al. 2014). 
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1.5.2 Inorganic Biomaterials 

The use of inorganic biomaterials, such as gold nanomaterials, iron oxide 
nanoparticles (IONPs), and semiconductor quantum dots (QDs), has promising 
applications in the field of disease detection, biomarker development, and drug 
delivery systems. Such materials’ primary advantage is that they can quickly conju-
gate to bioactive molecules and act as a promising drug carrier for target-specific 
delivery. In autoimmune diseases, nanomaterials have been designed to modulate 
the antigen-representing cells (APCs) as well as downregulating the innate immune 
signals so as to strengthen adaptive autoimmune responses (Klippstein and Pozo 
2010). For instance, in the treatment of experimental autoimmune encephalomyelitis 
(EAE), liposomes loaded with glucocorticoid were found to be effective at a lower 
dose as compared to usual glucocorticoid therapy by directly targeting the 
macrophages (Schweingruber et al. 2011). 

Gold nanoparticles (GNPs) have specific advantages due to their size- and shape-
related optoelectronic properties (Hu et al. 2006; Yeh et al. 2012), localization, 
biocompatibility, and low toxicity (Dykman and Khlebtsov 2012; Murphy et al. 
2008). They are chemically stable and inert. Important physical properties of GNPs 
include surface plasmon resonance (SPR) and the ability to quench fluorescence. 
Moreover, the surface plasmon resonance is characterized by an absorption band that 
arises from the collective oscillation of the electrons excited by the photons of the 
incident light (Mock et al. 2002; Piliarik et al. 2011). The most common structures 
that have been explored for biomedical applications include nanorods, nanospheres, 
nanoshells, nanostars, nanocubes, and nanopyramids. 

The QDs are semiconductor nanocrystals with a diameter in the range of 2–10 nm 
that can emit lights of distinct colors, predominantly depending upon their size, 
shape, and composition. QDs were first discovered in 1980 (Ekimov and 
Onushchenko 1981). QDs have been widely employed in biomedical imaging and 
biosensors due to the unique size that allows them to go anywhere in the body, 
improved brightness, and fluorescence property, making them more appealing over 
conventional organic dyes (Pinaud et al. 2006). QDs are usually conjugated with 
bioactive molecules or probes to improve their uptake during imaging or to facilitate 
the detection of biomarkers with their respective fluorescent antibodies (Knipe et al. 
2013). However, the major drawback of QDs is the associated toxicity as seen in 
many standard formulations, such as CdTe, which can be known to release toxic 
cadmium ions (King-Heiden et al. 2009; Lovrić et al. 2005), although strategies like 
the encapsulation of QDs (Zhang et al. 2006) or preparing formulations with less 
poisonous metals (Pons et al. 2010) have been developed to reduce toxicity.
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Superparamagnetic iron oxide nanoparticles (IONPs) with diameters between 
1 and 100 nm serve as a potential alternative to photo-responsive nanomaterials. 
Magnetically responsive IONPs have gained much interest in biomedical 
applications since these are extensively used as contrast agents for MRI (Quan 
et al. 2011; Xie et al. 2010), drug carriers for target accumulation (Chertok et al. 
2010), gene carriers for gene therapy, magnetic sensing probe for in vitro diagnostics 
(Li et al. 2011), and nanoadjuvants for vaccines and antibody production. 

1.6 Role of Biosensors in the Detection of Autoimmune 
Disorders: Rationale and Application 

Autoimmune diseases can be classified as organ-specific (e.g., thyroid, type 1 diabe-
tes, Grave’s disease) or systemic (like antiphospholipid syndrome, rheumatoid 
arthritis, and systemic lupus erythematosus). These are some of the major reasons 
for severe physical disability, organ failure, and morbidity; therefore, early diagnosis 
is essential for the augmentation of patients’ health quality. Instead of invasive 
diagnostic tests, biomarkers found in the biofluids of patients with ADs have gained 
enormous interest in detecting the disease. Most of the relevant biomarkers identified 
in ADs are autoantibodies (Ghorbani et al. 2019), proteins (Derkus et al. 2017; 
Zasońska et al. 2018), chemokines (Vega et al. 2013), cytokines (La Belle et al. 
2007), and ions (Tadi et al. 2017). Proteomic studies such as IIF (indirect immuno-
fluorescence), ELISA (enzyme-linked immunosorbent assay), and Western blotting 
are commonly used to detect autoantibodies associated with autoimmune disorders 
(Campuzano et al. 2019; Zhang et al. 2017). However, these techniques are time-
consuming and expensive, require many sophisticated instruments, and are even not 
highly sensitive in all cases. These disadvantages, therefore, render for designing 
more sensitive and novel techniques. One of the most promising and intriguing 
approaches is the development of biosensors for qualitative and quantitative detec-
tion of biomarkers ensuing proper disease monitoring. Table 1.1 provides a list of 
common biomarkers related to different autoimmune diseases. 

As per IUPAC, a biosensor is a self-integrated device comprising of a biological 
recognition element in combination with a transducer element (both are in direct 
spatial contact) which is used to provide specific analytical information in qualitative 
or semiquantitative fashion by conversion and amplification of biological/chemical 
signals into measurable electrical signals. These are of emerging importance due to 
their excellent specificity, sensitivity, low cost, robustness, and real-time detection 
capability. Micro- and nanoscale biosensors have been explored for AD markers, 
especially when a sufficient quantity of sample (biofluid) is not available (e.g., 
patients with Sjogren’s syndrome suffer ocular dryness; in such case, reduced 
amount of lacrimal fluid is available for biomarker detection and quantification). 
Biomaterials can be used to design biosensors for detecting immune diseases and, at 
the same instant, target these diseases with suitable drugs. The working principle is 
based on the hypothesis that a localized inflammatory response leads to the produc-
tion of inflammatory cytokines, which can be detected using an antibody of the



released cytokine in a drug-laden biomaterial scaffold. In response to the cytokine 
release, drugs will be released from the scaffold. As the level of the cytokines will 
recede, the drug concentration will subsequently adjust to the receded levels, 
resulting in targeting and response-based drug release (Fig. 1.3). 
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Table 1.1 A list of biomarkers of different autoimmune diseases and their source for sampling 

Disease Biomarkers 
Source of 
biomarkers Reference 

Sjögren’s 
syndrome 

Lysozyme, lipocalin, lactoferrin, cathepsin Tears Caffery et al. 
(2008), Danjo 
et al. (1994) 

Alpha-amylase, alpha-enolase, lysozyme C, 
cathepsin, carbonic anhydrase (VI), beta-2-
microglobulin, lactoferrin 

Saliva Hu et al. (2007), 
Ryu et al. (2006) 

Type 
1 diabetes 

Insulin, anti-GAD (anti-glutamic acid 
decarboxylase), glucose, IA2 (islet antigen-
2) 

Serum Mathieu et al. 
(2018) 

Multiple 
sclerosis 

Fetuin-A, β 2-microglobulin, kallikrein-6, 
anti-Myelin Basic Protein (anti-MBP) 

Cerebral 
spinal fluid 

Harris et al. 
(2013) 

Crohn’s 
disease 

Calprotectin, calgranulin C, anti-
saccharomyces cerevisiae (ASCA), anti-
neutrophil cytoplasmic antibodies, 
C-reactive protein 

Serum Chen et al. (2020) 

Hashimoto 
thyroiditis 

TSH, antithyroid peroxidase antibody (anti-
TPO) 

Serum Santhoshkumar 
et al. (2021) 

Graves’ 
disease 

Thyroid-stimulating immunoglobulin (TSI), 
anti-TPO 

Serum Longo and 
Higgins (2019) 

Celiac 
disease 

Anti-tissue transglutaminase (anti-tTG), 
antigliadin autoantibodies (AGA), anti-
deamidated gliadin peptide (anti-DGP) 

Serum Vives-Pi et al. 
(2013) 

Gluten Urine Soler et al. (2016) 

Lupus (SLE) Anti-dsDNA, anti-ribonucleoprotein Serum Ahearn et al. 
(2012) 

Rheumatoid 
arthritis 

Calgranulins, CRP (C-reactive protein), 
alpha-2-plasmin inhibitor 

Synovial 
fluid 

Liao et al. (2004) 

CRP (C-reactive protein), anti-CCP 
(anticyclic citrullinated peptide), 
calgranulins 

Serum Otterness (1994) 

Lipocalin 1 was detected by a sandwich immunoassay that exploited 
microparticles made up of polystyrene coated with a primary antibody in the 
presence of a secondary antibody attached to a quantum dot or a dye (Shodeinde 
et al. 2020). A biosensor was developed by Chen et al. for the detection of lysozyme, 
using gold nanoparticles coated with aptamer in a solution containing quantum dots 
(CdTe QDs). As a result of lysozyme-aptamer coupling, quenching of the cadmium-
telluride QD was observed along with a significant change in the gold nanoparticles’ 
absorbance (Chen et al. 2016).
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Fig. 1.3 A pictorial representation of the role of biomaterials in the detection and treatment of an 
autoimmune disease. (a) Localized inflammation and the production of inflammatory markers in 
autoimmune disease. (b) Detection of the inflammatory markers that are produced during autoim-
mune response leading to disease diagnosis. (c) Drugs are released from biomaterial scaffolds as per 
the signal received, and inflammatory response is mitigated. (d) Any alteration in the production of 
inflammatory markers inside the host is detected by biosensors that can directly be involved to 
monitor treatment efficacy and dosage adjustment as well (Shodeinde et al. 2020) 

Based on the category of the signal transducer, biosensors are classified as 
electrochemical, optical, and piezoelectric sensors. The most frequently used 
biosensing device is electrochemical biosensors with high efficiency for biomarker 
detection. Fagúndez et al. fabricated an electrochemical immunosensor for the assay 
of autoantibodies (mainly anti-dsDNA) present in serum samples collected from 
lupus (SLE) patients (Fagúndez et al. 2018). Patients who have celiac disease 
produce an autoantibody, namely, anti-transglutaminase or anti-tTG, which can be 
detected by EIS (electrical impedance spectroscopy), a label-free subtype of electro-
chemical immunosensor (Wilson et al. 2015). Another highly sensitive, label-free 
immunosensor based on EIS technique was designed for the detection of a serum 
cytokine (interleukin-12) in order to diagnose multiple sclerosis, and this 
immunosensor was able to detect as low as 3.5 pg/mL sample (La Belle et al. 
2007). Recently, a novel nanoimmunosensor has been reported based on differential 
pulse voltammetry (DPV) which is a nanocomposite comprised of poly 
(propyleneglycol) and graphene oxide. This nano-sensor exhibited a concurrent 
detection of Tau proteins and myelin basic protein (MBP) present in serum and 
cerebrospinal fluid samples collected from patients with MS (Derkus et al. 2017).
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Phase Transfer
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Fig. 1.4 A diagrammatic representation of an electro-chemiluminescence-based sensor for 
quantifying minute quantity (in picograms) of anticyclic citrullinated peptide (anti-CCP) autoanti-
body. This sensor had been employed for the diagnosis of early-stage rheumatoid arthritis. (Image 
created using Biorender software) 

Optical biosensors are extremely significant for their label-free detection and 
rapid response (Perumal and Hashim 2014). Electro-chemiluminescence (ECL), 
surface plasmon resonance (SPR), and fluorescence and surface plasmon resonance 
imaging (SPRi) are the most popular optical biosensors that have been used for the 
detection of specific biomarkers associated with different ADs. An electro-chemilu-
minescence-based, label-free immunosensor was fabricated with asymmetric 
polyaniline-gold nanomaterial (PANI-Au), which encompassed highly sensitive 
estimation of anticyclic citrullinated peptide antibody (anti-CCP), responsible for 
early-stage diagnosis of RA (Fig. 1.4). Graphite-like carbon nitride (g-C3N4) was 
incorporated to improve the stability of the PANI-Au nanomaterial. This device was 
efficient enough to detect samples even in nanogram concentration (approx. 
0–15 ng/mL) (Zhao et al. 2018). 

Recently, fluorescence detection has significantly emerged for the development 
of biosensors. MicroRNA-145, a biomarker present in the plasma of MS patients, 
has been reported to be detected by a nanobiosensor composed of silver nanoclusters 
(AgNCs) tagged with fluorescent DNA, and the sample was amplified by 
hybridization chain reaction (HCR) using as low as 0.1 nM of microRNA-145 
(Dong et al. 2014). Vega et al. demonstrated an SPR biosensor that detected 
CXCL12, a potentially relevant chemokine present in RA patients’ urine samples, 
and, notably, a very minute quantity of sample (5–40 nM) was sensitive to this 
device (Vega et al. 2013). The crucial advantage of SPR biosensors is their efficiency 
in real-time, quantitative, and label-free detection in conjugation with their



specificity and cost-effectiveness. Moreover, they can monitor binding 
characteristics to estimate kinetic parameters. Therefore, they are more reliable and 
popular than conventional laboratory tests in terms of diagnosis and disease 
monitoring. 
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1.7 Applications of Tissue Engineering in Countering 
Autoimmunity-Assisted Disorders 

Most commonly available treatment strategies for ADs involve physiotherapy and 
drugs to provide symptomatic relief, but they do not cure the disease by addressing 
its root cause. Tissue engineering serves as a promising tool in the regeneration of 
defected cells (e.g., islet cells in type 1 diabetes, synovial cells in rheumatoid 
arthritis), thus preventing further attack by the immune system. Tissue engineering 
is based on the principle of isolation of cells from a tissue biopsy followed by cell 
culturing for further cell expansion. An in vitro assembly constitutes of a scaffold 
material seeded with cells to build a live tissue construct that is competent for the 
implantation in a host body. On the other hand, in vivo construct utilizes an empty 
scaffold inserted in the recipient’s body, enabling the host cells to intrude on and 
cling to the scaffold material (Irvine et al. 2008). Scaffolds are commonly implanted 
by surgical intervention, while some scaffolds carrying encapsulated cells can be 
injected into the host body instead of implantation (Nicodemus and Bryant 2008). 

Biomaterials serve as an integral and promising scaffold for regenerative medi-
cine and advanced tissue engineering. Biomaterial scaffolds have been designed to 
successfully deliver cells or tissue constructs and bioactive compounds. Such 
scaffolds are 3D structures that can be synthesized or naturally obtained. The 
novel concept of “smart biomaterials” has emerged over the past few decades that 
can provide a specific immune microenvironment since they possess specific adap-
tive compositions, structures, and physicochemical properties to that of living 
tissues. “Smart” or “intelligent” biomaterials are able to respond to either tissue-
generated endogenous stimuli (e.g., temperature, pH, shear stress) or exogenic 
stimuli (e.g., magnetic fields, high-energy radiations, electric fields, etc.) in an 
instant or a programmed manner (Knipe and Peppas 2014) (Fig. 1.5). 

1.7.1 Outstanding Characteristic Features of a Biomaterial Scaffold 

1. The scaffolds are designed to provide a temporary three-dimensional structural 
support that allows the cells to adhere, leading to tissue growth and formation. 
The scaffolds should mimic the biological environment essential for complete 
growth, migration, differentiation, and proliferation of cells and enable the 
formation of tissue. 

2. Scaffolds should be biocompatible, i.e., they should neither be recognized as a 
foreign material by the body, nor should it cause any inflammation or unwanted 
immune response by antibody-carrying cells in response to antigens.
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Fig. 1.5 Representation of polymeric biocompatible scaffold and various properties for tissue 
engineering use and preventing immune rejection. (Image created using Biorender software) 

3. Ideally, scaffolds should provide a larger surface area with a high degree of 
porosity that can assure maximum cell stacking, cell-surface adherence, interac-
tion, and eventually, feasible ingrowth of tissue. They should provide access for 
efficient transportation of oxygen, nutrients, excess by-products, or cellular 
waste. 

4. They should be biodegradable; additionally, the rate of degradation should be 
proportional to the speed of regeneration of new tissue to keep their functional 
potential intact (Knipe and Peppas 2014). 

5. Scaffolds must possess certain mechanical traits like flexibility or elasticity, 
tensile strength, etc., since biological processes (e.g., protein expression and 
differentiation) rely on mechanical stimuli and provide adequate mechanical 
support to resist endogenous biological forces. 

6. They should induce the cells to synthesize native ECM and growth factors 
essential for specific tissue growth. 

7. They must be sterile to counter any contamination by retaining their intact 
morphology and mechanical characteristics. 

8. Another essential feature of the scaffolds is their specificity which allows selec-
tive adhesion of cells (Knipe and Peppas 2014). 

Tissue engineering ensures immediate treatment of a particular damaged organ or 
area of the body. It involves target-specific delivery of cells encapsulated in scaffolds 
or directly implanting a scaffold to a specific location (Boehler et al. 2011). For



instance, cartilage and bone tissue engineering have gained much attention to 
mitigate the hard tissue damage associated with rheumatoid arthritis. Similarly, 
pancreatic tissue engineering is one of the most favorable alternatives for autoim-
mune diabetes (type 1) treatment. Two main types of scaffolds have been exploited 
in tissue engineering: naturally derived biomaterial-based and synthetic-derived 
polymer-based. Naturally, derived polymers are predominantly advantageous due 
to their excellent biocompatibility. 
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1.7.2 Hyaluronic Acid (HA) or Hyaluronan 

It is a naturally occurring non-sulfated glycosaminoglycan found ubiquitously in the 
extracellular matrix of the skin, connective tissues, umbilical cord, vitreous humor, 
and synovia/synovial fluids (Yoo et al. 2005). Hyaluronan can interfere with matrix 
architecture, even cellular interactions, by either binding to proteins or interacting 
with growth factors, proteoglycans, etc. (Tognana et al. 2007). It has become one of 
the most versatile scaffold materials in the genre of tissue engineering due to its 
abundant distribution throughout the body, excellent biocompatibility, and nontoxic 
degradation products (Burdick and Prestwich 2011). The traditional method of 
treating RA includes mosaicplasty or ACI (autologous chondrocyte implantation) 
that results in the production of fibroblasts (non-collagenous) upon chondrocyte 
differentiation (Behrens et al. 2006). Surgical interventions such as subchondral 
bone plate surgery based on microfracture technique or cartilage replacement by 
allogeneic grafting/transplantation may often be risky due to immune rejection, 
donor scarcity, and transplant infection. Thus, it is of utmost importance for 
scaffold-supported chondrocyte implantation for advanced treatment. In this regard, 
HA serves as a suitable scaffold for the growth of chondrocytes. Commercially 
available Hyalograft® C (made in Italy by Abano Terme) is an example of an 
HA-based tissue engineering scaffold that is cultured with autologous chondrocyte 
cells to treat cartilage defects in RA patients (Tognana et al. 2007). 

1.7.3 Chitosan 

Chitosan is a natural copolymer of carbohydrates and a deacetylated derivative of 
chitin that can be degraded by chitosanase (Lodhi et al. 2014). Chitosan has attained 
a high degree of interest as a promising scaffold candidate in the area of tissue 
engineering for being biocompatible, nontoxic, and highly biodegradable 
(undergoes both thermal and enzymatic degradation). Furthermore, chitosan 
possesses a high degree of water absorption capacity that enables quick absorption 
of body fluid and adequate distribution of nutrients, growth factors, and metabolites 
through extracellular media (Sánchez Brenes et al. 2007). The degree of 
deacetylation plays a crucial role for chitosan scaffolds to be considered as ideal 
structural support for tissue regeneration; cell proliferation and adhesion are much 
more accelerated, with chitosan possessing higher degrees of deacetylation.



Moreover, large-scale processing is easier and can be molded into diverse shapes, 
like films, hydrogels, fibers, and sponges. Chitosan composites in the form of 
hydrogels have been extensively used in cartilage tissue replacement to treat patients 
with lupus and RA, both of which lead to severe impairment of bone and cartilage in 
joints. Chitosan composites can be made up of a combination of biomaterials such as 
silk fibroin, polycaprolactone, chondroitin sulfate, polyester, and genipin (Sánchez 
Brenes et al. 2007). This serves as a suitable platform resembling the properties of 
cartilage and allows a favorable environment for extracellular matrix deposition and 
cellular growth, functions, and differentiation. 
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1.7.4 Collagen 

Collagen is considered the most copious structural protein (that accounts for approx-
imately 30% of the total body protein) of soft and hard tissues (Burgeson and Nimni 
1992) in mammals. Collagen also contributes to preserving the integrity of the 
structural and biological environment of the extracellular matrix. Favorable criteria, 
for example, porous construct, low immunogenicity, high permeability, biodegrad-
ability, pertinent biocompatibility in conjugation with the ability to regulate cell 
adhesion, migration, and proliferation, make collagen a scaffold of choice for tissue 
engineering. However, the only drawback limiting its application in tissue regenera-
tion is its substandard durability and structural instability (often degrades upon 
hydration). These shortcomings can be checked by either intermolecular cross-
linking of collagen by physical or chemical methods or blending with numerous 
natural polymers (e.g., chitosan, silk fibroin), synthetic polymers (poly(ethylene 
glycol), polylactic acid, polycaprolactone, polyglycolide, polyvinyl alcohol, poly 
(lactide-co-glycolide)), and inorganic materials (e.g., silicate and β-tricalcium phos-
phate, hydroxyapatite) that improve mechanical property as well as survivability of 
the transplanted cells (Hunckler and García 2020; Parenteau-Bareil et al. 2010). 

1.7.5 Starch 

Starch is another most abundant natural polymer, chemically a complex chain of 
polysaccharides, that is extensively employed to fabricate scaffolds for regenerative 
tissue approach. Starch has been a suitable scaffold in cartilage and bone tissue 
engineering because of its variation in structure (Sionkowska 2011). This can result 
in desired biocompatibility, low cost, great mechanical properties, hydrophilicity, 
salient porosity for cell permeation, and easy movement along with least/no toxicity. 
Moreover, a scaffold with a polymeric blend of gelatin and starch elicits excellent 
mechanical characteristics and appropriate porous nature (almost 82.51%); this helps 
in cellular growth by inducing cell interaction, differentiation, proliferation, and 
vascularization (Sundaram et al. 2008).
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1.7.6 Silk Fibroin 

It is another natural macromolecular polymer with salient mechanical traits like 
flexibility, low cytotoxicity, porosity enabling feasible nutrient supply, and excellent 
biocompatibility (Sun et al. 2015). The property of biodegradability with a slow rate 
of degradation makes silk fibroin a potential choice for scaffold fabrication. Silk 
fibroin is capable of enhancing cell affinity to scaffold materials, thereby improving 
cell adherence (Di Felice et al. 2015). Salivary gland hypofunction is associated with 
Sjogren’s syndrome and few other systemic ADs. A culture system was established 
and characterized by Zhang et al. using a 3D silk fibroin scaffold (free from sericin 
which is identified as an allergen in humans) containing primary salivary gland 
epithelial cells (pSGECs) extracted from murine submandibular and parotid glands. 
The culture of pSGECs on silk fibroin scaffold was reported to form aggregates or 
clusters and retained the structural and functional features of native salivary glands. 
Microscopic images (scanning electron microscopy and transmission electron 
microscopy) of cytosol and the cell surface confirmed the presence of secretory 
granule-like structures. In addition, immunofluorescence and phase-contrast micros-
copy confirmed that the cells on the scaffold, mainly composed of collagen type IV, 
constituted an extracellular matrix that resembles the indigenous environment of the 
salivary gland (Zhang et al. 2015b). 

1.7.7 Synthetic Polymers 

Synthetic scaffolds are advantageous over natural biomaterials due to their predict-
able and reproducible mechanical properties such as tensile strength and elasticity. 
However, they lack the criteria of biocompatibility, nontoxicity, and biodegradabil-
ity. To overcome this, synthetic polymers are often used in combination with natural 
scaffolds to improve the scaffold properties to make them more appropriate 
candidates for tissue engineering applications. For instance, the degradation rate of 
polycaprolactone (PCL) can be altered by blending with natural polymer starch with 
better degradation properties. These copolymer scaffolds have been reported to 
provide structural and functional support to cells in nanofiber meshes or microporous 
architectures. 

The most commonly used synthetic polymers in tissue engineering are polylactic 
acid (PLA), polyglycolide (PGA), and poly(lactide-co-glycolide) (PLGA). PLGA is 
one of the approved biomaterials by the US-FDA for clinical use. It has attracted 
considerable interest as a scaffold as it possesses suitable criteria such as biocompat-
ibility, tailored biodegradation rate (depending on crystallinity, molecular weight, 
copolymer ratio), and a high surface area that promotes host cell infiltration, adhe-
sion, and vascularization of transplanted cells (Blomeier et al. 2006; Graham et al. 
2013). An essential application of PLGA for the treatment of ADs involves the use 
of non-hepatic islet cell transplantation. Diabetic patients need islet cells from more 
than one donor pancreas to achieve euglycemia. Moreover, insulin independence is 
not observed for a period of over 5 years. Furthermore, if these cells are transplanted



via the portal system, the islet cells will be damaged by circulating toxins or the 
circulating resident macrophages in hepatic sinusoids. PLGA scaffold-based cell 
transplantation can thus be achieved in an extrahepatic site, such as the peritoneal 
cavity, intraperitoneal fat, the renal subcapsular space, or the omentum (Graham 
et al. 2013). It has been reported that islet cells transplanted in intraperitoneal fat of 
mice with streptozotocin-induced type 1 diabetes exhibited morphological 
similarities to that of native pancreatic islet cells, and initial transplantation of 
125 cells had successfully elicited euglycemia. 
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Polyethylene glycol (PEG) is often used in conjunction with smart biomaterials 
for scaffold fabrication. It is an attractive choice for many tissue engineering 
applications because it is biocompatible and biologically inert. Ideally, an inert 
scaffold prevents protein and cell adhesion; however, it becomes useful when 
incorporating other materials that contain relevant functional groups or bioactivity. 
PEG-PLGA system is a pertinent example of smart materials included in inert 
scaffolds, potentially exploited in cartilage and bone tissue engineering to treat 
RA, SLE, or other ADs to prevent inflammation (Manzo et al. 2010). 

1.8 Conclusion and Future Prospectus 

Autoimmunity is a global concern. There has been a drastic improvement in the 
prognosis of such diseases by developing new, improved technologies and advances 
in science over the last few decades. Biomaterials have evolved as a new paradigm in 
diagnosing and treating autoimmune diseases, leading to better overall global health 
and well-being. However, the successful translation of biomaterials from benchtop 
to bedside is facing many challenges. In the context of disease detection and 
monitoring, several biomarkers have been projected, although it has been reported 
that multiple nonspecific factors with no significant link to the actual diseased 
condition often control their efficiency. Therefore, further research needs to be 
focused on identifying more specific biomarkers that can pave the path to the design 
and fabrication of more sensitive and accurate biosensors. 

Implementation of “smart” biomaterials as a next-generation treatment strategy 
for various ADs is a remarkable success. Preclinical models of ulcerative colitis and 
rheumatoid arthritis had exerted target-specific release of anti-inflammatory drug 
using biomaterial scaffolds. Likewise, delivery of siRNA supported with 
biomaterials and scaffold assisted delivery of biological macromolecules such as 
IFN-β, insulin, as well as antibodies have shown promising success. On the other 
hand, biomaterial scaffold-based tissue engineering offers tremendous potential for 
the regeneration of damaged tissue or organ resulting from various ADs like RA, 
type 1 diabetes, multiple sclerosis, etc. However, some risk factors associated with 
scaffold-based cell transplantation are microbial contamination, processing error, 
unknown cell-substrate interaction, and loss of viability upon prolonged use, along 
with immunosuppression, which certainly require more attention in future research. 
Continued efforts are being made to investigate and understand a specific etiology of



these often idiopathic disorders, especially on a molecular level, to develop more 
sophisticated and practical treatment approaches. 

20 S. Pal et al.

Acknowledgments Authors are thankful for funding provided by the Science and Engineering 
Research Board (SERB) research grants (CRG/2020/000113). 

Declaration of Interest The authors have no conflict of interest to produce this work. 

References 

Aarvak T, Chabaud M, Thoen J, Miossec P, Natvig J (2000) Changes in the Th1 or Th2 cytokine 
dominance in the synovium of rheumatoid arthritis (RA): a kinetic study of the Th subsets in one 
unusual RA patient. Rheumatology 39(5):513–522 

Ahearn JM, Liu C-C, Kao AH, Manzi S (2012) Biomarkers for systemic lupus erythematosus. 
Transl Res 159(4):326–342 

Aletaha D, Smolen J (2002) The rheumatoid arthritis patient in the clinic: comparing more than 
1300 consecutive DMARD courses. Rheumatology 41(12):1367–1374 

Angum F, Khan T, Kaler J, Siddiqui L, Hussain A (2020) The prevalence of autoimmune disorders 
in women: a narrative review. Cureus 12(5):e8094 

Ashraf R, Sofi HS, Beigh MA, Majeed S, Arjamand S, Sheikh FA (2018) Prospects of natural 
polymeric scaffolds in peripheral nerve tissue-regeneration. Adv Exp Med Biol 1077:501–525 

Behrens P, Bitter T, Kurz B, Russlies M (2006) Matrix-associated autologous chondrocyte trans-
plantation/implantation (MACT/MACI)—5-year follow-up. Knee 13(3):194–202 

Blomeier H, Zhang X, Rives C, Brissova M, Hughes E, Baker M, Powers AC, Kaufman DB, Shea 
LD, Lowe WL Jr (2006) Polymer scaffolds as synthetic microenvironments for extrahepatic islet 
transplantation. Transplantation 82(4):452 

Boehler RM, Graham JG, Shea LD (2011) Tissue engineering tools for modulation of the immune 
response. BioTechniques 51(4):239–254 

Burdick JA, Prestwich GD (2011) Hyaluronic acid hydrogels for biomedical applications. Adv 
Mater 23(12):H41–H56 

Burgeson RE, Nimni ME (1992) Collagen types. Molecular structure and tissue distribution. Clin 
Orthop Relat Res (282):250–272 

Caffery B, Joyce E, Boone A, Slomovic A, Simpson T, Jones L, Senchyna M (2008) Tear lipocalin 
and lysozyme in Sjögren and non-Sjogren dry eye. Optom Vis Sci 85(8):661–667 

Campuzano S, Pedrero M, González-Cortés A, Yáñez-Sedeño P, Pingarrón JM (2019) Electro-
chemical biosensors for autoantibodies in autoimmune and cancer diseases. Anal Methods 
11(7):871–887 

Chan AW, Neufeld RJ (2010) Tuneable semi-synthetic network alginate for absorptive encapsula-
tion and controlled release of protein therapeutics. Biomaterials 31(34):9040–9047 

Chandrashekara S (2012) The treatment strategies of autoimmune disease may need a different 
approach from conventional protocol: a review. Indian J Pharmacol 44(6):665 

Charlton B, Lafferty KJ (1995) The Th1/Th2 balance in autoimmunity. Curr Opin Immunol 7(6): 
793–798 

Chen C-R, Pichurin P, Nagayama Y, Latrofa F, Rapoport B, McLachlan SM (2003) The thyrotropin 
receptor autoantigen in Graves disease is the culprit as well as the victim. J Clin Invest 111(12): 
1897–1904 

Chen L, Xia N, Li T, Bai Y, Chen X (2016) Aptasensor for visual and fluorometric determination of 
lysozyme based on the inner filter effect of gold nanoparticles on CdTe quantum dots. 
Microchim Acta 183(11):2917–2923 

Chen P, Zhou G, Lin J, Li L, Zeng Z, Chen M, Zhang S (2020) Serum biomarkers for inflammatory 
bowel disease. Front Med 7:123



1 The Role of Synthetic and Natural Biomaterials in Modulating. . . 21

Chertok B, David AE, Yang VC (2010) Polyethyleneimine-modified iron oxide nanoparticles for 
brain tumor drug delivery using magnetic targeting and intra-carotid administration. 
Biomaterials 31(24):6317–6324 

Christiane S, Hampe B (2012) B cells in autoimmune diseases. Scientifica (Cairo) 2012:215308 
Clegg JR, Wechsler ME, Peppas NA (2017) Vision for functionally decorated and molecularly 

imprinted polymers in regenerative engineering. Regen Eng Transl Med 3(3):166–175 
Danjo Y, Lee M, Horimoto K, Hamano T (1994) Ocular surface damage and tear lactoferrin in dry 

eye syndrome. Acta Ophthalmol 72(4):433–437 
Davidson A, Diamond B (2001) Autoimmune diseases. N Engl J Med 345(5):340–350 
Derkus B, Bozkurt PA, Tulu M, Emregul KC, Yucesan C, Emregul E (2017) Simultaneous 

quantification of Myelin Basic Protein and Tau proteins in cerebrospinal fluid and serum of 
multiple sclerosis patients using nanoimmunosensor. Biosens Bioelectron 89:781–788 

Di Felice V, Serradifalco C, Rizzuto L, De Luca A, Rappa F, Barone R, Di Marco P, Cassata G, 
Puleio R, Verin L (2015) Silk fibroin scaffolds enhance cell commitment of adult rat cardiac 
progenitor cells. J Tissue Eng Regen Med 9(11):E51–E64 

Dong H, Hao K, Tian Y, Jin S, Lu H, Zhou S-F, Zhang X (2014) Label-free and ultrasensitive 
microRNA detection based on novel molecular beacon binding readout and target recycling 
amplification. Biosens Bioelectron 53:377–383 

Duddy ME, Alter A, Bar-Or A (2004) Distinct profiles of human B cell effector cytokines: a role in 
immune regulation? J Immunol 172(6):3422–3427 

Dykman L, Khlebtsov N (2012) Gold nanoparticles in biomedical applications: recent advances and 
perspectives. Chem Soc Rev 41(6):2256–2282 

Ekimov AI, Onushchenko AA (1981) Quantum size effect in three-dimensional microscopic 
semiconductor crystals. JETP Lett 34(6):345–349 

Fagúndez P, Brañas G, Cairoli E, Laíz J, Tosar JP (2018) An electrochemical biosensor for rapid 
detection of anti-dsDNA antibodies in absolute scale. Analyst 143(16):3874–3882 

Ghorbani F, Abbaszadeh H, Mehdizadeh A, Ebrahimi-Warkiani M, Rashidi M-R, Yousefi M 
(2019) Biosensors and nanobiosensors for rapid detection of autoimmune diseases: a review. 
Microchim Acta 186(12):1–11 

Graham JG, Zhang X, Goodman A, Pothoven K, Houlihan J, Wang S, Gower RM, Luo X, Shea LD 
(2013) PLG scaffold delivered antigen-specific regulatory T cells induce systemic tolerance in 
autoimmune diabetes. Tissue Eng A 19(11–12):1465–1475 

Harris VK, Donelan N, Yan QJ, Clark K, Touray A, Rammal M, Sadiq SA (2013) Cerebrospinal 
fluid fetuin-A is a biomarker of active multiple sclerosis. Mult Scler J 19(11):1462–1472 

Hayter SM, Cook MC (2012) Updated assessment of the prevalence, spectrum and case definition 
of autoimmune disease. Autoimmun Rev 11(10):754–765 

Hegen H, Auer M, Deisenhammer F (2015) Pharmacokinetic considerations in the treatment of 
multiple sclerosis with interferon-β. Expert Opin Drug Metab Toxicol 11(12):1803–1819 

Heidari B (2011) Rheumatoid arthritis: early diagnosis and treatment outcomes. Caspian J Intern 
Med 2(1):161 

Hu M, Chen J, Li Z-Y, Au L, Hartland GV, Li X, Marquez M, Xia Y (2006) Gold nanostructures: 
engineering their plasmonic properties for biomedical applications. Chem Soc Rev 35(11): 
1084–1094 

Hu S, Wang J, Meijer J, Ieong S, Xie Y, Yu T, Zhou H, Henry S, Vissink A, Pijpe J (2007) Salivary 
proteomic and genomic biomarkers for primary Sjögren’s syndrome. Arthrit Rheumat 56(11): 
3588–3600 

Hunckler MD, García AJ (2020) Engineered biomaterials for enhanced function of insulin-secreting 
β-cell organoids. Adv Funct Mater 30(48):2000134 

Irvine DJ, Stachowiak AN, Hori Y (2008) Lymphoid tissue engineering: invoking lymphoid tissue 
neogenesis in immunotherapy and models of immunity. Semin Immunol 20:137–146 

Javierre BM, Hernando H, Ballestar E (2011) Environmental triggers and epigenetic deregulation in 
autoimmune disease. Discov Med 12(67):535–545



22 S. Pal et al.

King-Heiden TC, Wiecinski PN, Mangham AN, Metz KM, Nesbit D, Pedersen JA, Hamers RJ, 
Heideman W, Peterson RE (2009) Quantum dot nanotoxicity assessment using the zebrafish 
embryo. Environ Sci Technol 43(5):1605–1611 

Klippstein R, Pozo D (2010) Nanotechnology-based manipulation of dendritic cells for enhanced 
immunotherapy strategies. Nanomedicine 6(4):523–529 

Knipe JM, Peppas NA (2014) Multi-responsive hydrogels for drug delivery and tissue engineering 
applications. Regen Biomater 1(1):57–65 

Knipe JM, Peters JT, Peppas NA (2013) Theranostic agents for intracellular gene delivery with 
spatiotemporal imaging. Nano Today 8(1):21–38 

La Belle JT, Bhavsar K, Fairchild A, Das A, Sweeney J, Alford T, Wang J, Bhavanandan VP, Joshi 
L (2007) A cytokine immunosensor for multiple sclerosis detection based upon label-free 
electrochemical impedance spectroscopy. Biosens Bioelectron 23(3):428–431 

Lewis JS, Allen RP (2016) An introduction to biomaterial-based strategies for curbing autoimmu-
nity. Exp Biol Med 241(10):1107–1115 

Li H, Wei Q, He J, Li T, Zhao Y, Cai Y, Du B, Qian Z, Yang M (2011) Electrochemical 
immunosensors for cancer biomarker with signal amplification based on ferrocene 
functionalized iron oxide nanoparticles. Biosens Bioelectron 26(8):3590–3595 

Liao H, Wu J, Kuhn E, Chin W, Chang B, Jones MD, O’Neil S, Clauser KR, Karl J, Hasler F (2004) 
Use of mass spectrometry to identify protein biomarkers of disease severity in the synovial fluid 
and serum of patients with rheumatoid arthritis. Arthritis Rheum 50(12):3792–3803 

Liechty WB, Scheuerle RL, Peppas NA (2013) Tunable, responsive nanogels containing t-butyl 
methacrylate and 2-(t-butylamino) ethyl methacrylate. Polymer 54(15):3784–3795 

Lodhi G, Kim Y-S, Hwang J-W, Kim S-K, Jeon Y-J, Je J-Y, Ahn C-B, Moon S-H, Jeon B-T, Park 
P-J (2014) Chitooligosaccharide and its derivatives: preparation and biological applications. 
Biomed Res Int 2014:654913 

Longo CM, Higgins PJ (2019) Molecular biomarkers of Graves’ ophthalmopathy. Exp Mol Pathol 
106:1–6 

Lovrić J, Bazzi HS, Cuie Y, Fortin GR, Winnik FM, Maysinger D (2005) Differences in subcellular 
distribution and toxicity of green and red emitting CdTe quantum dots. J Mol Med 83(5): 
377–385 

Lund FE, Garvy BA, Randall TD, Harris DP (2005) Regulatory roles for cytokine-producing B 
cells in infection and autoimmune disease. Curr Dir Autoimmun 8:25–54 

Lv S, Tang Z, Li M, Lin J, Song W, Liu H, Huang Y, Zhang Y, Chen X (2014) Co-delivery of 
doxorubicin and paclitaxel by PEG-polypeptide nanovehicle for the treatment of non-small cell 
lung cancer. Biomaterials 35(23):6118–6129 

Maddur MS, Miossec P, Kaveri SV, Bayry J (2012) Th17 cells: biology, pathogenesis of autoim-
mune and inflammatory diseases, and therapeutic strategies. Am J Pathol 181(1):8–18 

Manzo A, Bombardieri M, Humby F, Pitzalis C (2010) Secondary and ectopic lymphoid tissue 
responses in rheumatoid arthritis: from inflammation to autoimmunity and tissue damage/ 
remodeling. Immunol Rev 233(1):267–285 

Mathieu C, Lahesmaa R, Bonifacio E, Achenbach P, Tree T (2018) Immunological biomarkers for 
the development and progression of type 1 diabetes. Diabetologia 61(11):2252–2258 

Matsumura Y, Byrne SN, Nghiem DX, Miyahara Y, Ullrich SE (2006) A role for inflammatory 
mediators in the induction of immunoregulatory B cells. J Immunol 177(7):4810–4817 

Mavragani CP, Moutsopoulos HM (2014) Sjögren syndrome. CMAJ 186(15):E579–E586 
Medzhitov R (2008) Origin and physiological roles of inflammation. Nature 454(7203):428–435 
Mock J, Barbic M, Smith D, Schultz D, Schultz S (2002) Shape effects in plasmon resonance of 

individual colloidal silver nanoparticles. J Chem Phys 116(15):6755–6759 
Murphy C, Gole A, Stone J, Sisco P, Akilany AM, Goldsmith EC, Baxter SC (2008) Gold 

nanoparticles in biology: beyond toxicity to cellular imaging. Acc Chem Res 41:1721 
Nakae S, Nambu A, Sudo K, Iwakura Y (2003) Suppression of immune induction of collagen-

induced arthritis in IL-17-deficient mice. J Immunol 171(11):6173–6177



1 The Role of Synthetic and Natural Biomaterials in Modulating. . . 23

Nathan C (2006) Neutrophils and immunity: challenges and opportunities. Nat Rev Immunol 6(3): 
173–182 

Nicodemus G, Bryant S (2008) Cell encapsulation in biodegradable hydrogels for tissue engineer-
ing applications. Tissue Eng B Rev 14:149 

Otterness IG (1994) The value of C-reactive protein measurement in rheumatoid arthritis. Semin 
Arthrit Rheumat 24:91–104 

Parenteau-Bareil R, Gauvin R, Berthod F (2010) Collagen-based biomaterials for tissue engineering 
applications. Materials 3(3):1863–1887 

Park H, Li Z, Yang XO, Chang SH, Nurieva R, Wang Y-H, Wang Y, Hood L, Zhu Z, Tian Q (2005) 
A distinct lineage of CD4 T cells regulates tissue inflammation by producing interleukin 17. Nat 
Immunol 6(11):1133–1141 

Perumal V, Hashim U (2014) Advances in biosensors: principle, architecture and applications. J 
Appl Biomed 12(1):1–15 

Pickup JC (2012) Insulin-pump therapy for type 1 diabetes mellitus. N Engl J Med 366(17): 
1616–1624 

Piliarik M, Kvasnička P, Galler N, Krenn JR, Homola J (2011) Local refractive index sensitivity of 
plasmonic nanoparticles. Opt Express 19(10):9213–9220 

Pinaud F, Michalet X, Bentolila LA, Tsay JM, Doose S, Li JJ, Iyer G, Weiss S (2006) Advances in 
fluorescence imaging with quantum dot bio-probes. Biomaterials 27(9):1679–1687 

Pons T, Pic E, Lequeux N, Cassette E, Bezdetnaya L, Guillemin F, Marchal F, Dubertret B (2010) 
Cadmium-free CuInS2/ZnS quantum dots for sentinel lymph node imaging with reduced 
toxicity. ACS Nano 4(5):2531–2538 

Quan Q, Xie J, Gao H, Yang M, Zhang F, Liu G, Lin X, Wang A, Eden HS, Lee S (2011) HSA 
coated iron oxide nanoparticles as drug delivery vehicles for cancer therapy. Mol Pharm 8(5): 
1669–1676 

Rook GA (2012) Hygiene hypothesis and autoimmune diseases. Clin Rev Allergy Immunol 42(1): 
5–15 

Rose NR, Mackay IR (2006) The autoimmune diseases. Elsevier 
Ryu O, Atkinson J, Hoehn G, Illei G, Hart T (2006) Identification of parotid salivary biomarkers in 

Sjögren’s syndrome by surface-enhanced laser desorption/ionization time-of-flight mass spec-
trometry and two-dimensional difference gel electrophoresis. Rheumatology 45(9):1077–1086 

Sánchez Brenes A, Sibaja Ballestero M, Vega Baudrit J, Rojas Chaves M (2007) Utilización de 
soportes de hidrogel de quitosano obtenidos a partir de desechos del camarón langostino 
(pleuroncodes planipes) para el crecimiento “in vitro” de fibroblastos humanos 

Sandborn WJ, Fazio VW, Feagan BG, Hanauer SB (2003) AGA technical review on perianal 
Crohn’s disease. Gastroenterology 125(5):1508–1530 

Sands BE, Kaplan GG (2007) The role of TNFα in ulcerative colitis. J Clin Pharmacol 47(8): 
930–941 

Santhoshkumar S, Ramasamy U, Mansuour RF, Ramaraj E (2021) A review on statistical impor-
tance and biomarkers identification in Hashimoto thyroiditis disease. In: 2021 11th international 
conference on cloud computing, data science & engineering (confluence). IEEE, pp 1040–1045 

Schweingruber N, Haine A, Tiede K, Karabinskaya A, van den Brandt J, Wüst S, Metselaar JM, 
Gold R, Tuckermann JP, Reichardt HM (2011) Liposomal encapsulation of glucocorticoids 
alters their mode of action in the treatment of experimental autoimmune encephalomyelitis. J 
Immunol 187(8):4310–4318 

Sheikh FA, editor. Engineering materials for stem cell regeneration. Springer; 2021 Oct 23. 
Shi C, Pamer EG (2011) Monocyte recruitment during infection and inflammation. Nat Rev 

Immunol 11(11):762–774 
Shodeinde AB, Murphy AC, Oldenkamp HF, Potdar AS, Ludolph CM, Peppas NA (2020) Recent 

advances in smart biomaterials for the detection and treatment of autoimmune diseases. Adv 
Funct Mater 30(37):1909556



24 S. Pal et al.

Singer PA, Cooper DS, Levy EG, Ladenson PW, Braverman LE, Daniels G, Greenspan FS, 
McDougall IR, Nikolai TF (1995) Treatment guidelines for patients with hyperthyroidism and 
hypothyroidism. JAMA 273(10):808–812 

Sionkowska A (2011) Current research on the blends of natural and synthetic polymers as new 
biomaterials. Prog Polym Sci 36(9):1254–1276 

Smolen JS, Aletaha D, Bijlsma JW, Breedveld FC, Boumpas D, Burmester G, Combe B, Cutolo M, 
De Wit M, Dougados M (2010) Treating rheumatoid arthritis to target: recommendations of an 
international task force. Ann Rheum Dis 69(4):631–637 

Sofi HS, Ashraf R, Khan AH, Beigh MA, Majeed S, Sheikh FA (2019) Reconstructing nanofibers 
from natural polymers using surface functionalization approaches for applications in tissue 
engineering, drug delivery and biosensing devices. Mater Sci Eng C 94:1102–1124 

Soler M, Estevez M-C, de Lourdes Moreno M, Cebolla A, Lechuga LM (2016) Label-free SPR 
detection of gluten peptides in urine for non-invasive celiac disease follow-up. Biosens 
Bioelectron 79:158–164 

Sun K, Li H, Li R, Nian Z, Li D, Xu C (2015) Silk fibroin/collagen and silk fibroin/chitosan blended 
three-dimensional scaffolds for tissue engineering. Eur J Orthop Surg Traumatol 25(2):243–249 

Sundaram J, Durance TD, Wang R (2008) Porous scaffold of gelatin–starch with 
nanohydroxyapatite composite processed via novel microwave vacuum drying. Acta Biomater 
4(4):932–942 

Tadi KK, Alshanski I, Mervinetsky E, Marx G, Petrou P, Dimitrios KM, Gilon C, Hurevich M, 
Yitzchaik S (2017) Oxytocin-monolayer-based impedimetric biosensor for zinc and copper 
ions. ACS Omega 2(12):8770–8778 

Tang L-Y, Wang Y-C, Li Y, Du J-Z, Wang J (2009) Shell-detachable micelles based on disulfide-
linked block copolymer as potential carrier for intracellular drug delivery. Bioconjug Chem 
20(6):1095–1099 

Targan SR (2006) Current limitations of IBD treatment: where do we go from here? Ann N Y Acad 
Sci 1072(1):1–8 

Tognana E, Borrione A, De Luca C, Pavesio A (2007) Hyalograft® C: hyaluronan-based scaffolds 
in tissue-engineered cartilage. Cells Tissues Organs 186(2):97–103 

Truong VX, Ablett MP, Richardson SM, Hoyland JA, Dove AP (2015) Simultaneous orthogonal 
dual-click approach to tough, in-situ-forming hydrogels for cell encapsulation. J Am Chem Soc 
137(4):1618–1622 

Vega B, Calle A, Sánchez A, Lechuga LM, Ortiz AM, Armelles G, Rodríguez-Frade JM, Mellado 
M (2013) Real-time detection of the chemokine CXCL12 in urine samples by surface plasmon 
resonance. Talanta 109:209–215 

Vives-Pi M, Takasawa S, Pujol-Autonell I, Planas R, Cabre E, Ojanguren I, Montraveta M, Santos 
AL, Ruiz-Ortiz E (2013) Biomarkers for diagnosis and monitoring of celiac disease. J Clin 
Gastroenterol 47(4):308–313 

Vrolix K, Fraussen J, Molenaar PC, Losen M, Somers V, Stinissen P, De Baets MH, Martínez-
Martínez P (2010) The auto-antigen repertoire in myasthenia gravis. Autoimmunity 43(5–6): 
380–400 

Waite JC, Skokos D (2012) Th17 response and inflammatory autoimmune diseases. Int J Inflamm 
2012:819467 

Wilson L, Vam Wyk J, Rassie C, Ross N, Sunday C, Makelane HR, Bilibana M, Waryo T, 
Mapolie S, Baker PG (2015) Electrochemical immunosensor based on the interactions between 
polypyrrole and cobalt (II) salicylaldiimine dendrimer. Int J Electrochem Sci 10:3207–3222 

Xie J, Chen K, Huang J, Lee S, Wang J, Gao J, Li X, Chen X (2010) PET/NIRF/MRI triple 
functional iron oxide nanoparticles. Biomaterials 31(11):3016–3022 

Yeh Y-C, Creran B, Rotello VM (2012) Gold nanoparticles: preparation, properties, and 
applications in bionanotechnology. Nanoscale 4(6):1871–1880 

Yoo HS, Lee EA, Yoon JJ, Park TG (2005) Hyaluronic acid modified biodegradable scaffolds for 
cartilage tissue engineering. Biomaterials 26(14):1925–1933



1 The Role of Synthetic and Natural Biomaterials in Modulating. . . 25

Zasońska BA, Hlídková H, Petrovský E, Myronovskij S, Nehrych T, Negrych N, Shorobura M, 
Antonyuk V, Stoika R, Kit Y (2018) Monodisperse magnetic poly (glycidyl methacrylate) 
microspheres for isolation of autoantibodies with affinity for the 46 kDa form of unconventional 
Myo1C present in autoimmune patients. Microchim Acta 185(5):1–7 

Zhang T, Stilwell JL, Gerion D, Ding L, Elboudwarej O, Cooke PA, Gray JW, Alivisatos AP, Chen 
FF (2006) Cellular effect of high doses of silica-coated quantum dot profiled with high 
throughput gene expression analysis and high content cellomics measurements. Nano Lett 
6(4):800–808 

Zhang H, Marmin T, Cuierrier É, Soldera A, Dory Y, Zhao Y (2015a) A new comonomer design for 
enhancing the pH-triggered LCST shift of thermosensitive polymers. Polym Chem 6(37): 
6644–6650 

Zhang B-X, Zhang Z-L, Lin AL, Wang H, Pilia M, Ong JL, Dean DD, Chen X-D, Yeh C-K (2015b) 
Silk fibroin scaffolds promote formation of the ex vivo niche for salivary gland epithelial cell 
growth, matrix formation, and retention of differentiated function. Tissue Eng A 21(9–10): 
1611–1620 

Zhang X, Zambrano A, Lin Z-T, Xing Y, Rippy J, Wu T (2017) Immunosensors for biomarker 
detection in autoimmune diseases. Arch Immunol Ther Exp 65(2):111–121 

Zhao Y, Liu Y, Li X, Wang H, Zhang Y, Ma H, Wei Q (2018) Label-free ECL immunosensor for 
the early diagnosis of rheumatoid arthritis based on asymmetric heterogeneous polyaniline-gold 
nanomaterial. Sensors Actuators B Chem 257:354–361 

Sampita Pal was born in India in 1994. She obtained an MS 
(Pharm) degree from the National Institute of Pharmaceutical 
Education and Research (NIPER), Kolkata, in 2019. She worked 
under the supervision of Dr. Umesh Prasad Singh as a master’s 
intern (2018–2019) at CSIR-Indian Institute of Chemical Biology, 
Kolkata, on phytochemical screening of Albizia lebbeck bark to 
evaluate its anti-infective property. She was also associated with 
Dr. Amit Misra as a project associate (2020–2021) at CSIR-
Central Drug Research Institute, Lucknow. Currently, she is pur-
suing Ph.D. at Bar-Ilan University, Tel Aviv, Israel, in the Faculty 
of Life Science. She is a coauthor of two scientific articles and one 
book chapter published in international journals. She has achieved 
the “College Blue-2017” award for being the most versatile stu-
dent of the batch (2013–2017) and “JIS SAMMAN” in 2015 for 
academic excellence. She also bagged the Certificate of Award 
(first) for Poster Presentation in 2016 at an International Semi-
nar on Global Advancement in Pharmaceutical Research and 
Startup. Her current research area is focused on biopolymer 
chemistry, biomaterials for drug delivery, food science, and 
nanotechnology.



26 S. Pal et al.

Hasham S. Sofi, M.Pharm., is a Senior Research Fellow of the 
Indian Council of Medical Research and pursuing a Ph.D. at the 
Department of Pharmaceutical Sciences, University of Kashmir, 
Srinagar, India. He has pursued a Bachelor’s in Pharmaceutical 
Sciences and completed his Master in Pharmaceutics from the 
University of Kashmir. He has qualified to the National Graduate 
Pharmacy Aptitude Test (GPAT) with an All-India Rank of 75. He 
has received fellowships for pursuing research from various 
funding agencies, including the All-India Council of Technical 
Education, the Department of Science and Technology, and the 
Indian Council of Medical Research. He has held junior/senior 
research fellow positions at the Department of Nanotechnology, 
University of Kashmir, and Senior Research fellow at the Division 
of Pharmaceutics and Pharmacokinetics at Central Drug Research 
Institute. His primary research interest is developing fast-
dissolving delivery systems for rapid action, studying inhaled 
therapies for managing tuberculosis, and using nanofibers in 
regenerative medicine. He is currently studying the mechanisms 
involved in forming mycobacterial biofilms, their role in resis-
tance to antitubercular drugs, and the development/repurposing of 
drugs that can aid the dispersal of biofilms. He has developed 
formulations that can preferentially target antimalarial drugs to 
plasmodium-infected RBCs and nanofiber-based dressings for 
early skin tissue regeneration. He has published research and 
review articles in well-reputed journals and book chapters with 
international publishers and received more than 500 citations. 

Lubna Azmi, Ph.D., is currently working as an Assistant Profes-
sor in pharmaceutical chemistry at Lucknow University. Before 
working in this position, she worked as a postdoc fellow at the 
Division of Pharmaceutics, Central Drug Research Institute, 
Lucknow. She has taught pharmaceutical and analytical at 
Lucknow University for the past year. Born in India, Dr. Lubna 
Azmi received a Bachelor’s in Pharmacy and a Master in Pharma-
ceutical Chemistry from Abdul Kalam Technical University. She 
has expertise in analytical methods like HPLC and LC-MS/MS, 
synthetic chemistry, inorganic/organic chemistry, and formulation 
development. Her current research interests are studying enteric-
coated microspheres for gastrointestinal tuberculosis, developing 
animal models of intestinal tuberculosis, and formulating dry 
powders for pulmonary tuberculosis. She has published more 
than 30 research papers in national and international journals. 
She is also authoring many book chapters and review articles.



1 The Role of Synthetic and Natural Biomaterials in Modulating. . . 27

Nisar Ahmad Khan, Ph.D., is an Associate Professor at the 
Department of Pharmaceutics, University of Kashmir, Srinagar, 
India. Dr. Khan was awarded a Bachelor of Science and Bachelor 
of Pharmacy from the University of Kashmir. He pursued a Master 
in Pharmacy in Pharmaceutics from Rajiv Gandhi Proudyogiki 
Vishwavidyalaya. He was awarded Ph.D. in Pharmaceutics from 
the University of Kashmir while working on gastro retentive drug 
delivery systems. He is an active member of the International 
Association for Pharmaceutical Technologist and the International 
Association of Physical Chemists. He has received funding from 
the University Grants Commission (UGC) and the Indian Council 
of Medical Research (ICMR) for various research projects. He has 
guided many research scholars pursuing master’s and doctorate 
degrees in pharmacy. His primary research interests are formula-
tion design of oral drug-controlled release systems, gastro reten-
tive drug delivery systems, and enhancement of bioavailability of 
poorly soluble drugs. Dr. Khan has published more than 
40 research papers and many book chapters. He has received 
more than 600 citations. 

Shafquat Majeed, Ph.D., is currently working as an Assistant 
Professor in the Department of Nanotechnology, University of 
Kashmir, India. Dr. Majeed did his Master in Chemistry from 
the Department of Chemistry, University of Kashmir. He did his 
Ph.D. at the prestigious Indian Institute of Science Bangalore 
(2008–2015). He has a postdoctoral research experience in rare-
earth-based nanomaterials for biomedical applications and fabri-
cation of Perovskite-based solar cells from the Centre for 
Nanoscience and Engineering, IISc Bangalore (2015–2016). He, 
at present, heads a SCAN (Synthesis, Characterization and Appli-
cation of Nanomaterials) laboratory at the University of Kashmir, 
where they work on synthesis, characterization, and optical and 
magnetic properties of nanomaterials prepared through various 
solution-based routes. More specifically, they are developing 
new and enhanced multimodal imaging modalities for biomedical 
and healthcare applications. 

Mushtaq A. Beigh, Ph.D., is working as an Assistant Professor at 
the Department of Nanotechnology, University of Kashmir, India. 
Dr. Beigh has postdoctoral research experience in cellular signal-
ing and disease modeling (2013–2016). He had completed his Ph. 
D. from the University of Kashmir, India (2008–2012). He heads a 
laboratory at the University of Kashmir, where they work on a 
bio-nano interface to understand the molecular basis of 
nanoconjugate internalization. They also try to understand the 
growth factor signaling inputs directed at multiple cellular 
receptors like NRP1 and integrins in order to work out the mecha-
nistic details of receptor-based internalization.



28 S. Pal et al.

Faheem A. Sheikh, Ph.D., is an Assistant Professor at the Depart-
ment of Nanotechnology, University of Kashmir, India (2015). He 
served as an Assistant Professor at the Department of Biotechnol-
ogy at the Central University of Kashmir, India (2015–2016); 
Research Professor, Myongji University, South Korea 
(2014–2015); Assistant Professor, Hallym University, South 
Korea (2012–2014); Postdoc/Research Fellow, the University of 
Texas Rio Grande Valley, Texas, USA (2010–2012); and 
Research Professor at Myongji University, South Korea (2010). 
His research mainly focuses on fabricating nanomaterials used in 
tissue engineering.



Nanotechnology-Based Biosensors 
in Medicine 2 
Anita Patel , Nisarg C. Patel , Jayvadan K. Patel , 
and Saurin Amin 

Abstract 

Over the past 20 years, the development of biosensors has significantly benefited 
from nanotechnology. The creation of nanomaterials (NMs), their use in novel 
biosensing and diagnostic applications, and their thorough characterization for 
in vitro and in vivo applications are a few of these. The introduction of numerous 
new signal transduction technologies has been made possible by using 
nanomaterials to create biosensors, which has increased their sensitivity and 
performance. Mechanical devices based on nanobiosensor architecture, optical 
resonators, functionalized nanoparticles, nanowires, nanotubes, and nanofibers 
have all been utilized. Remarkably, the potential medical applications of 
nanomaterials, including gold nanoparticles, carbon nanotubes, magnetic 
nanoparticles, and quantum dots, have been extensively researched. Therefore, 
we cover many advanced nanomaterials that have been widely applied in recent 
years and discuss how they were fabricated. The main objective of this chapter is 
to offer an overview of recently created advanced nanomaterial-based biosensors 
used to diagnose a range of diseases as well as therapeutic purposes. 
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2.1 Introduction 

As per IUPAC, the biosensor is defined as “a self-contained integrated device, which 
is capable of providing specific quantitative or semi-quantitative analytical informa-
tion using a biological recognition element that is in direct spatial contact with 
a transducer element.” The sensor comprises a transducer, a readout system, and a 
detection system known as a receptor (Fig. 2.1). In biosensors, the acceptor is a 
biological component that is variously fixed to the converter. The method by which 
the bioreceptor layer (biological component) is mounted on the transducer signifi-
cantly impacts biosensors’ success. Selectivity is a crucial sensor property that 
shows how well the system can separate the analyte from other components in the 
sample. Sensitivity is the next critical feature. High sensitivity indicates that a 
considerable change in the output signal from the sensor can be seen even with

Fig. 2.1 Major components of a typical biosensor



slight differences in analyte concentration. Such a sensor has a high bit resolution. 
Another crucial aspect that is included in the definition of accuracy is the repeatabil-
ity (measurability) of the measurement results (Ge et al. 2014; Sangadevan and 
Periasamy 2014; Vashist et al. 2012; Huang et al. 2021; Pandit et al. 2016). The 
development of biosensors is increasingly dependent on nanotechnology. 
Biosensors are becoming more sensitive and effective, thanks to nanomaterials’ 
use in their production. By combining sensors, fluidics, and signal-processing 
circuits, nanotechnology will make it possible to further miniaturize bioanalytical 
systems. This will allow for the large-scale integration of various biological 
reactions on a more compact scale (Vo-Dinh et al. 2001).
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Due to their substantial specific surface area and high free surface energy, 
nanoparticles play a significant role in the surface adsorption of biomolecules. 
Materials with 1 and 100 nm diameters are commonly referred to as nanomaterials. 
Due to their small size, these particles have interesting physicochemical 
characteristics (Wang et al. 2014; Bai and Jiang 2013; Gholipour et al. 2020). 
Going nano means a matter can be altered at the molecular and atomic levels in 
addition to its reduced size. The developing ability to manipulate the patterns of 
matter on the nanoscale scale will fundamentally alter the ability to sense and detect 
the condition of biological systems and live organisms in the case of biosensing 
(Alivisatos 2004). It is anticipated that such a drastic transformation will make it 
possible for living cells to detect several signals simultaneously and at the single 
molecular level. Going nano will help to enhance sensitivity and lower the detection 
limit, reduce the volume of analyte reagent, and shorten the detection time at the 
systems level. Biosensors can be reduced in size so that they can be inserted at any 
desired position within the body. 

2.2 Various Detection Methods 

These methods can be generally categorized into mechanical, optical, electromag-
netic, electrical, thermal, magnetic, and electrochemical processes. 

2.2.1 Mechanical Detection 

Mechanical-based transducers typically use mechanical deformations or mechanical 
waves (or acoustic waves) as their sensing mechanisms. In order to use this tech-
nique, the underlying transducer is frequently a mechanical structure in the form of a 
cantilever beam, a double-clamped beam, or a disc. The surface of the transducer is 
functionalized by immobilizing a layer of a sensitive element (e.g., antibodies or 
enzymes) on it for target binding. Ex vivo applications are more suited for this kind 
of detection (Stenger et al. 2001). 

A conventional method of detection in the case of a cantilever beam involves 
measuring the cantilever deflection brought on by the surface stresses produced as a 
result of molecule binding. Intermolecular forces like electrostatic contact or van der



Waals force of attraction are the leading causes of surface stress. The cantilever will 
deflect due to the generation of differential stress (Berger et al. 1997). Two methods 
are frequently used to measure cantilever deflection. In the first, the cantilever 
deflection is measured using a four-segment photodetector, while a laser beam is 
focused on the free end of the cantilever. The second method uses electrical 
equipment to measure the cantilever deflection using resistive or capacitive circuitry 
(Porter et al. 2003). 
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Advantages of mechanical detection included the ability to perform protein 
recognition with extremely high sensitivity and the ability to identify mismatches 
in oligonucleotide hybridization without labeling. Additionally, this technique 
works with various analyte species in gaseous or aqueous forms. The method 
faces some limitations as well, such as the fact that if the molecule binding events 
are exothermic, the heat created may make it difficult to detect them since differential 
thermal stress might cause the cantilever to deflect (Mertens et al. 2003). Another 
problem is that the molecular structures are nonlinear and viscoelastic, which might 
make them impossible to utilize. 

Changes in acoustic properties, such as the resonant frequency, attenuation, and 
phase of wave propagation, are the typical approach of detection in the 
circumstances of a double-clamped beam or a disc structure. A molecule binding 
event serves as mass loading in this mode of detection, where mechanical structures 
behave like oscillators. This mass loading frequently causes a shift in the resonant 
frequency, an increase in amplitude attenuation, or a delay in the phase of wave 
propagation. However, the complexity of detecting the type and uniformity of the 
bound species makes this type of mechanical detection challenging, making it less 
precise in biological sensing (Rao and Zhang 2006). 

2.2.2 Optical and Electromagnetic Detection 

Optical detection is one of the most commonly utilized mechanisms for biosensing. 
This technique may be integrated into a wide range of spectroscopic techniques, 
which include luminescence, absorption, polarization, and fluorescence. This detec-
tion technology allows for the measurement of a target analyte’s amplitude, energy, 
polarization, decay time, and phase, among other spectrochemical parameters. The 
most prominent optical technology is undoubtedly fluorescence-based detection. In 
this method, fluorescent markers that produce light at particular wavelengths are 
utilized as detection labels for the target analytes. The presence of the targets or the 
binding of the targets to the probes is determined by measurements of fluorescence 
intensity (Vo-Dinh and Cullum 2000). 

Another common approach of optical detection is the evanescent wave-based 
sensing approach. By total internal reflection, an optical waveguide is utilized in this 
technique to restrict the light passing through it. Evanescent wave-based sensors are 
ideal for measuring molecular interactions in situ and in real time since they are 
susceptible to the detection of biological and chemical species at lower levels (Liu 
and Tan 1999). The theory of surface-enhanced Raman spectroscopy (SERS) serves



as the foundation for a widely used electromagnetic detection technique. Because of 
surface plasmon resonance, molecules positioned near to a rough metal surface with 
silver or gold nanostructures (such as nanoparticles or nanowires) can exhibit 
surface-enhanced Raman scattering. 
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2.2.3 Electrical Detection 

Electrical detection offers several desired characteristics as an underlying transducer 
because of its simplicity of use, label-free detecting capability, portability, and 
downsizing, even if it has not been as commonly employed as the mechanical or 
optical detection methods. When a biological binding event takes place at the 
electrode surfaces, conductometric and potentiometric techniques, two popular 
types of electrical detection, primarily rely on the measurement of changes in 
conductance (or impedance) and potential. Changes in the electrical resistance or 
impedance between two electrodes are detected by conductometric sensors (Chen 
et al. 2004). In this instance, the variations in resistance or impedance are brought on 
by metabolite excretion in the vicinity of the electrode surfaces or in the surrounding 
medium or by molecular interactions between nucleotides, proteins, antigens, and 
antibodies. This method of detection is appealing because, unlike electrochemical 
detection, it does not call for a particular reference electrode. Potentiometric sensors 
quantify the potential changes between electrodes. Ion-sensitive field-effect 
transistors or chemical field-effect transistors are used in the most popular potentio-
metric sensor design. Due to the inherent molecular charges on the DNA, potentio-
metric sensors have been employed to perform label-free detection of DNA 
hybridization by detecting the field effect in silicon (Fritz et al. 2002). 

2.2.4 Electrochemical Detection 

The electrical responses produced by the electrochemical reactions of the target 
redox species catalyzed by the enzymatic-sensitive elements are frequently 
measured by biosensors that use an electrochemical technique as the underlying 
transducer. Typically, these biosensors are set up in a three-electrode arrangement: a 
working electrode, a counter electrode, and a reference electrode. Amperometric, 
voltammetric, and impedimetric modes of operation are the most frequently utilized 
for biological detections. The electrical current produced by the exchange of 
electrons between the electrodes and ionic species in response to electrode polariza-
tion at a constant potential is measured by amperometric biosensors. Voltammetric 
biosensors evaluate the current-potential relationships (sometimes called 
voltammograms) brought on by a redox process. Upon cyclic excitations of the 
working electrode at a predetermined frequency range, impedimetric biosensors 
monitor changes in the complex impedance of an electrochemical process. The 
detection of glucose, lactose, urea, lactate, and DNA hybridization has all been 
done using electrochemical-based biosensors (Zhu and Snyder 2003; Zhang 2009).
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2.3 Development in Nanotechnology-Based Biosensors 

However, biosensors based on nanotechnology are a more comprehensive word that 
can be seen from three perspectives. Type A nanotechnology-based biosensors are 
those that contain nanomaterials in their structural design, according to the first point 
of view. These might include various nanomaterials that have been coated with 
bioreceptors and vary in size, shape, and construction materials. These nanoparticles 
increase the surface area of these biosensors and increase their sensitivity. Type B is 
concerned with biosensors that include nanostructured structures and are made using 
self-assembly or nanofabrication techniques. In this type, electrodes are typically 
nanoscale in size and coupled to a processor that is larger, like a computer. The last 
type (type C) indicates the biosensors in nanoscale, which means a device for 
sensing usage with at least one dimension below 100 nm. This type will be a highly 
packed and complex device than integrate sensing and processing in one device (Liu 
et al. 2009). 

In the last 10 years, the fields of in vitro diagnostics, imaging, and therapies have 
seen the extensive application of NMs. They have made it possible to diagnose 
diseases at a very early stage and to simultaneously multiplex detect a large number 
of disease biomarkers (Cheng et al. 2011). They have also made it possible to 
investigate the detection of extremely low concentrations of the target analytes and 
have produced ultrasensitive, quick, and economical assays that only need a small 
sample. 

The capacity to detect single molecules can also be achieved by using 
nanostructure (nanopores, nanowires, nanopillars, and nanogaps)-based devices, 
which utilize gold nanoparticles (GNPs) that have been labeled with brief DNA 
segments. In the past 10 years, a number of intriguing NMs have been applied to 
diagnostics and biosensors, including carbon nanotubes (CNTs), graphene, quantum 
dots (QDs), nanoparticles (NPs), and nanocomposites. The NMs with improved 
performance and functionality, like QDs and NPs, make effective imaging agents 
(Kairemo et al. 2008). Nanotechnology advancements will be very helpful in 
moving from late-stage diagnosis (including expensive and socially demanding 
therapy) to early-stage diagnosis (relatively less costly and less invasive). Due in 
large part to the multibillion-dollar glucose monitoring market, the significant 
application has nearly invariably been glucose sensing. 

2.4 Nanotechnology-Based Biosensors 

2.4.1 Thin Films 

Due to inherent features related to their nanoscale dimensions, nanostructured thin 
films have made it possible to create electrochemical sensors and biosensors with 
high detection powers. Additionally, a wide variety of organic and inorganic 
components can be used for the growth of films. Additionally, the use of suitable 
materials such as natural polymers can help to explain the potential for improving the



detection limit in biosensing devices. The purpose of using these materials is to 
maintain the structural integrity of biomolecules while combining a high level of 
detection with their ability to function as biocatalysts (Pandit et al. 2016). 
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2.4.2 Nanomaterial-Based Biosensors 

In order to exploit certain nanomaterials in better biological signaling and transduc-
tion pathways, their electrical and mechanical properties have been investigated. 
Nanotubes, nanowires, nanorods, nanoparticles, and thin films comprised of crystal-
line solids are some of these often used materials. Colloidal nanoparticles can be 
employed for immunosensing and immunolabeling applications by conjugating with 
antibodies. Additionally, metal-based nanoparticles are excellent materials for elec-
tronic and optical applications, and by taking advantage of their optoelectronic 
characteristics, they can be effectively used for the detection of nucleic acid 
sequences. Nanomaterials like metal nanoparticles, oxide nanoparticles, magnetic 
nanomaterials, carbon materials, quantum dots, and metallophthalocyanines are now 
used due to significant advancements in the field of nanotechnology to enhance the 
electrochemical signals of biocatalytic events that take place at the electrode/electro-
lyte interface. For use in biosensors to detect biological molecules, functional 
nanoparticles that bind to biological molecules (such as peptides, proteins, and 
nucleic acids) have been produced (Pandit et al. 2016). 

2.4.2.1 Carbon Nanotubes (CNTs) 
CNTs have been one of the most widely employed NMs in the last 10 years for 
biosensors, diagnostics, tissue engineering, cell tracking and labeling, and medica-
tion and biomolecule delivery. Carbon nanotubes are a perfect material for use in 
chemical and biological sensing due to their nano-dimensions, graphitic surface 
chemistry, and electrical characteristics. Biosensors have utilized both single-walled 
nanotubes (SWNT) and multiwalled carbon nanotubes (MWNT). They are single-, 
double-, or multiwalled CNTs, which are hollow cylindrical tubes made of one, two, 
or more concentric graphitic layers and capped by fullerene spheres. For the suscep-
tible detection of analytes in healthcare, industry, environmental monitoring, and 
food quality analysis, CNT-based biosensors and diagnostics have been used 
(Li et al. 2008; Muguruma et al. 2008). They have primarily been employed in 
electrochemical sensing, principally for the detection of glucose, but also for the 
detection of fructose, galactose, neurotransmitters, neurochemicals, amino acids, 
immunoglobulin, albumin, streptavidin, insulin, human chorionic gonadotropin, 
C-reactive protein, cancer biomarkers, cells, microorganisms, DNA, and other 
biomolecules (Davis et al. 2003). One instance involved coating glucose oxidase 
onto the surface of single-walled nanotubes (SWNT), which prevented a significant 
loss of enzyme function (Azamian et al. 2002). Similar to this, it was shown that 
horseradish peroxidase (HRP) adsorbed on a carbon nanotube microelectrode could 
transmit electrons straight to the electrode and still function as a catalytic enzyme for 
H2O2 (Zhao et al. 2002).
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2.4.2.2 Graphene 
Graphene, an atomically thin layer of sp2-hybridized carbon, is another NM that has 
recently been used extensively for diagnostics and biosensors due to its captivating 
and exciting properties, such as high mechanical strength, high thermal conductivity, 
high elasticity, tunable optical properties, tunable bandgap, very high room temper-
ature electron mobility, and demonstration of the room temperature quantum Hall 
effect. It is a translucent material with extremely little environmental impact and 
minimal production costs. For the detection of a variety of analytes, including 
glucose, cytochrome c, NADH, hemoglobin, cholesterol, ascorbic acid, dopamine, 
uric acid, hydrogen peroxide, HRP, catechol, DNA, heavy metal ions, and gases, it 
has been widely used in electrochemical, impedance, fluorescence, and 
electrochemiluminescence biosensors (Bai et al. 2020). 

2.4.2.3 Quantum Dots 
Nanoscale semiconductor crystals called quantum dots (QDs) shine or fluoresce 
when activated by a light source like a laser. The fluorescence of QDs is incredibly 
persistent, and they have a high level of resistance to deterioration. QDs are effective 
tagging agents because they can be selectively attached to biological components 
like cells, proteins, and nucleic acids. Any wavelength of light, from infrared to 
ultraviolet to visible, can be built into QDs. This makes it possible to employ a lot of 
different colors, which makes it possible to run multiplexed assays. The potential for 
a wide range of applications, including diagnostic tools, has been created by the 
development of a novel coating for inorganic particles at the nanoscale that may be 
able to disguise QDs as proteins. This technique enables particles to function as 
probes that can enter into cells and illuminate specific proteins therein (Jaiswal et al. 
2004). Due to their distinct photoluminescent characteristics and possible uses, 
quantum dots have been the focus of extensive research (Lu et al. 2003). In cellular 
imaging (Kaul et al. 2003), immunoassays (Medintz et al. 2005), DNA hybridization 
(Hoshino et al. 2005), biosensors, and optical barcoding (Han et al. 2001), for 
instance, quantum dots, have been employed successfully. 

Fluorescence resonance energy transfer (FRET) and the dynamic course of signal 
transduction in living cells have both been utilized to analyze the interaction between 
protein molecules using quantum dots (Jares-Erijman and Jovin 2003). In compari-
son with conventional fluorescent dyes, these synthesized quantum dots have a 
number of advantages, including improved stability, increased fluorescence inten-
sity, and a variety of colors that may be achieved by varying the size of the quantum 
dots (Medintz et al. 2005). They have also been used to identify cancer target areas 
in vivo. 

2.4.2.4 Chitosan 
Due to its outstanding biocompatibility, complete biodegradability, and nontoxic 
makeup, chitosan is one of the most favorable NMs for the assimilation of biological 
components in medical devices. Natural metabolites that result from the breakdown 
of chitosan are completely safe. Because it is transparent, optical sensors can use 
it. Due to the porous nature of the chitosan films and their high ion permeability, it is



also suitable for electrochemical sensors. The amine groups of chitosan make it 
easier for biomolecules to attach to it covalently and for polymers or NPs to form 
nanocomposites, and its pH-dependent solubility makes it easier for stable films to 
form at neutral and basic pH levels. But in order to make it more soluble in water and 
other common solvents, it needs to undergo chemical alteration, such as 
carboxymethylation. It has seen considerable use in lab-on-a-chip devices, 
biosensors, diagnostics, and other biomedical or bioanalytical applications (Sashiwa 
and Aiba 2004; Koev et al. 2010). 
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2.4.2.5 Dendrimers 
The three-dimensional macromolecules known as dendrimers are hyperbranched, 
monodispersed, star-shaped, nanometer-scale and have a very high density of 
surface functional groups. They consist of three distinct components: the core, the 
inside dendron, and the outside surface containing terminal functional groups. They 
are widely used in a variety of biosensors and diagnostics, including those based on 
electrochemistry, fluorescence, surface-enhanced Raman scattering, impedimetry, 
and surface plasmon resonance. This is mainly because they improve analytical 
sensitivity, stability, and reproducibility while lowering nonspecific interactions. 
They have also been applied to various bioanalytical processes, including gene 
transfection, medication delivery, and catalysis (Satija et al. 2011; Shen and Shi 
2010). 

2.4.2.6 Nanoparticles 
Due to their distinct optical and other features, NPs have also been widely exploited 
in various bioanalytical applications, particularly for the creation of biosensors, 
diagnostics, imaging, drug administration, and treatment. The attachment of 
molecules to their surface causes them to change color. For a variety of bioanalytical 
applications, the ability of nanoparticles to change their properties by altering their 
size or shape has been used (Parveen et al. 2012). 

Gold Nanoparticles 
By electrochemical stabilization, gold nanoparticles can also be deposited on the 
electrode. To finish preparing the enzymatic electrode, the electrode is submerged in 
a bath containing par benzoquinone, chitosan, glucose oxidase, and ionic liquid. By 
varying the solution concentration, the working potential, and the precipitation 
duration in this process, nanoparticle size and morphology can be adjusted. 

The effective early-stage detection and photothermal treatment of cancer and 
other disorders are made possible by the remarkable plasmon absorption and scat-
tering capabilities of GNPs. They have been employed as nanocarriers for the 
delivery of medicines, DNA, and genes for the treatment of cancer and other 
disorders due to their preferred accumulation at the tumor sites (Boisselier and 
Astruc 2009). Because they can be found using a number of analytical methods, 
including optical absorption, fluorescence, Raman scattering, atomic and magnetic 
force, and electrical conductivity, gold nanoparticles make excellent labels for 
sensors. The most popular nanoparticles for transferring electrons between the active



core of redox proteins and the electrode surface are gold nanoparticles. The electron 
transfer rate constant between the enzyme glucose oxidase and the substrate in 
glucose detection is increased seven times by using gold nanoparticles on the 
electrode surface. This asymmetric biosensor for glucose responds in less than 5 s, 
and when compared to the same correction performed on a smooth gold electrode 
(without the inclusion of gold nanoparticles), the sensitivity is increased 2.8 times 
and the detection limit is increased by 20 times (Yang and Cui 2008). 
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A layer-by-layer (LBL) method may be used to assemble GNPs and methylene 
blue (MB) into films over a glassy carbon electrode (GCE) that had been adapted for 
the detection of human chorionic gonadotrophin (HCG) (He et al. 2008). Due to the 
enormous specific surface area and excellent biocompatibility of GNPs, HRP can be 
adsorbed onto a GNP layer for the detection of H2O2 without losing any biological 
activity (Gao et al. 2007). The ZrO2/Au film electrode surface may firmly adsorb 
organophosphate pesticides (OPs), offering a quantitative method for OP detection 
that is effective. Wang and Li (2008) detailed the synthesis of ZrO2/Au 
nanocomposite films using a sol-gel process and electroless plating. 

Silver Nanoparticles 
Similar to how gold nanoparticles are utilized, silver nanoparticles are also used to 
alter the surface of electrode. The high electrocatalytic reactivity and bioactivity of 
biomolecules are preserved by biocompatibility of silver nanoparticles. Hepatitis B 
antibodies have been fixed on platinum electrodes using silver nanoparticles as a 
substrate. Sulfur atoms stabilizing them on silver nanoparticles cause oligonucleo-
tide receptors to assemble on the surface of their monolayer electrode. High levels of 
sensitivity, selectivity, and stability are displayed by the sensors made using this 
technique (Qian et al. 2020). Some electrochemical reactions can also be catalyzed 
by silver nanoparticles. These nanoparticles have been utilized to create enzymatic 
sensors for glucose and hydrogen peroxide. Cysteine has been detected and 
measured using a glass carbon electrode enhanced with silver nanoparticles and 
doped with mercury (Kianfar Farshad et al. 2015). 

Platinum and Copper Nanomaterials 
Due to their appropriate catalytic characteristics, platinum nanoparticles are used in 
electrochemical studies. High-sensitivity and low-detection sensors are created as a 
result of the catalytic role that platinum nanoparticles play in redox processes and the 
hybridization of DNA strands. To create sensors for the detection of NO, nitrite, and 
uric acid, Pt-Fe(III) nanoparticles have also been placed on the electrode surface in 
addition to platinum nanoparticles. Due to the potential for asymmetric technique 
detection at the constant potential for analyzing carbohydrates and amino acids, the 
copper electrode is of great importance. In addition to the previously indicated 
benefit, using electrodes enhanced with copper nanoparticles in electrochemical 
sensors speeds up the reaction because of the catalytic capabilities of the 
nanoparticles. With great sensitivity and constant potential in phosphate buffer 
solution with pH = 8, all 20 amino acids may be identified on the surface of the 
electrode coated with copper nanoparticles. Nanoparticles of other metals, such as



y

palladium, nickel, and iridium, have also been utilized as catalysts in electroanalyti-
cal systems in addition to gold, silver, platinum, and copper nanoparticles (Özbek 
et al. 2021; Sivasankar et al. 2018). 
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Magnetic Nanoparticles 
Due to their unique magnetic properties, magnetic nanoparticles (MNP) have been 
extensively researched for usage in applications like hyperthermia (Kim et al. 2005), 
MRI contrast agent (Lee et al. 2006), tissue repair (Ito et al. 2005), immunoassay 
(Sincai et al. 2005), drug/gene delivery (Morishita et al. 2005), cell separation 
(Guedes et al. 2005), GMR sensor (Rife et al. 2003), etc. They can typically be 
manufactured as single domain or superparamagnetic ferrites (MeO�Fe2O3, where 
Me = Ni, Co, Mg, Zn, Mn, etc.), greigite (Fe3S4), maghemite (g-Fe2O3), and other 
forms of ferrites (Fe3O4). When exposed to a magnetic field, antibodies that have 
been marked with magnetic nanoparticles emit magnetic signals. As loose antibodies 
spread in all directions and do not provide a net magnetic signal, antibodies bound to 
targets can be distinguished from those that are not. A novel type of magnetic 
dextran microsphere (MDMS) was synthesized by Zhang et al. (2008a) b  
suspending cross-linking iron nanoparticles and dextran. Then, a GCE modified 
with MDMS was used to immobilize HRP. An amperometric H2O2 biosensor was 
created using the immobilized HRP-modified electrode and hydroquinone (HQ) as 
the mediator. A magnetic chitosan microsphere (MCMS) was created by Lai et al. 
(2008) utilizing carbon-coated MNPs and chitosan. With the help of glutaraldehyde 
cross-linking, hemoglobin (Hb) was successfully immobilized on the surface of 
MCMS-modified GCE. 

In fact, numerous techniques have been created for detecting and counting 
specific micron-scale magnetic particles. The Maxwell bridge, frequency-dependent 
magnetometer, superconducting quantum interference device (SQUID), and magne-
toresistance techniques are all used for direct detection of magnetic particle labels. 
The force-amplified biological sensor (FABS), a microcantilever-based device, and 
magnetic relaxation switches (MRS) are examples of indirect detection. A highly 
accurate, linear, and hysteresis-low giant magnetoresistance-spin valve (GMR-SV) 
biosensing device was recently created using photolithography (Park et al. 2008). 
For its detection and analysis, even a single drop of human blood or nanoparticles in 
distilled water provided enough signal. 

2.4.2.7 Protein Chips 
At the Fraunhofer Institute for Interfacial Engineering and Biotechnology IGB, 
protein chips based on protein-binding silica nanoparticles are being developed 
(Stuttgart, Germany). Many different capture proteins can be arranged on the surface 
of a silica nanoparticle with a diameter of under 100 nm. The chips can be examined 
using cutting-edge mass spectrometry (MS)-matrix-assisted laser desorption/ioniza-
tion (MALDI)-time-of-flight (TOF) MS after coming into contact with a sample. It is 
possible to identify bound proteins directly by knowing their masses (Hsu and 
Huang 2004).
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2.4.2.8 Silicon Nanowires 
Cui et al. announced the development of sensitive, real-time electrically based 
sensors for chemical and biological species using boron-doped silicon nanowires 
(SiNWs). The pH-dependent conductance of the SiNWs that had been functionalized 
with amine and oxide may be explained in terms of the change in surface charge 
during protonation and deprotonation. Streptavidin was detected using biotin-
modified SiNWs down to at least a picomolar concentration range. Additionally, 
antigen-functionalized SiNWs demonstrated real-time concentration-dependent 
detection and reversible antibody binding. These semiconductor nanowires’ small 
size and capacity to detect a wide spectrum of chemical and biological species in real 
time without labels can be used in array-based screening and in vivo diagnostics (Cui 
et al. 2001). 

In order to identify the presence of hazardous substances inside individual cells, 
Cullum et al. employed optical fibers with a distal-end diameter of less than 1 μm 
that were coated with antibodies. They were able to gauge the amount of benzo 
(a)pyrene tetrol (BPT) in both rat liver epithelial cells and human mammary cancer 
cells (Cullum et al. 2000). 

2.4.2.9 Nanobarcodes 
Nanobarcodes are metallic barcodes that are submicron in size and have stripes 
created by successive electrochemical deposition of metal ions. By using traditional 
light microscopy, it is possible to identify the striped patterns due to the varying 
reflectivities of neighboring stripes (Walton et al. 2002). As shown by DNA and 
protein bioassays, this readout process does not obstruct the use of fluorescence for 
the detection of analytes bound to particles by affinity capture. SNP mapping and 
multiplexed assays for protein diagnostics can both be done using nanobarcodes. 
These particles are valuable for bioanalytical analyses because their surfaces can be 
chemically altered. Larger numbers of striping patterns and more accurate identifi-
cation will result from improvements in production and identification procedures. 

2.4.2.10 Biomimic-Based Biosensors or Molecular Self Assembly 
Molecular self-assembly is a crucial link between physics, chemistry, and biology 
that mirrors natural systems. Utilizing molecular self-assembly, new devices, 
materials, and architectures can be produced for biosensors (Boozer et al. 2003). 
Thin lipid films and liposomes are the self-assembled structures gaining the most 
attention in terms of biosensors. Lipid films and liposomes are made of 
phospholipids or other amphiphiles, just like a cell membrane is. They can sponta-
neously assemble structures due to their hydrophilic/hydrophobic properties. The 
supported bilayer lipid membrane (BLM) offers a suitable setting for embedding 
proteins, receptors, membrane/tissue fragments, and whole cells in a well-defined 
orientation and under nondenaturing circumstances. Because of this, BLMs are 
particularly appealing for use in biosensors. The ion channel switch biosensor 
described by Cornell et al. was a successful biomimetically built device based on 
BLMs (Cornell et al. 1997). Two gramicidin molecules were used to create ion 
channels in the membrane: one in the lower layer linked to a gold electrode and the



other in the upper layer tethered to biological receptors like antibodies or nucleotides 
(Cornell et al. 2001). The supporting substrate for immobilizing the biorecognition 
molecules is commonly liposomes. Additionally, visual, sound wave, and electro-
chemical signals are amplified using liposomes (Baeumner et al. 2003). 
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2.4.2.11 Nanofabrication 
Utilizing techniques developed exclusively for micromachining and integrated cir-
cuit manufacture, nanofabrication produces things with a nanoscale resolution. The 
four fundamental operations of photolithography, thin film growth/deposition, etch-
ing, and bonding are frequently used in combination during nanofabrication pro-
cesses. By using impedimetric measurements, nanofabricated electrodes enable the 
detection of affinity binding of biomolecular structures (such as DNA or antigens). 
For instance, measuring the double-layer impedance might be used to keep track of 
the immobilization of glucose oxidase. Based on an ultrathin platinum film on an 
oxidized silicon base, a sensitive conductometric immunosensor has been shown 
(Pak et al. 2001). Researchers from IBM have also described using a microarray of 
cantilevers to simultaneously detect several unlabeled biomolecules at nanomolar 
concentrations in a matter of minutes (McKendry et al. 2002). This array allowed for 
numerous binding experiments to be run simultaneously and was capable of 
detecting femtomoles of DNA on the cantilever at a concentration of 75 nM in 
solution. 

A force-amplified biological sensor (FABS) was created by the Naval Research 
Laboratory in the USA and is capable of identifying biological species like cells, 
proteins, poisons, and DNA at concentrations as low as 10-18 M (Baselt et al. 1996). 

2.4.2.12 Ion Channel Switch (ICS) Biosensor Technology 
The ion channel switch (ICSk), an advanced biosensor developed by Ambri Ltd. 
(Chatswood, Australia), is based on a synthetic membrane that self-assembles and 
functions like a biological switch to detect the presence of particular chemicals by 
igniting an electrical current (Wright and Harding 2000). By delivering precise and 
quantitative test results in an immediate time frame, the system reduces the time of 
emergency diagnoses from hours down to minutes. 

2.4.2.13 Electronic-Based Nanobiosensors 
The Biodetect™ technology detects the binding of a target DNA molecule to sensors 
on a microchip electronically. The target molecules connect two wires that are 
electrically isolated by forming a bridge. The chemical development of the attached 
target molecules into conductive DNA wires, which are metalized and visible by 
electron microscopy, produces a strong, clear signal. By analyzing the resistance or 
other electrical characteristics of the sensor, the bridges, which may be seen using 
fluorescence imaging techniques, can be quickly found. These DNA lines function 
like an on/off switch to “turn on” a sensor. Multiple sensors are present on each chip, 
and each sensor can be individually addressed using capture probes for various target 
DNA molecules from the same or other organisms (Jain 2005).
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2.4.2.14 Viral Nanosensor 
As a nanosensor for therapeutically important viruses, magnetic nanobeads have 
been constructed in response to HSV and adenovirus. The nanobeads have a dextran-
coated supramagnetic iron oxide core (Perez et al. 2003). As a partner in the binding 
of antiviral antibodies, protein G is attached. Using a bifunctional linker, anti-HSV 
antibodies are directly attached to nanobeads in order to prevent protein G and 
medium components from interacting in an unintended way. As few as five virus 
particles can be captured by a magnetic field, and because it is less expensive, 
quicker, and detects fewer artifacts in a 10 mL blood sample than PCR-based 
detection methods, this system is more sensitive than ELISA-based approaches. 

2.4.2.15 PEBBLE-Based Nanosensors 
The nanosensors known as probes encapsulated by biologically localized embedding 
(PEBBLE) are spherical sensors with a size range of 20–200 nm that are made of 
sensor molecules trapped in a chemically inert matrix (Sumner et al. 2002). These 
sensors are immune to protein interference and can image ions and chemicals both 
inside and outside of cells in real time. The early identification of cancer is another 
application for PEBBLE. Additionally, PEBBLE nanosensors exhibit very quick 
reaction times, no protein interference, and excellent reversibility and resilience to 
leaching and photobleaching. They exhibit strong oxygen detecting ability in human 
plasma, unaffected by light scattering and autofluorescence (Cao et al. 2004). 

2.4.2.16 Optical Biosensors 
Many commercially available biosensors use the optical characteristics of lasers to 
track and measure interactions between biomolecules that take place on specifically 
designed surfaces or biochips. The most well-known instance of this technology is 
surface plasmon resonance. An optical-electrical phenomena called surface plasmon 
resonance (SPR) involves the interaction of light with the electrons of a metal. 
Researchers can profile and describe biomolecular interactions in parallel with the 
aid of the next-generation microarray-based SPR devices. There is an excellent 
demand for tiny optical sensors that can selectively detect low amounts of environ-
mental and biological chemicals. There is currently no optical sensor that can 
identify the aforementioned species at naturally occurring concentrations without 
using amplification methods (Haes and Duyne 2004). 

2.4.2.17 Laser Biosensors 
A laser nanosensor works by firing laser light into a fiber, creating an evanescent 
field at the tip of fibers, and then using that field to excite target molecules attached to 
antibody molecules. The optical signal (such as fluorescence) coming from the 
analyte molecules or from the analyte-bioreceptor reaction is detected using a 
photometric detection device (Vo-Dinh 2005). Laser nanosensors can be used for 
in vivo analysis of proteins and biomarkers in individual living cells.
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2.5 Applications of Nanobiosensors 

Enhanced detection sensitivity and specificity are two benefits that have considerable 
promise in applications, including detecting DNA, RNA, proteins, glucose, 
pesticides, and other small molecules from clinical samples, food industry samples, 
and environmental sensing. The scopes of nanobiosensor are shown in Fig. 2.2. 

2.5.1 Detection of Glucose 

The glucose biosensor is frequently employed as a clinical diabetes indication. The 
performance of glucose sensors is greatly influenced by nanoscale materials as 
GNPs, CNTs, magnetic nanoparticles, platinum nanoparticles, quantum dots, etc. 
Fibrous morphology and wrapping polydiallyl dimethylammonium chloride 
(PDDA) over multiwalled carbon nanotubes (MWCNTs) cause a significant loading 
of glucose oxidase into the electrospun matrix (Manesh et al. 2008). 

Fig. 2.2 Scopes of nanomaterials as biosensor
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2.5.2 Detection of DNA and Protein 

As optical biosensors, single-stranded DNA-CNT probes may be utilized to identify 
particular categories of DNA oligonucleotides (Cao et al. 2008). Single-stranded 
DNA probes can be efficiently immobilized on MWNTs/ZnO/chitosan composite 
film-modified glass carbon electrode (GCE) to distinguish between various DNA 
sequences (Zhang et al. 2008b). The bionanocomposite layer of MWNT in chitosan 
placed on a screen-printed carbon electrode (SPCE) is used to create a biosensor for 
the detection of deep DNA damage (Galandova et al. 2008). By utilizing the 
interactions between chemical substances and DNA, GNPs can also be utilized to 
identify DNA sequences. GNPs functionalized with alkanethiol-capped LNA/DNA 
chimaeras in a tail-to-tail hybridization mode might also perform well for 
single-stranded DNA (McKenzie et al. 2007), and these probes exhibit amazing 
discriminating between a complementary target and one that contains a single base 
mismatch. The first nanowire field-effect transistor-based biosensor, described by 
Maki et al. (2008), offers straightforward and susceptible electronic DNA methyla-
tion detection without the need for time-consuming bisulfite treatment or PCR 
amplification. 

2.5.3 Detection of Other Molecules 

Zhang et al. (2007) created a method for the detection of Escherichia coli (E. coli) 
utilizing modified bismuth nanofilm and flow injection analysis (FIA). A biochip 
sensor system made of two titanium (Ti) contact pads and a 150-nm-wide Ti 
nanowell device on a LiNbO3 substrate was created by Seo et al. (2008). A colori-
metric assay was created by Medley et al. (2008) for the quick identification of sick 
cells. The selectivity and affinity of aptamers and the spectroscopic benefits of GNPs 
are combined in this test using aptamer-conjugated GNPs. While nontarget samples 
did not change color, samples with sick cells showed a clear color shift. One of the 
initial insults in diabetes has been theorized to be mitochondrial oxidative stress 
(MOS). According to some evidence, the antioxidant response element (ARE) and 
MOS are both more responsive to high blood sugar than each other (Prow et al. 
2008). According to Li et al. (2007), an electrochemical aptamer biosensor for the 
detection of adenosine based on impedance spectroscopy measurement provides a 
label-free and reusable platform for making the detection of smaller molecules easy 
and effective. 

2.5.4 In Immunohistochemistry 

Using immunostaining of cytokeratin in skin basal carcinoma as an example, 
nanocrystal (NC)-antibody conjugates prepared using the method described can be 
utilized for the targeted detection of antigens in paraffin-embedded formaldehyde-
fixed cancer tissue specimens. Thus, NC-Ab conjugates could be used as extremely



sensitive, photostable markers for immune histochemical detection (Sukhanova et al. 
2004). 
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2.5.5 Detection of Disease Biomarkers 

The discovery of disease biomarkers, particularly in body fluid, is of great interest 
and is being researched extensively. Biomarker detection uses genomics, proteo-
mics, and related technologies. Clinically significant prostate-specific antigen (PSA) 
concentrations can be found using microcantilever technology, even in the presence 
of other proteins. Due to the lack of labeling and the ability to complete the 
procedure in a single reaction, the technique is possibly more efficient and less 
complicated than other diagnostic techniques. False positives, which are frequently 
brought on by the nonspecific binding of other proteins, are less likely to occur. A 
biobarcode assay can detect PSA at a concentration of 30 attomolars since it allows 
for significant amplification (Nam et al. 2004). 

As a biomarker for Alzheimer’s disease, the concentration of amyloid h-derived 
diffusible ligands (ADDLs) in the cerebrospinal fluid (CSF) was determined using 
the nanoparticle-based biobarcode assay (Kaul et al. 2003). While commercial 
enzyme-linked immunoassays (ELISA) can only identify ADDLs in brain tissue 
where the biomarker is most concentrated, this test can detect as few as 50 molecules 
of Aβ in the CSF of patients with Alzheimer’s disease (Georganopoulou et al. 2005). 

2.5.6 Detection of Single Nucleotide Polymorphism 

A microarray-based method for multiplex single nucleotide polymorphism (SNP) 
genotyping in the entire human genomic DNA is made possible by nanosphere’s 
ClearRead™ nanoparticle technology without the use of target amplification (Bao 
et al. 2005). The probe, a very sensitive gold nanoparticle, generates a strong signal 
precisely showing the presence of a particular target SNP, while one section detects 
any DNA changes. 

2.5.7 Detection of Disease Genes 

The identification of mutant genes linked to human disease can be done with 
DNA-based electrochemical sensors since they are sensitive, selective, and inexpen-
sive. Electrochemical amplifications using nanoparticles are one of the innovations 
in this field (Drummond et al. 2003).
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2.5.8 Detection of Microorganisms 

2.5.8.1 Bacteria 
Rapid and accurate pathogenic bacterial identification is crucial for medical 
diagnostics and bioterrorism defenses. Most standard diagnostic techniques have 
limitations, such as a lack of ultrasensitivity or a delay in results. Within 20 min, a 
single bacterium can be found using a bioconjugated nanoparticle-based bioassay for 
in situ pathogen quantification (Zhao et al. 2004). The nanoparticle is easily 
integrated into a biorecognition molecule, such as an antibody, and offers an 
extraordinarily strong fluorescent signal for bioanalysis. Through interaction and 
recognition between the antibody and the antigen, the antibody-conjugated 
nanoparticles can quickly and accurately identify a range of bacteria, including 
Escherichia coli O157:H7. By utilizing a 384-well microplate format, this technol-
ogy can be applied to several bacterial samples with high throughput. The quick 
detection of mecA gene in methicillin-resistant Staphylococcus aureus genomic 
DNA samples has been carried out using the nanomaterial-based colorimetric 
assay, which enhances detection sensitivity by over four orders of magnitude 
when compared to a previously published absorbance-based technique (Storhoff 
et al. 2004). A change in the surface stress on the silicon nitride cantilever surface in 
situ upon bacterial adhesion allows for the detection of a small number of Salmonella 
enterica bacteria. 

2.5.8.2 Viruses 
Plaque tests, immunological assays, transmission electron microscopy, and 
PCR-based viral nucleic acid testing are examples of well-developed techniques 
for viral investigation. These techniques frequently call for a considerable degree of 
sample manipulation, which is problematic for infectious materials, and have not 
been successful in achieving quick detection at the single virus level. Nanowire field-
effect transistors provide highly selective direct, real-time electrical detection of 
single virus particles (Patolsky et al. 2004). The presence of influenza A caused 
discrete conductance changes indicative of binding and unbinding, but not para-
myxovirus or adenovirus, according to tests using nanowire arrays modified with 
anti-influenza A antibodies. The presence of 100 or more distinct viruses might be 
simultaneously screened by larger arrays of repeatable nanowire devices. Ultimately, 
research using nanowire devices modified with antibodies specific for either influ-
enza or adenovirus has demonstrated the selective parallel detection of numerous 
viruses. 

2.5.9 Cancer Diagnosis 

Quantum dots (QD) bioconjugates are highly stable and luminous due to recent 
advancements. By enabling the imaging of cancer cells in living animals, these 
bioconjugates provide alternative opportunities for investigating genes, proteins, and 
therapeutic targets in single cells, tissue specimens, and even living organisms (Gao



and Nie 2003). Magnetic microparticle probes with antibodies that mainly bind a 
target of interest, such as prostate-specific antigen (PSA) in the case of prostate 
cancer, have been used to develop a method for detecting protein analytes. For the 
immunofluorescent tagging of breast cancer markers, QDs covered with a 
polyacrylate cap and covalently coupled to antibodies or streptavidin have been 
employed (Wu et al. 2003). A method for investigating extravasation in vivo has 
been developed using QDs and emission spectrum scanning multiphoton imaging. 
Mice were intravenously injected with QD-labeled tumor cells, and their extravasa-
tion into lung tissue was monitored. In vivo, the behavior of tumor cells that had 
been QD-labeled was identical to that of unlabeled cells. Based on circulating cancer 
cells in the blood, magnetic nanoparticle-based assays are being developed to screen, 
diagnose, stage, and track cancer (Voura et al. 2004). 
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2.6 Challenges and Future Trends 

2.6.1 Challenges 

Applications of nanomaterials in biosensors have opened up new possibilities for 
creating a new era of biosensor technologies in recent years. Nanomaterial-based 
biosensors are progressing toward single-molecule biosensors and high throughput 
biosensor arrays, and they can enhance the mechanical, electrochemical, optical, and 
magnetic features of biosensors (Kerman et al. 2008). But they encounter numerous 
challenges, just like any newly developing field. The construction of single-molecule 
multifunctional nanocomposites, nanofilms, and nanoelectrodes requires the utiliza-
tion of biomolecules, which have unique structures and functionalities, and 
nanomaterials. This presents a significant difficulty. Additionally, the mechanism 
governing the interaction of proteins with nanomaterials is still not fully elucidated. 
Another challenging task is figuring out how to innovate new, multifunctional, or 
homogeneous nanofilms or how to alter electrodes using these rules and principles of 
an optimal biosystem. Other significant challenges for the currently available 
techniques include processing, characterization, interface issues, the availability of 
high quality nanomaterials, tailoring of nanomaterials, and the mechanisms 
governing the behavior of these nanoscale composites on the surface of electrodes. 
For instance, it is very difficult to align nanomaterials like CNTs in a polymer matrix 
in the same direction. Another major difficulty is figuring out how to improve the 
signal-to-noise ratio as well as signal transduction and amplification. Due to their 
inability to meet the quality control requirements set by certifying organizations like 
the FDA, items based on nanotechnology are still only permitted in research and 
development environments. Since the current market price of nanomaterials is too 
high for any practical commercial application, there is an urgent need to create cost-
effective and reproducible manufacturing procedures to lower the cost of producing 
nanomaterials. Nevertheless, these difficulties would soon be effectively solved 
because of ongoing technological advancements.
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2.6.2 Future Trends 

It is expected that nanotechnology-based biosensors will continue to advance and 
increase their application in many fields of the life sciences in the future years, 
particularly in the areas of biomedical diagnosis and drug delivery. These biosensors 
are anticipated to have some ideal characteristics for drug delivery applications, 
including high sensitivity, high specificity, quick response and action, low detection 
limit (so that a timely screening of clinically significant proteins and cancer markers 
is feasible), continuous and long-term monitoring capability, carrier of personalized 
medicine for site-specific and rate-controlled delivery, passive operation, and high 
specificity (possess the ability to communicate wirelessly with external monitoring 
devices). Some nanosensors are already developed, and they hold promise for 
detecting bioterrorism chemicals that are currently undetectable by molecular diag-
nostic methods. Nanodiagnostics will soon shorten the time spent waiting for test 
results. For instance, individuals with sexually transmitted diseases may provide a 
urine sample when they first visit an outpatient clinic or the office of the doctor, and 
the findings may be ready when they arrive for their appointment. The patient would 
have less time to worry, and the process would be less expensive if they were given 
the prescription right away. 

The downsizing of biochip technology to the nano-range will continue to influ-
ence diagnostic trends in the future. Additionally, there is a growing desire to create 
diagnostic tools from the smallest building blocks. It remains to be seen if interest 
and use of nanomechanical detection will sustain over the long term. Another trend 
is to avoid fluorescent labeling since miniaturization weakens the signal. However, 
there have been advancements that make fluorescence with nanoparticles possible. 

2.7 Conclusion 

The creation of biosensors is being revolutionized by nanotechnology. More and 
more innovative biosensors are being created using nanomaterials and 
nanofabrication methods. The study of the many nanoeffects, which are peculiar to 
nanomaterials and are actually their most alluring feature (e.g., quantum size effect, 
micro size effect, surface effect, macro-quantum tunnel effect), is sadly receiving 
very little attention. For usage in biosensors, novel nanomaterials and nanostructures 
must be researched. Nanotechnology-based biosensors should ideally be built into 
tiny biochips with integrated electronics for handling and analyzing samples. By 
offering devices that are compact, portable, simple to use, inexpensive, disposable, 
and extremely flexible diagnostic devices, functionality will be considerably 
improved. 

Aggregated biochips can be created by decreasing the size of the biosensor and 
the requirement for extremely small sample sizes that come from the usage of 
nanostructures. These systems are crucial for clinical diagnostic applications because 
they contain all the components required for sample presentation, sensing, and data 
processing. The use of biochip technology, which has a small sample size



requirement, obviates the need for medical diagnostic laboratories, which use 
expensive equipment and waste time and money, and allows for the simultaneous 
analysis of multiple analytes in a single sample, enabling accurate and rapid diagno-
sis. These technology and tools will benefit patients by being less intrusive, making 
them more comfortable, improving the accuracy of sensing results, and improving 
the site, amount, and pace of controllable drug delivery. 
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Abstract 

Natural materials have distinctive qualities like the ability to communicate with 
the biological environment, especially during the regeneration process. In this 
perspective, natural materials exhibit significant bioactive attributes because they 
were synthesized from nature to carry out a particular task. Natural materials can 
be extracted from various sources, but their chemistry and bioactivity may differ 
noticeably depending on the organism under consideration and the extraction 
technique employed. Composite scaffolds for bone tissue engineering have been 
developed from natural origin. The balancing act of mechanical strength, poros-
ity, and growth factors in bone scaffolds is still challenging. This chapter brings 
light to the composition of bone and the importance of bone and its tissue 
engineering. Further, this chapter will discuss the materials, e.g., calcium phos-
phorous, bioglass, collagen, chitosan hyaluronic acid, cellulose, starch, and 
alginate, that can be used as efficient materials for bone tissue engineering. 
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3.1 Introduction 

Bone is vascularized tissue composed of outer hard, compact, and inner soft cancel-
lous tissue. Collagen makes up the majority of bone’s organic component (type-I), 
which supports the bone structure. The inorganic phases are mainly calcium phos-
phate. The four kinds of bone cells are osteoblast, osteoclast, osteocytes, and 
osteoprogenitor cells. The repair of bone defects is facilitated by osteoclast and 
osteoblast cell activity by balancing bone resorption and bone formation. Tissue 
engineering is an emerging approach to developing a new methodology for bone 
regeneration (Guo et al. 2021). 

Mainly studied synthetic scaffold materials are ceramics, polymers, and their 
composites. The synthetic materials showed many disadvantages, like unsatisfactory 
cell growth and inadequate cell adhesion ability due to the unavailability of func-
tional groups on their surface. These shortcomings can be compensated by the use of 
natural-based biomaterials. There are many benefits of the use of natural 
biomaterials, such as their biomimetic properties, ecological safety, and huge natural 
resource with minimal processing and synthesis cost. Also, natural biomaterials 
show good biodegradable and biocompatible properties (Barua et al. 2018). Two 
types of natural materials are utilized in tissue engineering applications: biopolymers 
and bioceramics. 

3.2 Bone Tissue Engineering 

The production of biological substitutes that rebuild, retain, and enhance the activity 
of organs or tissue is the aim of tissue engineering, which combines engineering and 
life science. Since the second most transplanted tissue is bone, it has garnered much 
interest among the many tissue types. To enable their tasks, the organic and 
inorganic components of bone interact and maintain physiochemical balance in a 
complex tissue. To resemble bone, a scaffold for bone tissue creation should have 
characteristics similar to those of bone extracellular matrix. Bone structure, bone 
mechanics, and bone tissue development are studied in bone tissue engineering, in 
other words, understanding the biology of bone and its ability to regenerate or 
repair bone. 

Long bones are developed through endochondral ossification, which results in the 
mineralization of cartilage. Contrarily, flat bones are created through an 
intramembranous ossification process where mesenchymal stem cells develop 
osteoblasts that build bone. Osteoblasts release alkaline phosphatase, which 
encourages the retention of calcium and phosphate ions along with collagen fibers 
and unmineralized collagen (osteoid) (Zeng et al. 2017). After maturing into 
osteocytes, which monitor the homeostasis of bone, detect regional mechanical 
atmosphere, and react through balancing bone formation and resorption, osteoblasts 
are finally developed which are surrounded by a mineralized bone matrix (Yang 
et al. 2014). Bone growth and fracture healing need bone remodeling, the technique 
by which functional modification of the bone tissue framework takes place in



response to mechanical stress variations. Osteoclasts are multinucleated cells that 
can develop from progenitor monocytes into macrophages (immune cells) and 
perform bone resorption. Macrophages take part in the inflammatory response that 
encourages MSCs to migrate to the fracture site and consequently improves the 
repair of the fracture (Pajarinen et al. 2019). 
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Table 3.1 Design conditions of scaffolds in bone tissue engineering (Thavornyutikarn et al. 2014) 

Design criteria Conditions 

Porosity Without compromising mechanical properties, as much as possible 

Pore architecture Interconnected pores with a diameter of 200–400 μm 

Degradation behavior The degradation time must be adaptable according to the requirements 

Biocompatibility No persistent inflammation 

Sterilizability Without affecting the material’s characteristics 

Additionally, macrophages play important roles in bone formation and homeo-
stasis, and MSCs demonstrate immunomodulatory functions. Bioceramics and 
polymers are potential candidates for biomaterials that resemble the organic (colla-
gen) and inorganic (hydroxyapatite) components of the extracellular matrix (ECM) 
of bone. Before mineralization, successive cross-linking of collagen fibrils occurs 
during ECM production, gradually improving the mechanical behavior of ECM 
(Dhand et al. 2016). Crystalline bioactive ceramics and amorphous bioactive glasses 
are both examples of bioceramics. Polymers can be created artificially or naturally, 
like collagen. Due to their higher mechanical performance, biodegradable metals and 
nanomaterials made of carbon are also employed. To stimulate developmental 
signaling cascades biochemically, mechanically, or piezoelectrically, biomaterials 
can be created for bone tissue engineering. The nanotopography of an immunomod-
ulatory substance can simulate bone nanointerfaces by steering macrophages toward 
bone-stimulating activity (Damaraju et al. 2017). Bone tissue engineering aims to 
create biomaterials that can take the place of allografts and autografts. The material 
should help in bone remodeling when implanted in the defect area (Koons et al. 
2020). The basic building blocks of bone tissue engineering are progenitor cells (that 
express tissue matrix), scaffolds (provisionally support bone formation), and growth 
factors (stimulate osteoblast regeneration). Table 3.1 summarizes the particular 
standards for the optimum scaffold in bone tissue engineering. 

3.3 Bone Regeneration 

In the healing response after an injury or during skeletal growth, bone can naturally 
regenerate. Bone regeneration is a series of organized biological events, i.e., bone 
induction and conduction, that involve many cells and intracellular and extracellular 
molecular signaling pathways. Fracture repair, including intramembranous and 
endochondral ossification, imitates the embryonic skeletogenesis process in its 
normal state.
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Fig. 3.1 The stages of fracture repair (Carano and Filvaroff 2003). (Reproduced from open access 
publication) 

Several elements work together in bone formation technique: (1) a variety of cells 
types like osteoclasts, MSCs, etc.; (2) biomaterial (scaffold); (3) effects of growth 
factors, vitamins, cytokines, hormones, ions, etc.; and (4) several impulses (mechan-
ical). Figure 3.1 depicts the four overlapping phases that the callus formation process 
uses to repair fractures. After musculoskeletal system damage, blood vessel disrup-
tion causes the coagulation cascade to be activated, which then results in the 
development of hematoma around the fracture site (Fig. 3.1a). In line with the 
hematoma’s angiogenic activity, removal of the hematoma considerably reduces 
healing, whereas transplantation of the hematoma results in new bone formation. In 
response to the attraction of stem cells, inflammatory cells, and fibroblasts to 
location, new blood vessels are formed from already-existing vessels, which is 
known as angiogenesis. The inflammatory reaction is accompanied by discomfort, 
warmness, redness, and the release of many cytokines and growth factors that are 
crucial for repair. At the extremities of the bones, initially, granulation tissue 
develops before progressively giving way to fibrocartilage in a manner that appears 
to be tied to the vascular pattern. While this is happening, an external callus is being 
formed on the periosteum through direct bone production, also known as 
intramembranous ossification (Fig. 3.1b). After that, the rigid callus of braided 
bone is formed from the internal callus after it has calcified with calcium hydroxy-
apatite (Fig. 3.1c). The fracture callus is replaced by secondary lamellar bone during 
the remodeling phase, which also sees the callus’ size reduced to that of the 
preexisting bone in the damaged area and the vascular supply return to normal 
(Fig. 3.1d) (Carano and Filvaroff 2003). 

3.3.1 Calcium Phosphate 

Large bone defects, such as those caused by complex bone fractures and incurable 
bone diseases, pose particular difficulties for bone regeneration. It is essential for 
healing that implanted materials fill the bone deficiencies. Grafting with autologous 
bone is the most efficient approach to repairing bone defects (Park et al. 2022).



Bioceramics are a kind of biomaterials for biomedical applications. Because of their 
superior biocompatibility, mechanical properties, and other attributes, these types of 
biomaterials are used in bone tissue engineering. Calcium phosphates are widely 
used in orthopedic implants, which are readily available in the human bone and 
tooth. Calcium phosphates are bioactive, biocompatible, and osteoconductive 
(Mohd Pu’ad et al. 2019). 
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Due to its prevalence and significance among calcium compounds, hydroxyapa-
tite is a mineral phase that is naturally present in hard tissues. The rigidity of bone, 
dentin, and enamel is a result of hydroxyapatite’s role as reinforcement in hard 
tissues. HAp crystals are present in collagen as needlelike structures that are aligned 
in the direction of the fibers in cortical (compact) bone. However, in reality, it has a 
complex chemical makeup that is nonstoichiometric as well as calcium-deficient 
(Ca:P molar ratio 1.67) as a result of vacancies and foreign cations and anions that 
are absorbed from the nearby body fluids at the time of bone metabolism, including 
sodium, zinc, magnesium, iron, and carbonate (Begam et al. 2017). Currently, HAp 
has been investigated for applications in different areas like drug delivery, collagen 
stimulation, skin regeneration, sun protection, water purification, wastewater treat-
ment, and so on (Tan et al. 2020; Steffens et al. 2015; Ibrahim et al. 2020; Ideia et al. 
2021). As a result, numerous techniques for synthesizing HAp with specific 
properties have been explored. These can be divided into three categories: dry 
methods (solid-state and mechanochemical), wet-chemical methods (sol-gel method, 
chemical-precipitation method, hydrothermal reaction, hydrolysis method, polymer-
assisted route, etc.), and high-temperature methods (combustion method and pyrol-
ysis route). 

The two types of carbonate HAp that mimic biological apatite are A-type and 
B-type carbonate HAp with hydroxyl (OH-) and phosphate (PO4 

3-) group 
replacements, respectively. The structural, optical, and morphological properties of 
HAp are greatly influenced by the presence of ions (Vinoth Kumar et al. 2021). 
Natural HAp is typically taken from organic materials or waste materials like plants, 
algae, cockles, clams, fish scales, and mammalian bones (such as those from cattle, 
camels, and horses). It can also be extracted from mineral materials (e.g., limestone). 
It has been demonstrated that this ratio works best to encourage bone repair. Because 
natural HAp is not stoichiometric, it either has a calcium or phosphorus deficiency 
(Ratner et al. 2012). The most frequent vacancies in HAp are in the calcium sites, 
which are filled by cations including Na+ , Mg2+ , and Al3+ (Ratner et al. 2012). The 
trace elements speed up the process of bone production and are crucial for bone 
repair. 

In general, HAp crystallites can exist in a variety of shapes, including needles, 
rods, spheres, and others. Several variables, including extraction method, calcination 
temperature, and bone type, affect the characteristics, efficacy, phase purity, and 
particle size of HAp derived from a biological source (bone). Usually, the cortical 
region of the femoral bones is used to prepare scaffolds. To eradicate dust and 
proteins from the bone surface, bones are washed thoroughly, boiled in distilled 
water, and then treated with hypochlorite or NaOH. Following this initial cleaning 
and drying, bones are crushed or subjected to ball milling, impacting the end



product’s morphology and particle size. To eliminate the organic components from 
the bone and produce HAp, bones are treated in a furnace (600 and 1400 °C) during 
the calcination process. To get rid of the organic material and improve HAp’s 
crystallinity while preventing thermal degradation of the finished product, a carefully 
chosen calcination regime is used. The germs that could spread diseases from the 
cattle to the patient are also eliminated by calcination treatment (Akram and Ahmed 
2014). 

60 H. Begam et al.

The calcium carbonate content in cockle, clam, and eggshells is high, which can 
be transformed into HAp. Calcium can be obtained from eggshells, which have a 
calcium content of 94% CaCO3. Typically, the shells were cleaned by first washing 
them in distilled water to get rid of sand and grime and then cleaning them again with 
bleach. CaO is obtained by calcining shells which will be used, along with surplus 
CaCO3, for additional chemical processing to produce high-purity HAp (Mustaffa 
et al. 2015) (Table 3.2). 

Usually, the form and sizes of the HAp produced from various sources differ. The 
extraction technique had an impact on the properties of the HAp that was produced. 
In contrast to chemical precipitation, heat methods (calcination) produce crystalline 
HAp. Some resources, like seashells, algae, etc., are abundant in CaCO3 and are 
processed to prepare phase pure HAp. Therefore, a variety of techniques have been 
utilized to prepare phase pure HAp identical to the minerals found in human bone. 
Understanding HAp’s characteristics, such as its phase purity and thermal stability, 
is crucial given the growing demand for it in biomedical applications, especially 
when isolated from natural sources. Furthermore, using natural resources to extract 
HAp ensures sustainability because they enable waste materials to be converted into 
value-added commodities by recovering nutrients from them. 

3.3.2 Bioglass 

Bioglass, also known as bioactive glass (BG), is widely used for clinical therapeutic 
purposes, notably in the orthopedic profession. The prerequisite for BG to heal bone 
fractures has increased as the human population has grown (Jones 2013). Since the 
landmark study by Hench et al. in 1972, BGs have attracted great interest for medical 
applications because of their high osteoconductive, bioactive, and biodegradable 
features (Rizwan et al. 2017). The implanted BGs have the ability to establish bond 
between implant materials and host tissues by creating an appetite layer on their 
surface that is comparable to bone minerals and can integrate with the host bone 
(Ibrahim et al. 2017). When new tissue is growing, bioglass releases physiologically 
active ions that encourage osteogenesis and induce vascular ingrowth (Gorustovich 
et al. 2009). 

For the melt quench technique of 45S5 synthesis, silica, phosphorus pentoxide, 
calcium carbonate, and sodium carbonate were required. Possibly the most common 
type of waste produced worldwide is rice husk. When rice husk is heated to high
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Table 3.2 Hydroxyapatite derived from natural sources 

Sources 
Extraction 
process Phase Crystallinity Shape References 

Bighead carp 
(Aristichthys 
nobilis) 
scales 

Deep eutectic 
solvents 

HAp 43.13% Irregular Liu et al. 
(2020) 

Rapana 
thomasiana 
shells 

Hydrothermal 
method 

HAp 79% Irregularly shaped 
microcrystalline 
aggregates 

Madalina 
Cursaru 
et al. (2022) 

Eggshell Hydrothermal 
method 

HAp Not 
available 

Highly 
agglomerated 
with no regular 
shape 

Oladele 
et al. (2019) 

Chicken 
bone Black 
Sumatra 
Fighting 
cock 

Thermal 
annelation 
(700, 900, 
1100 °C) 

HAp 2.348544 
0.762829 

Porous structure Vinoth 
Kumar 
et al. (2021) 

Meretrix 
meretrix 
clam shells 

Calcination 
(900 °C) 
followed by a 
wet 
precipitation 
reaction 

HAp 75.8% Spherical shape 
Average particle 
size 40 nm 

Sindhya 
et al. (2022) 

Anadara 
granosa 
waste 

Calcination 
(900 °C) 
followed by a 
wet 
precipitation 
reaction 

HAp Not 
available 

Aggregated 
particles with a 
size range of 65– 
48 nm have cubic 
form 

Dhanaraj 
and Suresh 
(2018) 

Human 
Bovine 
Porcine 

Calcination at 
600, 900, 
1200 °C 

HAp 96% 
95% 
96% 

Not available Figueiredo 
et al. (2010) 

Bovine Treatment in 
aqueous NaOH 
and KOH 
solutions 

HAp Not 
available 

Rectangular shape Brzezińska-
Miecznik 
et al. (2015) 

Catfish bone 
Tilapia bone 
Seabass bone 
Yellowfin 
tuna 

Calcination at 
700 °C 

HAp 
HAp 
HAp 
HAp 

Highly 
crystalline 

Nonuniform 
particle 
Uniform particles 
(150 nm) 
Fine particles 
(50–70 nm) 
Uniform particles 
(150 nm) 

Nam et al. 
(2019)



temperatures, it can be easily removed to create rice husk ash (RHA), which contains
a significant quantity of silica (Bakar et al. 2016). Additionally, millions of tons of 
eggshells are produced as biowaste. When eggshells are heated to a high tempera-
ture, they produce 99% or more calcium oxide and a small amount of biologically 
beneficial ions like Mg2+ and Sr2+ (Jayasree et al. 2017). Additionally, the composi-
tion displays antibacterial properties for calcium oxide extracted from eggshells. 
Therefore, using biological forms of silica and calcium oxides to synthesize 
biomaterials for biomedical purposes decreases total manufacturing costs and offers 
several beneficial biological impacts (Palakurthy et al. 2020). 

Employing biowastes like RHA and eggshells, Palakurthy et al. used the melt-
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Table 3.2 (continued)

Sources 
Extraction 
process Phase Crystallinity Shape References 

Bovine bone Subcritical 
water process 
Alkaline 
hydrothermal 
hydrolysis 
Thermal 
decomposition 
(850 °C) 

HAp 
HAp 
HAp 

Not 
available 
Poor 
crystallinity 
Highly 
crystalline 

Nanorod shape 
Nano flake shape 
Nonuniform 
agglomerated big 
particle 

Barakat 
et al. (2008) 

Atlantic cod 
fish bones 

Calcination 
(700–1200 °C) 

HAp, 
β-TCP 

Not 
available 

Spherical-shaped 
(100–200 nm 
diameter) 

Piccirillo 
et al. (2015) 

quenching process to create SiO2-CaO-Na2O bioglass (Palakurthy et al. 2020). After 
7 days of SBF incubation, the SiO2-CaO-Na2O bioglass displayed significant bioac-
tivity as evidenced by the deposition of a hydroxyapatite on surface. The study 
effectively showed that RHA and eggshells are possible beneficial, affordable 
alternatives to CaO and SiO2 to prepare bioglasses. 

By using the sol-gel process, Nayak et al. isolated sodium silicate from RHA for 
use in the fabrication of BG (soda-lime SiO2 based) (Nayak et al. 2010). Gel powder 
underwent a 2-h calcination process at 700 °C to create BG powder. Crystalline 
Combeite-I, distributed in an amorphous glass matrix, makes up the majority of the 
calcined BG powder. It was discovered that the crystalline combeite phase of glass-
ceramics dissolves easily in SBF and Tris buffer solution. The glass-ceramics 
surface began to form carbonated hydroxyapatite after only 3 days of incubation in 
SBF. Using a simple, low-cost extraction method, Kaya et al. extracted novel porous 
biosilica-based beads from the marine sponge Geodia macandrewii (Kaya et al. 
2021). According to bioactivity investigations, hydroxyapatite developed on the 
beads’ surface. Additionally, employing the biosilica beads as controlled cargo 
release carriers for anticancer drugs is encouraged by the hollow routes leading to 
the center cavity (Fig. 3.2).
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Fig. 3.2 (a) SEM images of porous biosilica beads with carboplatin loaded (right) and unloaded 
(left). (b) Study on medication release between pH 5.0 and 7.4 (Kaya et al. 2021). (Reproduced 
from open access publication)
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3.3.3 Collagen 

The main extracellular protein in our body is collagen, which helps to protect tissues 
and organs mechanically. Following hydroxyapatite as the second-largest compo-
nent by weight, collagen makes up 36% of bone. Type-I collagen is available in our 
skin, tendons, and ligament bones. Three tropocollagen molecules (Gly-X-Y-) are 
found in collagen, where X is proline and Y is hydroxyproline residue. The protein 
can create triple helical shapes because of its structure (Shoulders and Raines 2009). 
Collagen extraction is expanding daily due to its growing demand and use in dental 
and tissue engineering applications, bone graft, food and pharmaceutical industries, 
and more. Currently, 29 different kinds of collagen have been recognized. Type-I is 
found in the ligaments, bones, and tendons; type-II is found in cartilage and vitreous 
body; type-III is found in reticular fibers of the lungs, liver, vessel wall, and spleen; 
type-IV is found in basement membranes; and type-V is distributed along with type-I 
(cornea). Because type-I collagen has a greater capacity for cell adhesion and is less 
antigenic than the other forms, it has mostly been used in biomedicine for wound 
dressing, tissue engineering construction, and cosmetics (Ahmed et al. 2020). 

Collagen is mostly found in the skin and bone of bovine species, including cows, 
oxen, buffalo, and cattle. Bovine collagen that has been hydrolyzed and taken from 
various tissues exhibits antibacterial, antioxidant, and antihypertensive properties. 
Bovine lung hydrolyzed collagen also exhibited anti-inflammatory and antioxidant 
properties. Due to the spread of numerous illnesses like infection in the mouth and 
foot, transmissible spongiform encephalopathy, and bovine spongiform encephalop-
athy, the collagen from this origin is not extensively used. 

Porcine skin and bones are also employed as sources of collagen. The majority of 
the uses for these sources are industrial. This type of collagen is identical to human 
collagen; it is regarded as safe because it cannot elicit any adverse reaction. Two 
essential phases are involved in collagen extraction: (1) pretreatment of starting 
material and (2) collagen isolation. Prior to collagen isolation, the primary goal of 
pretreatment is to eliminate contaminants. Skin, bone, swim bladders, and scales 
were among the by-products that were divided into several groups prior to 
pretreatment of the raw materials. This facilitates quick cleanup, contamination 
cleanup, and size reduction. Most of the time, fats, pigments, and other proteins 
are present in the raw materials utilized for extraction. Other inorganic substances, 
including calcium, are also found in fish bones and scales. These bones and scales 
are typically demineralized using inorganic materials like EDTA (ethylene diamine 
tetra-acetic acid). Sodium chloride, sodium hydrochloride, and n-butanol are used to 
remove the non-collagenous parts and lipids. Collagens are extracted using a variety 
of techniques, and according to these techniques, they can be divided into four 
categories: acid-soluble collagen (ASC), salt-soluble collagen (SSC), ultrasound-
aided collagen (UAC), and pepsin-soluble collagen (PSC). Depending on the type of 
extraction procedures used, different collagens have different yields and



physiochemical characteristics (Table 3.3). Bhuimbar et al. (col1) extracted ASC 
from the skin of Centrolophus niger (black ruff). Figure 3.3 from their research 
demonstrates the impact of various acids and time on yield. The pretreated skin was 
given a 72-h treatment with 0.5 M lactic acid to achieve the highest yield. 
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Table 3.3 Summary of literature about the source, extraction method, and collagen yield 

Source Method used Yield References 

Skin of 
Centrolophus 
niger (black 
ruff) 

ASC method 25%, 32%, 31%, 31%, and 
45% ASC, respectively, 
were produced by acetic, 
citric, tartaric, formic, and 
lactic acid 

Bhuimbar 
et al. (2019) 

Tilapia skin Acetic acid method 
Hot water method 
Sodium hydroxide method 

11.7% 
10.7% 
8.5% 

Bi et al. 
(2019) 

Snakehead 
skins 

PSC extraction 34.91–48.17% Liu et al. 
(2019) 

Sheep 
Lamb 

ASC extraction 18.5% 
12.5% 

Vidal et al. 
(2020) 

Chicken 
sternal 
cartilage 

Type-II pepsin-soluble 
collagen subjected to 
ultrasonic treatment 

40% Akram and 
Zhang 
(2020) 

Silver carp 
fish skin 
by-product 

ASC 
PSC 

42.85% 
58.75% 

Faralizadeh 
et al. (2021) 

Asian bullfrog 
(Rana 
tigerina) skin 

ASC 
PSC 

22.48–31.12% 
22.59–28.30% 

Indriani 
et al. (2022) 

Nile tilapia 
skin 
(Oreochromis 
niloticus) 

ASC 15.3–18.3% Menezes 
et al. (2020) 

Common 
starfish 

ASC (pretreatment steps 
employed ultrasound 
(US) and high shear 
mechanical homogenization 
(HSMH)) 

80.30 ± 0.61, (collagen 
extracted by classic method) 
81.47 ± 0.45 (collagen 
extracted with the aid of 
HSMH) 
83.18 ± 1.74% (collagen 
extracted with the aid of 
HSMH and US) 

Vate et al. 
(2022) 

Liu et al. (col 3) used snakehead skin to extract collagen and studied the effect of 
H2O2 pretreatment and pepsin hydrolysis strategies. They reported that both the 
parameters of the pepsin hydrolysis and H2O2 pretreatment processes substantially 
influenced the production of collagen from snakehead skin. The pH of H2O2 

bleaching significantly affects the color and structure of PSC.
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Fig. 3.3 Effects of different acids and time on collage yield. (Reproduced with permission from 
Bhuimbar et al. 2019) 

3.3.4 Chitosan 

The second most prevalent natural polymer after cellulose is chitin, which is made 
up of a linear chain constructed of poly (1,4) N-acetyl-D-glucosamine (Rinaudo 
2006). Chitin makes up the majority of the exoskeletons seen on marine creatures 
and insect shells. Biopolymers called chitin and chitosan are derived from many 
terrestrial and aquatic resources, such as grasshoppers, insects, fungi, shrimp, crab, 
conus, lobster, and squid pens (Jantzen da Silva Lucas et al. 2021; Kumar and 
Shahid 2020; Sayari et al. 2016). Chitin’s crystal structure was dependent on the 
arrangement of polymer chains, mainly where the 2-N,N′-diacetylchitobiose units 
were located in relation to one another. Chitin has been divided into three distinct 
forms based on the crystalline allomorphs: α, β, and γ. The α-chitin are made of 
antiparallel chains, β-chitin consist of parallel chains, and γ-chitin are made of 
parallel and antiparallel chains (Kaya et al. 2017). The reaction conditions, chitin 
source, and degree of deacetylation are the factors that influence the molecular 
weight of chitosan. Slight variations in these parameters can have a major impact 
on the characteristics of chitosan, like surface properties, solubility, cellular activity, 
and crystallinity (El Knidri et al. 2018; Qinna et al. 2015). The surface morphology 
of chitosan extracted from shrimp shells was significantly affected by the concentra-
tion of acid, as reported by Hisham et al. (2021). Demineralization, deproteinization, 
and deacetylation are the three fundamental steps for the isolation of chitosan. Most 
of the crustacean shells are made of chitin, protein, minerals, etc., but they may also 
have carotenoid colors. In order to eliminate these carotenoid colors, another step, 
i.e., the decolorization process, can be added. This process makes use of several



inorganic and organic solvents like sodium hypochlorite, hydrogen peroxide, and 
acetone (El Knidri et al. 2018) (Table 3.4). 
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Table 3.4 Different natural sources for extraction of collagen 

Source Process 
Degree of 
deacetylation References 

Fungal source 
(Ganoderma lucidum 
spore powders) 

Dual-frequency ultrasound 
irradiation 

81.1–81.3% Zhu et al. 
(2019) 

Antarctic krill (Euphausia 
superba) 

Treatment in 1.7 M HCl at room 
temperature for 6 h, followed by 1 h 
of 2.5 M NaOH treatment at 75 °C 

11.28 ± 0.86 Wang 
et al. 
(2013) 

Fungal biomass of 
Rhizopus oryzae 
NRRL1526 

Microwave-assisted extraction 94.6 ± 0.9% Sebastian 
et al. 
(2019) 

Shrimp shell powder Co-fermentation involving 
Acetobacter pasteurianus and 
Bacillus subtilis 

19.6% Zhang 
et al. 
(2021) 

Two common spider 
species (Geolycosa 
vultuosa and Hogna 
radiata) 

Treatment in 4 M HCl solutions and 
1 M NaOH solutions 

97–99% Kaya et al. 
(2014) 

Shrimp shells Enzymatic deproteinization 9% Younes 
et al. 
(2014) 

Antarctic krill shell Using lactic acid and dispase 80.8% Yu et al. 
(2020) 

3.3.5 Hyaluronic Acid 

Hyaluronic acid (HA) is the only non-sulfated glycosaminoglycan found in almost 
all extracellular matrix (approximately 0.5 mg/mL in human body ECM) (Becker 
et al. 2009) of soft connective tissues. The structural basis of HA is a linear anionic 
polysaccharide chain of alternative disaccharide units composed of β (1,4) 
glucuronic acid and N-acetylglucosamine (GlcNAc). It has been differentiated as 
higher molecular weight HA (more than 100 kDa) and low molecular weight HA 
(below 100 kDa); the former is denser as compared to the latter forms, and it is 
prevalently used in bone resorption rate modification and to form tissue scaffolds 
with optimized mechanical stability. This compound is also found in plants. The 
concentration of hyaluronic acid in animal tissues varies based on their composition 
and biochemical pathways. HA of higher molecular weight gives the scaffold 
viscoelasticity and helps to stimulate the chondrocyte for regeneration. It also 
increases the ECM synthesis in the tissue by preventing cell proliferation. Due to 
its non-immunogenicity, biocompatibility, and high water-retention capacity, it has 
become helpful in tissue engineering (Sionkowska et al. 2020). This also has various 
biomedical and pharmaceutical applications such as lubrication medium, cell-



signaling factor, and other biophysical properties. The natural synthesis of 
hyaluronic acid in the body occurs with the help of hyaluronan synthase, degraded 
by hyaluronidase, and bound proteins are digestible by protease. 
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The synthesis of hyaluronic acid is developed by the extraction from marine 
sources and cattle animal tissues or fermentation process or enzymatic process and 
biosynthesis from different bacterial strains like Streptococci sp., Corynebacterium 
sp., etc. (Fig. 3.3) (Boeriu et al. 2013; Srisantisaeng et al. 2013). It was first 
discovered and extracted from the vitreous humor of bovine eyes in 1934 by 
Meyer et al. The key steps of synthesis are extraction and purification; depending 
on the ratio of these two steps, the property of HA is determined (Karami et al. 2021). 
Generally, a range of molecular weight varies from 20,000 to 13 × 106 Da, which 
forms the nature of its activity (Karami et al. 2021). The weight modifications by 
different elongation systems due to alternative purification processes mainly cause 
variations in rheological characteristics of HA, such as viscosity and elasticity. 
Usually, the method for the HA extraction includes both enzymes and organic 
solvents like ethanol, acetone, and propanol. After extraction, processing, and 
purification were carried out through physical separation methods (such as ultrafil-
tration, electrodeposition of protein, or adsorption) to separate HA from the broth. 
Biotechnological processing for commercial production of HA is drawing more 
attention due to the high yield and high purity over some time. Animal-derived 
HA is mainly used for industrial production purposes where the purity is less than 
that of bacterial (Fallacara et al. 2018). Sources used so far in various researches 
include tissues from cattle, pigs, rabbits, fish, chickens, etc. Table 3.5 describes a few 
natural sources used in different studies made on HA production so far. One major 
source used for extraction is synovial fluid and cartilage, which is an important 
component in a matrix composed of collagen and hyaluronan. Some other principal 
waste parts are chicken crest or comb, eggshells, human umbilical cord, visceral 
tissues, bovine and fish vitreous humor, and ovine synovial fluid (Abdallah et al. 
2020; Ibragimova et al. 2022). The primary goal was to obtain the optimum 
concentration of hyaluronic acid possible from animal waste or by-products to 
reduce production costs (Rossatto et al. 2022). 

The chicken comb is the most commonly available source of hyaluronic acid. 
Various reports have shown that this production method requires cheaper setup and 
chemicals. Although there are chances of immunological activity and other binding 
proteins, the presence of viruses (Kang et al. 2010; Murado et al. 2012), through this 
procedure, significant yields have been obtained. An extraction process by (Kulkarni 
et al. 2018) has followed the isolation process through delipidation and dehydration 
before obtaining protein-eliminated sodium hyaluronate powder. The confirmatory 
tests for protein removal and SDS-PAGE have shown that the final yield of HA was 
relatively pure for clinical and research applications. The viscosity measured in HA 
was 2.55 poise. The reason for using sodium citrate was to separate extracted HA 
from sodium hyaluronate. Similar strategies were taken in other reports, but the 
purification strategy determines the product purity. To obtain 1600–2000 kDa1 of

1 kDa: kilo Dalton 



HA, Murado et al. used marine fish eyeballs (vitreous humor) with consecutive 
separation and purification through enzymatic digestion and chemical processes 
(Murado et al. 2012). 
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Table 3.5 Various sources used for A synthesis 

Source animal tissue/microbes 
Extraction 
process Purity References 

Poultry Chicken comb Organic 
solvent 

Standard Kang et al. (2010), 
Tovar et al. (2012)Eggshells 

Animal Mice Organic 
solvent 

Moderate Lambe et al. (2021) 

Porcine Moderate Abdallah et al. (2020) 

Bovine synovial fluid Chemical, 
enzymatic 

Moderate Abdallah et al. (2020) 

Bovine nasal cartilage Organic 
solvent 

Boeriu et al. (2013), 
Lambe et al. (2021) 

Sheep synovial fluid Enzymatic, 
solvent 
extraction 

Standard Abdallah et al. (2020), 
Ibragimova et al. 
(2022), Lambe et al. 
(2021) 

Sheep lung 

Rabbit liver, cortex, 
vitreous, lung 

Human Umbilical cord, placenta, 
visceral fluid, serum, 
epidermis 

Enzymatic, 
solvent 
extraction 

Moderate Fallacara et al. (2018), 
Abdallah et al. (2020), 
Ibragimova et al. 
(2022), Lambe et al. 
(2021) 

Marine 
sources 

Fish eyes Chemical, 
organic 
solvent, 
enzymatic 
separation 

High Abdallah et al. (2020), 
Murado et al. (2012), 
Lambe et al. (2021) 

Fish scales 

Fish extracts 

Microbial 
sources 

Streptococcus sp., 
Bacillus, E. coli, 
Corynebacterium, 
L. acidophilus, and 
yeasts (saccharomyces, 
Pichia pastoris) 

Enzymatic, 
batch 
culture, 
genetic 
manipulation 

High Karami et al. (2021), 
Fallacara et al. (2018), 
Rossatto et al. (2022), 
Rodriguez-Marquez 
et al. (2022) 

Enzymes like papain, trypsin, pepsin, and proteases are essential for the degrada-
tion of tissue. It helps to break the glycosidic bonds of the total protein to isolate the 
undamaged HA polymer from raw materials. Among these, papain is the most used 
enzyme for HA isolation. In a study, enzymatic hydrolysis is where enzymes such as 
papain, pepsin, and trypsin were applied on eggshell membranes to find the ideal 
physicochemical conditions like temperature and pH for extracting high molecular 
weight HA (Ibragimova et al. 2022). Microbial fermentation: The most promising 
source for bacterial hyaluronic acid production is the Streptococcaceae family, and 
among them, strains of Streptococcus zooepidemicus have given the highest yield 
(6 g/L) of HA as reported in some research (Ibragimova et al. 2022; Rodriguez-
Marquez et al. 2022). As there is a difference in the extraction process for high



molecular weight HA and low molecular weight HA, microbial fermentation can 
also be modified to obtain the desired HA. Using Lactococcus acidophilus HA 
synthesis was safe as compared to Streptococcus zooepidemicus due to the genetic 
manipulation (Rossatto et al. 2022), but it does not cut down the cost of production 
either. Nowadays genetically modified strains of microbes are used such as Strepto-
coccus thermophilus YIT 2084, Streptococcus zooepidemicus ATCC 35426, ATCC 
35246, Corynebacterium glutamicum, recombinant Bacillus, etc. The rate of pro-
duction can be increased by using these genetically modified bacteria, but the use of 
enzyme inhibitors bypassing the genetic change also helps to increase the rate as 
stated by Samadi et al. (2022). Another study shows that Streptococcus 
zooepidemicus alters the production rate when 0.15 g/L of hyaluronidase is added 
in bacterial culture and thus increased dissolved oxygen concentration to enhance 
HA yield (6 g/L) more compared to yield without enzyme addition (5 g/L). Albeit 
the increase in yield, it has decreased the molecular weight from 1300 kDa to 45 kDa 
(Karami et al. 2021; Samadi et al. 2022) (Fig. 3.4). 
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Fig. 3.4 Various methods for HA synthesis 

3.3.6 Cellulose 

One of the naturally derived fibers is cellulose. Generally, it is found as a fiber 
composite with hemicellulose, lignin, and other protein molecules. This most abun-
dant biopolymer of nature is increasingly being used in tissue engineering, as a 
scaffold component, in substrate preparation, and for producing other composite 
nano-polymers. These scaffolds can be suitable material for 3D tissue formation 
(nerve inside the bone tissue) and cell growth for having surface modification 
properties and mechanical stability (Hickey and Pelling 2019). Cellulose is abundant 
in many forms. Most of it comes from wood and plant sources like plant fibers such 
as jute, hemp, kenaf, and cotton (Fig. 3.5). Other than the direct plant sources, 
agricultural wastes, composite biomass, and processing residues from industries also



contain a large amount of cellulose. The microbial sources of cellulose are mostly 
bacteria. Beside this, marine biomass also has plenty of cellulose sources. The 
functional characteristics of cellulose depend on its chain length, polymerized 
units, and presence of glucose that forms molecular units of cellulose. Different 
forms of cellulose are shown in Fig. 3.5. The structural basis is cellulose fibril, which 
resulted from biosynthesis. The outline of the cellulose extraction from sources other 
than bacteria is described in Fig. 3.6. 
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Fig. 3.5 Different common sources of cellulose 

The application of cellulose and its derivatives is widespread, and currently, 
researchers are focusing on the production and dissociation of cellulose 
nanoparticles (CNP) (Jonoobi et al. 2015). These are highly applicable to drug 
delivery systems as bacterial cellulose offers localized delivery systems in cells by 
means of increasing cytokine concentration. There is a similarity between cellulose 
fibers and collagen fibers of bone tissue; this can be utilized in bone tissue engineer-
ing. It is also found in many studies that the biocompatible scaffolds composed of 
cellulosic composites enhance bone regeneration (Hickey and Pelling 2019; Seddiqi



et al. 2021; Teeri et al. 2007). It also stimulates calcium deposition, and hydroxyap-
atite composites with cellulose nanocrystals allow rapid bone integration. 
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Fig. 3.6 Stepwise process of nanoscale cellulose fiber production (Jonoobi et al. 2015) 

3.3.7 Starch 

Starch is a biodegradable polymer primarily available in the cell walls of plants. This 
polysaccharide is composed mostly of amyloses, a linear polymer of D-glucose units 
attached through α-1,4 glycosidic linkage, and amylopectin, a branched polymer of 
D-glucose units joined by α-1,4 bonds and cross-links at each 25–30 glucose units 
joined by α-1,6 bonds. The use of starch is determined by the branching patterns of 
its units, and the physicochemical properties like higher water affinity and low 
tensile strength restrict its uses. Starch is a good candidate among biopolymers to 
produce biopolymer products for short-term stability like molded parts and bone 
scaffolds that need to be biologically active and degradable. For preparing 
biocomposites, starch can be mixed with other polymers as well as raw materials 
(such as cassava tree bark and gelatinized starch) to enhance the physicochemical 
properties of the desired polymer or scaffold (Engel et al. 2021). Also, it has high 
requirements in the food and food processing industries, where amylose and amylo-
pectin are extracted as an additive in food processing. 

Different plant sources are widely used for starch production, among which corn 
starch is mostly known and produced (about 90–95% of total starch production) 
(Shevkani et al. 2016). Though fruits and food grains (except corn) are less common 
in the production route for their food value, rather a novel approach using rotten and 
waste fruits has been recently tested where they have utilized a variety of wasted 
fruits like kiwifruit, avocado, cassava, mango, litchi, tamarind, annatto, jackfruit, 
apple, pineapple, banana, etc. (Kringel et al. 2020); a common production method is 
shown in Fig. 3.7. Currently, alternative extraction methods are developed to replace 
conventional maceration, as the new approach has better acceptance in terms of 
eco-friendly procedure and faster production using the ultrasound-assisted extraction 
system (Setyaningsih et al. 2021). The UAE2 technique uses ultrasonic waves to

2 UAE: ultrasonic assisted extraction 



produce a cavitation effect through a medium. As a result, the cell walls are broken 
down and allowed to release in the solvent medium. Because the starch granules in 
cassava are trapped by cellulose fibers compacted with pectin inside the cell wall, 
another study has shown that sago (Metroxylon sagu) and taro (Colocasia esculenta) 
are very promising alternatives for starch production (Ishak et al. 2020). 
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Fig. 3.7 Starch production method. (Adapted from Akram and Ahmed 2014; Madalina Cursaru 
et al. 2022) 

3.3.8 Alginate 

Alginate polymer is abundant in nature, a polysaccharide of two isomer residues, 
β-D-mannuronic acid (M) and α-L-guluronic acid (G) with 1,4 glycosidic bonds in 
three different conformations (homogeneously or heterogeneously) of poly 
mannuronic (M) blocks, poly guluronic (G) blocks, and blocks of MG isomers. It 
is predominantly present in various algae (mostly brown and red algae), bacteria 
(Azotobacter, Pseudomonas, etc.), and plants. Depending on the sources and the 
growth conditions, the structural and functional properties of alginate vary in 
different residual parts. 

Numerous industries have made substantial use of alginate-like food and 
bioprocess industries, as well as in biomaterial applications, due to their high 
stability and biocompatibility. The production of alginate also has a commercial 
background due to its popular application. Besides its physicochemical properties, it 
has potentially been used in pharmaceutical areas. Currently, more acceptable 
derivatives from alginate are gaining attention due to the environmental acceptance 
and easier extraction methods. The degradation requires enzymes to perform rapid 
production of alginate oligosaccharide and desired degree of polymerization for 
desired mechanical and chemical properties (Cheng et al. 2020; Kivilcimdan 
Moral and Yildiz 2016). The effect of sources used for production through bacterial



synthesis determines the purity, cost, and yield of the final product. The culture 
medium has also influenced the rate of output per batch. To eliminate the wastage of 
pure materials during processing, cheaper carbo sources can be utilized as a nutrient. 
One report has shown that molasses, a by-product of the sugar manufacturing 
process, can be an alternative as a carbon source and also helps to enhance the 
rate, but it is not used in commercial fields. Starch is an effluent material in other 
biopolymer production processes, and it can be utilized to reduce cost also 
(Kivilcimdan Moral and Yildiz 2016). 
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3.4 Challenges to the Use of Materials from Renewable 
Resources 

The fundamental challenge in biologically derived compounds compared to synthet-
ically or chemically produced materials is the impurity in composition and concen-
tration. The downstream processing of materials causes high prices for lower yields 
of products. To eliminate this problem, comparatively new synthesis methods are 
being experimented with where the post-extraction procedure should be less 
(Rossatto et al. 2022). Also, there is significantly less amount of information about 
the compositions and advantages of using animal and agricultural wastes and 
by-products. As a result, a huge percentage of raw materials are almost out of the 
processing circle. Proper channeling of these materials can save resources and 
produce more such polymers in an eco-friendly way (Motaung and Linganiso 
2018). The aspects of production challenges are shown in Fig. 3.8. For their optimal 
use, it is imperative to explore these abundant marine biomaterials in the study. 
Researchers have recently given a great deal of attention to its widespread use in
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Fig. 3.8 Challenges in material production



numerous applications. These biomaterials are essential for bone tissue engineering 
because they are affordable, secure, and biocompatible (Lalzawmliana et al. 2019).
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In the case of hydroxyapatite, excellent performance has been demonstrated 
despite the limited number of comparison studies that are currently available. The 
optimal tissue engineering scaffolds using hydroxyapatite as the nano-building block 
still present considerable challenges, despite substantial advancements in the devel-
opment of materials with sufficient mechanical strength. The development of various 
hydroxyapatite-based scaffolds will also be suggested using fresh biomimetic or 
bioinspired methods. In comparison with marine sources, extracting chitin from 
insect biomass is clearly more difficult. Green technologies or process optimization 
may result in items that are produced in large quantities, but this may only be done 
after substantial research (Mohan et al. 2020). In the case of hyaluronic acid, its 
production faces multifaceted issues like a low amount of final product from bulk 
animal waste as a report shows, though the purity was 99.4% (Murado et al. 2012). 
This indicates that the downstream processing cost cannot be avoided for bulk raw 
materials. Another challenge is the isolation and enzyme digestion. For microbial 
production procedures, contamination is a primary issue, and maintaining culture for 
a long time also has drawbacks, such as unexpected enzymatic degradation or 
molecular weight degradation (Ibragimova et al. 2022; Samadi et al. 2022). In the 
case of cellulose, the commercial production from these plant residues has not been 
encouraged much as there is no established detailed isolation and processing method 
in the current research scenario, and it is less known to a large part of consumers. 
Agricultural wastage management is not adequately formulated for cellulose pro-
duction, as found in a few papers (Motaung and Linganiso 2018). 

Starch production from conventional sources creates environmental problems due 
to the formation of methane, and low yield from cassava is also a problem. However, 
it is still a commercially used process (Ishak et al. 2020). The raw plant sources, 
without proper treatment, may give side products like methane and other starch 
composites, which are not desirable for production (Kivilcimdan Moral and Yildiz 
2016; Rojas-bringas et al. 2021). For alginate production, by-products of other 
biopolymers like starch wastes are also used, where impurities are more significant. 
In some methods, direct plant or animal sources have been used where the chance of 
side products increases due to minimized downstream processing (Kringel et al. 
2020; Kivilcimdan Moral and Yildiz 2016). Preclinical tests and extensive studies on 
bone tissue engineering have been conducted and are still being done. The goal of all 
of these studies is to create the perfect bone tissue engineering scaffold that will meet 
the basic needs of a bone substitute, including high mechanical strength with 
adequate elasticity, perfect biocompatibility to support cell adhesion, migration 
and proliferation, sufficient porosity for facilitate nutrient and oxygen transfer, the 
ideal degradation rate to support the formation of new bone and cartilage, and 
controlled release of growth factors.
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3.5 Conclusion 

Bone tissue engineering is an appropriate substitute for autograft and allograft to 
treat bone defects. The design of scaffolds using biomaterials and their synthesis are 
an important part of bone tissue engineering. The characteristics of the biomaterials 
utilized determine whether an implant will be successful. Naturally, origin 
biomaterials are more advantageous compared to synthetic materials because of 
biocompatibility, biodegradability, and nontoxicity. Natural biomaterials are still 
being explored extensively for their possible applications, despite the fact that the 
existing results do not entirely meet clinical needs. As a result, research in this area is 
currently being conducted all over the world. 
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and Biomedical Application 
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Abstract 

Hydroxyapatite (HAp), a synthetic analog of biogenic apatite, has several physi-
cochemical characteristics that make it a desirable choice for disease diagnostics, 
therapy, and enhancement of biological tissues. In this article, we discuss remark-
able recent research on HAp that could serve as the foundation for several novel 
medical applications. The review’s content is organized into various HAp syn-
thesis routes, HAp structure, and HAp-based medical application modes, such as 
bioimaging, controlled medication administration, gene treatments, and tissue 
engineering. This discussion highlights several benefits of HAp over the existing 
biomaterials, such as facile synthesis with tailored morphologies, biocompatibil-
ity, bioactivity, functionalization and adaptive surface modification, drug conju-
gation and delivery applications, etc. The novelty of this chapter is the 
investigation of particulate HAp’s safety as a component of parenterally 
administered drugs, and their potential biomedical applications are covered. 
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4.1 Introduction 

The main component of mammalian hard tissues is hydroxyapatite (HAp), 
Ca10(PO4)6(OH)2, a naturally occurring biological nanomaterial (Mondal et al. 
2018a). HAp could be found in enamel with a diameter of 20–40 nm or in dentin 
and bone as 5–20-nm-thick flakes. Additionally, it permits the integration of various 
cations and anions in its arrangement, which facilitates the functionalization of the 
system (Kim et al. 2018a; Park et al. 2022a). HAp is a wonderful and distinctive 
option for multiple applications in the field of nanomedicine since it differs from 
other ceramic nanoparticles while sharing several similar characteristics with them 
(Uskoković 2015). The calcium phosphate (CaP) family of biomaterials includes 
HAp, which is the most stable material. Dentists, orthopedic surgeons, and bone 
tissue engineers were the first to notice the exceptional biocompatibility and bioac-
tivity of HAp nanoparticles. Since then, HAp’s range of possible uses has widened 
beyond these particular industries. Today, it is understood that HAp possesses a 
variety of physicochemical traits that make it a desirable candidate for medical 
applications such as diagnostics, therapy, and tissue augmentation. According to 
the numerous publications on HAp’s uses that have been published, the main use for 
HAp is in the field of tissue engineering, namely, for the regeneration and repair of 
bone deformities. However, the primary mechanical issues associated with the use of 
HAp in hard tissue engineering include inadequate fracture toughness, failure owing 
to fatigue, and brittleness. Like a natural bone, an ideal bone substitute should 
progressively resorb, preferably at a pace that corresponds to the rate of new bone 
development. However, the resorption rate of compact HAp blocks might be unrea-
sonably slow, lasting for years or even decades (Proussaefs et al. 2002). The most 
common strategy for overcoming these obstacles is combining HAp with other 
substances that have comparable qualities and produce synergistic effects (Ghiasi 
et al. 2019). The superior osteoconductivity and lack of immunological rejection 
make HAp appropriate for implants in addition to applications in tissue engineering. 
Additionally, HAp is used as a drug delivery vehicle to carry medications to bones, 
where they can benefit from their natural osteoconductivity, as well as to other 
organs and tissues, typically by attaching the appropriate targeting tags to the HAp. 
Due to the pH-sensitive dissolving characteristics of HA, medications can be 
released intelligently in acidic environments, such as those near tumors and infection 
sites (Lelli et al. 2016). The ability to regulate particle size and the binding of 
functional groups by physisorption or surface phosphate substitution to allow 
more accurate cell/tissue targeting is another benefit of HAp. The very flexible 
crystal structure of HAp also makes it possible to include ions with a variety of 
atomic radii with ease (Uskoković 2020). Doped HAp for bioimaging applications



has therefore been developed as a result of the coprecipitation of HAp with luminous 
or other photoactive ions (Zeng et al. 2017; Ignjatović et al. 2019). For instance, the 
presence of lanthanide ions can impart the matrix with a photoluminescence prop-
erty, turning it into a fluorescent probe. This led to the development of the HAp 
(Eu3+ , Gd3+ , Er3+ , etc.) system and the suggestion that it might be suitable for use as 
a stable biological probe in imaging research (Mondal et al. 2020a, b). The ability of 
HAp to adsorb both hydrophilic and hydrophobic molecules is crucial for its use as a 
drug carrier, given the variety of chemical and pharmacological compositions that 
might be found (Kim et al. 2018b; Mondal et al. 2017a, 2019a, b). Due to its 
resemblance to the inorganic phase of bones, it also stands out as a biomaterial 
that is frequently employed in bone treatments (Mondal et al. 2016, 2018b, 2020c; 
Mondal and Pal 2019). Tumor excision in conditions like bone cancer leaves flaws 
that need to be filled up with grafts or prosthetics (Mondal et al. 2017b, c, 2019c; 
Park et al. 2022b) (Fig. 4.1). 
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4.2 Structure of Hydroxyapatite 

In the hexagonal and monoclinic systems with the space groups P63/m and P21/b, 
respectively, HAp can crystallize. While the lattice parameters of HAp’s monoclinic 
structure are a = b/2 = 9.421, c = 6.881, and = 120°, the lattice parameters of HAp 
in hexagonal systems are a = b = 9.432, c = 6.881, and = 120°. In the hexagonal 
structure of HAp, neighboring hydroxyl (OH) groups face one another in the 
opposite direction. In contrast, in the monoclinic structure, all of the OH groups in 
a given column face the same way (Ikoma et al. 1999). Posner et al. first refined the 
crystal system of HAp with the hexagonal system, suggesting a distribution of 
10 Ca2+ , 6 PO4 

3-, and 2 OH- in each unit cell of HAp (Posner et al. 1958). 

4.3 Synthesis Routes 

HAp NPs with a specific microstructure have so far been prepared using a variety of 
chemical techniques. All of the synthesis methods can be divided into five 
categories: (1) dry methods (solid-state and mechanochemical routes), (2) wet 
methods (chemical precipitation, hydrolysis, sol-gel, hydrothermal, emulsion, and 
sonochemical routes), (3) high-temperature processes (combustion and pyrolysis 
methods), (4) methods based on biogenic sources (biogenic wastes), and (5) combi-
nation techniques. The aforementioned techniques can be used to create HAp 
nanostructures of various sizes and shapes, including spheres, rods, needles, flakes, 
flowers, mesoporous spheres, bowknots, dumbbells, etc. (Mondal et al. 2018a). It 
should be noted that HAp NPs’ shape, crystallinity, and size are some of the most 
important variables impacting their anticancer activities. The aforementioned 
characteristics had a significant impact on the anionic and cationic sites of HAp 
that contained hydroxyl, amino, and carboxyl groups, as well as calcium and 
phosphorus ions. The interaction of HAp with a biomolecule is greatly influenced
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by the positive and negative surface charges of HAp, which are dependent on its 
physicochemical characteristics. HAp NPs can be used for cancer cell imaging in 
addition to structurally modified HAp nanostructures through a variety of well-
established methods, such as (1) combining them with organic fluorophores, 
(2) doping them with different lanthanide ions, and (3) creating composites with 
other inorganic nanomaterials (such as carbon-quantum and chalcogenide-quantum 
dots) (Machado et al. 2019).
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4.4 HAp in Tissue Engineering and as an Implant 

As new technologies are created to develop efficient treatments for degenerative 
diseases that affect many types of tissues, tissue engineering is expanding. Recently, 
there has been a discernible increase in the need for bioactive, biodegradable, 
biocompatible, and multifunctional materials. To consolidate ceramic particles to 
join together and lessen interparticle gaps, a high-temperature stage (sintering) is 
often necessary for making HAp products, such as porous or nonporous blocks, 
coatings, etc. The appealing characteristics of nano-sized HAp, such as topography, 
geometry, high specific surface area, etc., would be irreparably lost after this heating 
phase, though. The integration of ceramic NPs within a matrix is a good choice for 
producing composite biomaterials. Consequently, if employing nano-sized HAp is 
the goal, scaffolds should be prepared, avoiding the final sintering stage. Mondal 
et al. reported a composite scaffold of HAp, bioglass, and alumina with enhanced 
mechanical stability. The study showed enhanced biological activity when cells were 
seeded on a scaffold surface (Mondal et al. 2018b) (Fig. 4.2). 

The inhibition of cancer cell growth and migration by HAp NPs have been shown 
in several in vitro and in vivo investigations (Han et al. 2014). The shape, size, and 
crystallinity of Hap NPs are among the physicochemical characteristics that are 
acknowledged as being important determinants of their anticancer effects (Yuan 
et al. 2010). The simplest method for incorporating extra anticancer capabilities into 
a polymer that is otherwise biologically inert is to add HAp NPs to the biocompatible 
polymer. The first study in this field was published by Pathi et al. (2011), who 
introduced hydrothermally produced HAp NPs to CO2-foamed poly(lactide-co-
glycolide) (PLGA) scaffolds that were later implanted with metastatic breast cancer 
cells. The results showed that smaller, less crystalline HAp particles promoted 
greater adsorption of adhesive serum proteins and enhanced breast tumor cell 
adhesion and growth, in contrast to larger, more crystalline NPs, which, on the 
other hand, stimulated a higher expression of the osteolytic factor interleukin-
8 (IL-8). Therefore, it was proposed that bone development, which supports 
improved cell colonization and proliferation, depends critically on modulating the 
nanoscale characteristics of the bone mineral found in the microenvironment. 

Mondal et al. reported 3D printed PLA scaffold modified with HAp 
nanomaterials with enhanced cell attachment properties (Figs. 4.3 and 4.4) (Mondal 
et al. 2020c). More recently, a research group from Poland used 3D printed poly(L-
lactic acid) (PLLA) scaffolds with HAp NPs doped with europium (III) ions (Eu3+ )
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to conduct several in vitro investigations. In this study, the hydrothermal technique-
based microwave stimulation was used to prepare the Eu-doped HAp NPs. 
According to a study (Sikora et al. 2019), these composite scaffolds led an osteosar-
coma cell line to go into apoptosis while not affecting the viability of unaltered 
adipose-derived human mesenchymal stromal cells. PLLA/HAp NP composite 
scaffolds boosted the viability as well as the osteogenic and chondrogenic differen-
tiation capacity of adipose-derived human mesenchymal stromal cells, according to 
a second study from the same group (Marycz et al. 2020). This was correlated to 
increased protein and mRNA expression of the osteogenic and chondrogenic
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Fig. 4.3 SEM images of PLA scaffold modified with HAp nanoparticles. (Represented with 
permission from Mondal et al. 2020c)



markers. The positive impact of these biomaterials on the osteogenic and 
chondrogenic processes was further confirmed by the increased expression of bone 
morphogenic protein 2 (BMP-2) and BMP-7, as well as their receptor (i.e., BMP 
receptor type 1B (BMPR-1B)), suggesting a potential use in those applications 
where osseous regeneration is required following the removal of bone cancer 
tumor. Additionally, scaffolds carrying HAp NP were employed to simulate 
non-osseous tumors like neuroblastoma. To do this, Gallagher et al. employed 
neuroblastoma cell lines and collagen-based scaffolds supplemented with either 
HAp NPs or glycosaminoglycans, which are naturally found in bone and bone 
marrow, the most common metastatic sites for neuroblastoma. In contrast to 2D 
cultures, these composite scaffolds allowed neuroblastoma cells to attach, prolifer-
ate, migrate, and form cell clusters. This resulted in a cell response that was more like
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Fig. 4.4 Hydroxyapatite nanoparticle surface modification of 3D printed PLA scaffolds for 
improved bone tissue engineering applications. (Represented with permission from Mondal et al. 
2020c)



that of the in vivo environment. Additionally, compared to traditional 2D cell 
culture, this scaffold-based culture technique maintained higher cell densities 
(Gallagher et al. 2021). It is also important to note that studies using tumor model 
systems have used polymeric scaffolds that contain HAp NPs. Tornin et al. showed 
the effects of plasma-based therapies on MG-63 cells in a 3D tissue-engineered 
osteosarcoma model based on a highly porous HAp NPs/collagen scaffold that 
allowed cancer cell proliferation and the acquisition of a similar gene expression 
profile as compared to the original tumors. Cancer cells were less sensitive to 
treatment with cold plasma-activated Ringer’s solution when grown in a 3D 
scaffold-based model as opposed to 2D cultures because the scaffold’s three 
dimensions induced the expression of several genes that protect against reactive 
oxygen and nitrogen species in MG-63 cells, promoting cell proliferation and 
adaptation to oxidative stress (Tornín et al. 2021). According to Nakayama et al., 
the self-organization of HAp with poly(acrylic acid) (PAA) results in the production 
of liquid-crystalline hybrid nanorods with desired properties as a drug release 
platform for photodynamic therapy of cancer (methylene blue was used as a model 
drug). The spin-coated 2D-oriented scaffolds were also shown to elicit cellular 
alignment and elongation in the direction of the hybrid nanorods (Nakayama et al. 
2019).
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In addition to polymer/nano-sized HAp and graphene/nano-sized HAp scaffolds, 
Zhang et al. also reported the potential of merging metal with nanostructured HAp. 
They applied a layer of wet-fabricated HAp nanorods on titanium cylindrical 
scaffolds manufactured by selective laser sintering (porosity 65%, pore size 
500 m) (length 46.6 nm, width 13.3 nm). The titanium scaffolds were acid-alkali 
treated before coating to generate a microporous TiO2 network on the surface, 
improving bonding with nano-HAp. The porous metal was next covered three 
times with a slurry composed of HAp nanorods, methylcellulose, and H2O2 before 
being allowed to dry. The scaffolds were then heated for 1 h at 300 °C. The authors 
described in vitro and in vivo experiments that demonstrated the nHAp particles’ 
dual action as a bone-regenerating substance and an anticancer agent. In tumor-
bearing rabbits treated with HAp nanorods, tumor growth was inhibited, metastases 
were prevented, and the survival rate was improved. In particular, the nanomaterial 
induced an anticancer immune response and promoted mitochondrial-dependent 
tumor death in vivo. Histological studies conducted over a month revealed that the 
use of HAp nanorods prevented metastasis to the lung effectively but not when 
micro-sized HAp or nano-sized TiO2 coatings were used as controls. Abnormalities 
were not observed in the liver, heart, kidney, and spleen, further demonstrating the 
biosafety of the nanorods in use. These results confirm and extend the findings of the 
research by Pathi et al. on the effect of HAp NPs on the growth cycles of cancer cells 
(Pathi et al. 2011).
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4.5 HAp Nanostructures for the Delivery of Anticancer Drugs 

In the past, NPs like HAp nanostructures were suggested to concurrently target some 
of cancer characteristics and transport and release several cytotoxic chemicals safely 
and effectively (VanDyke et al. 2016). The effectiveness of drug-loaded multimodal 
HAp NPs as effective nanomaterials for tumor metastasis-resisting therapy (TMRT) 
and tumor metastasis targeting therapy (TMTT) has been demonstrated in earlier 
experiments (Xiong et al. 2018). However, there are very few studies in the literature 
that concentrate on employing nano-sized HAp particles, either in the pristine or in 
the functionalized and drug-loaded kinds, to target and image the various indicators 
of cancer. For instance, HAp NPs can reduce the FAK/PI3K/Akt cell signaling 
pathway both in vitro and in vivo, which suppresses cancer cell proliferation, 
migration, and invasion (Wang et al. 2020). Through using lysosomal- and 
mitochondrial-dependent pathways, such as caspase-3, HAp NPs can also induce 
oxidative stress-induced apoptosis in cancer cells (Jin et al. 2017). 

For use as a drug carrier in cancer theranostic applications, nanostructured HAp 
provides several advantages (Saber-Samandari et al. 2016). These benefits can be 
summed up as follows: 

1. HAp could be formed with substantially similar characteristics to the main 
components of the targeted tissues, particularly bone, including chemistry, crys-
talline structure, and size. 

2. HAp alone does not expand or change porosity, preventing the burst release of 
medicines, and is reasonably stable with fluctuations in the solution/environment 
(e.g., pH, temperature). 

3. Both positively and negatively charged compounds can surface-
functionalize Hap. 

4. By doping HAp with various elements, NPs with desirable electrical, mechanical, 
magnetic, and optical properties can be prepared (Fig. 4.5). 

To treat tumors connected to both hard and soft tissues, a variety of natural and 
synthetic anticancer drugs have been loaded onto and delivered using HAp NPs 
(Maia et al. 2018). Mesoporous HAp NPs are a promising class of drug delivery 
systems that can be used to transport a variety of anticancer cargos, including 
chemicals, small compounds, and generic medications. Due to their outstanding 
drug adsorption, storage, and release capabilities, these systems hold promise for 
cancer therapy methods (Meshkini and Oveisi 2017). 

In this study, ribose is used as a highly biocompatible material to cross-link 
hybrid mineralized composites for the first time. The purpose of this study was to 
explore the viability of novel, bone-like scaffolds made from type I collagen matrix 
mineralized with magnesium-doped hydroxyapatite nanophase (MgHA/Coll) 
through ribose glycation in a pH-driven manner, inspired by biological processes. 
According to the literature, a significant portion of the experimental research use 
pH-sensitive nanostructures (Fig. 4.6). A suitable material for improved anticancer 
medication delivery to cancer cells was also mentioned as being nanostructured



hollow HAp (Mondal et al. 2019b). A lot more focus is now being paid to larger-
scale hollow micro-sized HAp structures (like microspheres), even if using nano-
sized hollow HAp structures for the delivery of anticancer drugs appears promising 
in the early stages (Qiao et al. 2017). The outcomes showed that DOX (9.1%) and 
siRNA (2.0%), as well as the efficient transport of anticancer drugs into drug-
resistant breast cancer cells (MCF-7/ADR cells), were loaded appropriately. In 
addition, after 48 h in cancer cells, the drug-loaded samples started to degrade. A 
biopolymer coating on HAp can enhance the bioactivity and regulate the release of 
anticancer medications (Padmanabhan et al. 2020). According to Li et al., the 
hydrothermal method followed by freeze-drying produced nano-sized HAp (20 wt. 
%)/GO composite scaffolds that shared the same dual functionality (photothermal 
anticancer effect and osteogenesis) (Li et al. 2018). Twenty minutes of in vitro 
exposure to 808 nm NIR radiation on osteosarcoma cells (MG-63) resulted in the 
death of all but 8% of the cells. Tumor xenografts implanted with the scaffolds in 
mice reached 60 °C after 4 min of radiation exposure and ceased growing or even 
shrunk in size following photothermal therapy. In addition, micro-tomographic and 
histological evaluations supported the notion that nano-sized HAp/GO scaffolds 
encouraged bone regeneration in rat cranial defects: At 8 weeks, new tissue had 
grown by over 65% in the cranial defect area for the scaffold-implanted group, 
whereas only 20% regeneration had been seen for the control (empty defect). The
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Fig. 4.5 Schematic representation of hydroxyapatite-based scaffold and drug delivery agents. 
(Represented with permission from Mondal et al. 2017b)



scaffold-implanted group’s bone mineral density also reached about 285 mg/cm3 , 
indicating fresh bone mineral deposition, compared to the control at 96 mg/cm3 . The 
properties of HAp-NPs, which specifically affect the drug/gene/adsorption protein’s 
capacity and solubility in physiological fluids, subsequently affect how HAp 
interacts with cancer cells. Additionally, it was claimed that HAp NPs encourage 
p53 production and its downstream genes, which causes apoptosis (programmed cell 
death) in tumor cells (Sun and Ding 2009). Tang et al. found that HAp reduces cell 
proliferation and promotes apoptosis in several cancer cells via activating caspase-3 
and caspase-9 (but not caspase-8) (gastric cancer cells [MGC80-3], cervical adeno-
carcinoma epithelial cells [HeLa], and hepatoma cells [HepG2]) (Tang et al. 2014). 
Other experimental results indicate that HAp NPs are formed by and contribute to 
the intracellular accumulation of reactive oxygen species (ROS), which damage the 
DNA of cancer cells (Xu et al. 2012). Due to their high ribosome adsorption ability, 
HAp NPs can be internalized in large quantities by endocytosis in cancer cells in the 
endoplasmic reticulum, inhibiting protein synthesis by reducing the binding of
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Fig. 4.6 Using the matching magnifications, SEM images of the scaffold are shown in (a, d) 
MgHA/Coll, (b, e) MgHA/CollPre, and (c, f) MgHA/CollPost. Red arrows denote the binding 
mineral phase on fibrils, yellow arrows point to open surface pores on the fibrous matrix, and blue 
arrows denote a small or large bundle of self-assembled collagen fibers with visible mineral 
deposition. Scale bars: 500 mm for (a–c) and 20 mm for (d–f). (Reprinted with permission from 
Krishnakumar et al. 2017)



mRNA to the ribosomes in cells and stopping the cell cycle in the G0/G1 phase (Han 
et al. 2014).
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4.6 HAp for Advanced (PTT/PDT/Hyperthermia) Cancer 
Therapies 

Despite numerous treatments, cancer remains the second most significant cause of 
mortality on Earth. The next generation of anticancer agents will focus on supporting 
healthy cell proliferation while causing malignant cell death. As a result, HAp NPs 
doped with a variety of therapeutic ions have been created and used for theranostic 
applications for the treatment and diagnostics of cancer (Šupová 2015). Targeted 
magnetic hyperthermia for cancer treatment has attracted significant interest in HAp 
NPs as well (Abdel-Hamid et al. 2017) (Fig. 4.7). A well-known method for 
triggering cancer cell death without harming healthy cells is hyperthermia, which 
relies on the modest rise of temperature to 40–43 °C upon application of an external 
magnetic field. Hyperthermia also improves the effects of radiation therapy and 
chemotherapy (Sedighi et al. 2022). Furthermore, by providing an alternating 
magnetic field to the tumor, cancer-targeting magnetic HAp NPs can gather there. 
Additionally, the effectiveness of magnetic HAp NPs for synergistic chemo-
hyperthermia therapy has been demonstrated in the past. At this point, chemothera-
peutic drug-loaded magnetic nanocomposites of cobalt ferrite/HAp were created 
using the microwave-assisted wet precipitation method (5-fluorouracil, FU) 
(Sangeetha et al. 2019). With a magnetic saturation value of roughly 2.5–8.2 emu/ 
g, the produced nanocomposites displayed ferromagnetic properties. After being 
exposed to an alternating magnetic field, they were able to release the encapsulated 
FU and raise the temperature (producing a hyperthermic effect) quickly (43 °C in  
4.5 min). The samples also showed a suitable ability to inhibit the growth of 
osteosarcoma cells (MG-63), demonstrating their suitability for synergistic chemo-
hyperthermia therapy. 

One of the most recent techniques for treating tumors using external radiation 
sources is photodynamic therapy (PDT), which is also known as photothermal 
therapy (PTT) (Santha Moorthy et al. 2018). The NPs are illuminated with a suitable 
near-infrared (NIR) wavelength in PTT or methods incorporating NP-mediated 
hyperthermia (the electromagnetic radiations are NIR with a wavelength within 
780–2526 nm) (Mondal et al. 2022). Under the influence of NIR, the treated NPs’ 
conduction band electrons experience synchronized oscillations. It kills cancer cells 
by destroying cell membranes, tumoral DNA denaturation, and angiogenesis 
inhibiting processes and converts light into heat (45–50 °C) (Mondal et al. 2022; 
Doan et al. 2021; Vo et al. 2021; Phan et al. 2019). When a photosensitizer (PS) is 
activated by specific wavelength irradiation in photodynamic treatment (PDT), 
reactive oxygen species (ROS) and free radicals are created (620–690 nm). When 
exposed PS interacts with oxygen (3 O2) and a specific light wavelength to produce 
lethal singlet oxygen (1 O2 and O2), the known pathways for cancer cell death in PDT 
are direct (necrosis and apoptosis) and indirect (microvascular damage and 
antitumor immune responses) (Pinto and Pocard 2018).
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According to Zhang et al., a biocompatible system incorporating HAp and 
graphene could efficiently convert NIR into heat to hasten bone regeneration fol-
lowing photothermal therapy of malignant bone lesions. Their findings demonstrated 
that following three cycles of treatment at low photothermal temperatures (40–43 ° 
C), the growth of MC3T3-E1 cells was dramatically boosted. The findings showed 
that for pure HAp and HAp scaffolds, including 1 wt% graphene, the observed 
temperature after exposing Hap NPs to NIR was 31.6 and 45.2 °C, respectively. The 
technique being used appears promising for NP-mediated hyperthermia (PTT) 
(Zhang and Ma 2021). There are several obstacles that prevent anticancer chemicals 
from being loaded and desirably delivered to tumor cells, including ineffective 
targeting and a lack of drug solubility. To overcome these limitations, several 
novel techniques have been used to create HAp nanostructures as smart theranostic 
platforms that can target cancer cells without harming healthy cells. One of the most 
alluring methods for supporting sustained anticancer medication release is the 
surface functionalization of HAp nanostructures (Verma et al. 2016). To success-
fully load and distribute curcumin to MCF-7 cells, for instance, HAp NPs 
functionalized with several carboxylic acids (lactic acid, tartaric acid, and citric 
acid) were used (Lee et al. 2019). Based on the electrostatic interactions of opposite 
charges between the medication and the bioceramic particles, carboxylic modifiers 
may increase the binding affinity between curcumin molecules and the HAp surface. 
The results showed that, in comparison with unmodified samples, surface-
functionalized HAp NPs exhibited stronger antiproliferative and apoptotic actions 
against cancer cells. For instance, several types of cancer cells overexpress folate 
receptors (such as FR), making it viable to target tumors with drug delivery systems 
conjugated with folic acid, a ligand with a high affinity for folate receptors (Cheung 
et al. 2016). 

4.7 Nano-Sized HAp in Imaging 

Currently, a variety of biomedical imaging approaches are being used to find cancer 
in all stages of development. Imaging techniques can be used to identify a variety of 
features of cancer, such as morphological, structural, metabolic, and functional data. 
These methods are divided into those that use (1) nonionizing electromagnetic 
radiation, including magnetic resonance imaging (MRI), electrical impedance spec-
troscopy, and near-infrared spectroscopy, and (2) ionizing radiation (such as gamma 
rays, X-rays or UV light, CT scans, and PET scans) (Fass 2008). To visualize tumors 
using particular imaging modalities, such as MRI, the choice of appropriate contrast 
agents is essential. Over the past few decades, contrast agents based on nanotech-
nology have been created and used for cancer imaging. Different kinds of nano-sized 
HAp have been applied in this way for the molecular imaging of solid tumors. For 
optical, magnetic resonance (MR), and multimodal imaging of malignancies, lumi-
nescent, magnetic, and luminomagnetic HAp NPs exhibit the necessary properties 
(Kataoka et al. 2019). The effect of the calcination temperature and the amount of 
Eu3+ doping were previously evaluated about the luminescence characteristics and



phase composition, crystal size, and crystallinity of Eu3+-doped HAp NPs (Han et al. 
2013). To manufacture nanocrystalline Eu-doped HAp (20–40 nm in diameter) with 
high luminescence, the thermal treatment (600 °C) and 2% Eu3+ doping content were 
optimized. In a different study, HAp nanocrystals (Er-HAp) were combined with 
luminescent erbium (Er3+ ) ions at various concentrations (0.1, 0.25, 0.5, and 1.0 mol 
%) to create a nontoxic luminescent agent for biomedical imaging applications 
(Mondal et al. 2020d). The outcomes demonstrated that after being stimulated at 
400 nm, 1.0 mol% Er-doped HAp nanocrystals (50 nm size distribution) possessed 
high-efficiency light emission (Fig. 4.8). 
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Fig. 4.8 Schematic representation of erbium-doped hydroxyapatite as a bioactive luminescent 
agent. (Represented with permission from Mondal et al. 2020d) 

It is usual practice to categorize the contrast materials utilized in MRI scans into 
(1) positive (T1, Gd-based agents, and brightness contrast) and (2) negative (T2, 
Fe-based agents, and darkness contrast) categories. The most often utilized 
substances for MRI to increase diagnostic precision are hydrophilic Gd(III)-based 
chelates. The long-term safety of these materials for the human body, however, is 
still a matter of concern (Wahsner et al. 2018). Due to their distinctive 
characteristics, such as their wide surface area and effective contrasting impact, 
inorganic NPs have been identified as suitable contrast agents for MRI over the years 
(Na et al. 2009). Superparamagnetic iron oxide nanoparticles (SPIONs), of them, 
have garnered a lot of interest as MRI contrast agents. However, the buildup of Fe in 
soft tissues harms SPIONs as contrast agents. The solution to all of the aforemen-
tioned problems was suggested to be the addition of contrast agents to HAp NPs. For 
instance, Fe-doped HAp NPs have been described as appropriate contrast agents that 
can produce more contrast for MRI than SPIONs (Adamiano et al. 2018). In addition 
to MRI, the efficacy of 99mTc-MDP-labeled Fe-doped HAp NPs as a scintigraphy



imaging agent for PET and single-photon emission computed tomography was 
proven (SPECT). The preparation of paramagnetic HAp NPs for use as PL contrast 
agents for cancer imaging by substituting other elements (such as Eu3+ /Gd3+ ) was 
also shown to be beneficial (Fig. 4.9). 
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Fig. 4.9 Mice following without (a) and with (b) Eu3+ /Gd3+-HAp (Eu3+ :Gd3+ = 1:2) nanorods, 
subcutaneous injection. Imaging using PL in vivo. (c) Photographs of the PL emission from Eu3+ / 
Gd3+-HAp nanorods at various concentrations. The excitation wavelength was 430 nm. (Reprinted 
with permission from Chen et al. 2011) 

For MRI imaging, the luminomagnetic HAp may offer a very promising multi-
modal imaging probe. In this manner, microwave-assisted synthesis of multifunc-
tional Eu3+ /Gd3+ dual-doped HAp nanorods was previously achieved (Chen et al. 
2011). This system (Eu3+ to Gd3+ ratio 1:2, Ms = 0.15) demonstrated useful features 
as a T1 and T2 contrast agent of MRI after being subcutaneously injected into nude 
mice, as the attenuation value increased from 26 to 96 HU (Fig. 4.9). The magneti-
zation of the samples increased along with more significant concentrations of the 
Gd3+ dopant, and the photoluminescence intensity was dependent on the Eu3+ /Gd3+ 

ratio in the HAp nanorods. In particular, it should be noted that bio-nanoplatforms 
made of doped HAp NPs and other substances, such as carbon dots, have been 
suggested as suitable tools for cancer cell imaging because they can produce bright 
blue fluorescence under UV illumination with excellent photostability and colloidal 
stability (Zhao et al. 2015). 

4.8 Limitations of HAp and Future Directions 

The biological activity, degradability, and osteoconductivity of HAp are all signifi-
cant. In recent years, it has seen widespread usage in orthopedic repair, antitumor 
medication carriers, and dentistry (Fig. 4.10). However, hydroxyapatite has
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limitations, including brittleness for bone transplantation and weak mechanical 
characteristics for directly triggering dental enamel remineralization. The difficulties 
that have been experienced in the preparation, use, and modification of hydroxyapa-
tite in the aforementioned sectors are discussed in this article along with the state of 
the study. Because of this, the most important contribution of this chapter is to 
thoroughly integrate and defend the forms and effects of HAp-based biomaterials, 
which offers a strong foundation for their use and gives readers clear insights into 
future research. We must overlook the fact that nano theranostic is still a young 
scientific discipline that has, for the most part, not yet attained the minimal 
requirements for clinical translation. The intricacy and synergistic mechanisms of 
the materials employed for such multifunctional applications are the cause of this 
reality. The more complicated a system is (e.g., when nanostructured HAp is used as 
a vehicle for the simultaneous release of ions and drugs with anticancer properties), 
the more variables must be considered, which makes it more challenging to disen-
tangle the therapeutic effects or determine the precise magnitude of synergistic 
contributions.
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4.9 Concluding Remarks 

Over the past few years, HAp has significantly broadened the scope of biomedical 
applications beyond bone restoration, demonstrating considerable promise in cancer 
theranostics. Due to its polar surface, HAp with nanoscale dimensions is ideally 
adapted to interact with biomolecules in cells and tissues as well as with medicines. 
This characteristic offers the possibility for targeted cell- and tissue-specific 
applications, such as cancer treatment and imaging, in addition to the biocompati-
bility and biodegradability of HAp upon interaction with bodily fluids (diagnosis). In 
comparison with metal or composite nanoparticles, multifunctional HAp 
nanostructures are more adaptable and secure since they may integrate hyperthermia, 
drug transport, photothermal/photodynamic treatment, imaging, and, generally, 
superior targeting capabilities. 

Further investigation should be done on the combination of HAp with natural 
anticancer pharmaceuticals and the potential for metallic ion doping and co-doping 
to reduce the need for conventional chemotherapeutics, which frequently have 
harmful side effects on the body. By adding functionalization treatments or 
stimuli-responsive polymeric coatings (serving as molecular gates) on the surface 
of HAp, it is also possible to carefully control the release of ions and medications. By 
using additive manufacturing techniques to process HAp, it will be possible to 
fabricate exact goods and 3D porous scaffolds with excellent control over pore 
size, shape, and other features. If 3D printing and medical imaging are coupled to 
recreate the anatomy of patients’ flaws left after cancer removal, it will also be 
feasible to customize and individually design implants. 

The experimental work addressed to this purpose is quite complex, requiring the 
collaboration of biomaterials scientists, biomolecular chemists, biologists, and 
oncologists in addition to the assessment of full in vitro/in vivo toxicity profiles



along with the relationships to the stated hallmarks. A deeper understanding of the 
biomolecular impact of HAp-based systems on various types of cancer is more 
important than ever for the research to advance. This study primarily focuses on 
the groundbreaking discoveries that foreshadowed the interesting modern drug 
delivery technologies based on HAp and HAp-based composite nanostructures. A 
particular focus has been placed on describing the use and efficacy of modified HAp 
as a drug carrier agent for various ailments, including carriers for antibiotics, anti-
inflammatory, and cancer-causing medications, medical imaging, and protein deliv-
ery agents. This article examines a wide range of nHAp and HAp-modified inorganic 
drug carriers, highlighting some of their unique characteristics that should be 
considered for upcoming drug delivery applications. 
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Abstract 

Nanobiotechnology has emerged as an advanced arena in conjunction with 
biology and nanotechnology. Biological entities involve living organisms of 
both prokaryotic and eukaryotic origins. Recently attention has been focused on 
the green synthesis of nanoparticles because of their natural availability and 
environmentally friendly synthesis approach. Every biological organism varies 
in its functional capabilities. However, only selective biological organisms can 
produce nanoparticles because of their enzymatic and intrinsic metabolic pro-
cesses. These eligible biological entities or their extracts have been used for the 
green synthesis of metallic nanoparticles. These biosynthesized metallic 
nanoparticles have a range of unlimited biomedical applications, such as the 
delivery of drugs or genes, the detection of pathogens or proteins, and tissue 
engineering. This chapter will discuss various green synthesis routes of 
nanoparticles and their current use. The application of these metallic 
nanoparticles briefly discussed here includes antiviral, antibacterial, antioxidant, 
anticancer, anti-inflammatory, and antiparasitic wound-healing activities. 
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5.1 Introduction 

Nanotechnology-mediated formation of nanoparticles is currently being utilized in 
the various fields of human welfare (Dilnawaz et al. 2018). Nanoscale particles 
display unique physical and chemical properties, such as high surface-to-volume 
ratios, higher reactivity and strength, and colloidal stability. Mainly the metal 
(copper, iron, gold, silver, etc.) nanoparticles display better physical and optical 
characteristics (surface plasmon reverberation or surface plasmon resonance), which 
attracted significant attention for specific applications in medicine and science 
(Mauro et al. 2021). Moreover, the synthesis of nanoparticles (NPs) is being carried 
out through three different strategies (physical, chemical, and biological). Conven-
tionally, in the chemical synthesis process, chemical reduction and microemulsion/ 
colloidal, electrochemical, and thermal decomposition are used with the intervention 
of metal salt precursors and the addition of particular reducing agents. Although 
these chemical methods are economical for large-scale production, the use of toxic 
substances, in turn, produces harmful by-products that cause environmental damage, 
thereby limiting its clinical and biomedical applications (Hua et al. 2018). Recently, 
many research groups have utilized green synthetic routes to synthesize different 
nanomaterials to reduce the usage of harmful chemicals. Green synthetic methods 
are carried out under mild reaction condition, which consumes low energy, devoid of 
conditional requirement of high temperature and pressure, hazardous chemicals, and 
addition of external stabilizing or capping agent (Khan et al. 2020). Among various 
green synthetic routes, plant leaf extract-mediated approaches for the preparation of 
metal oxide nanomaterials have received enormous attention (Nguyen et al. 2021). 
Using the producer source of the biological kingdom, the green synthesis of metal 
oxide nanoparticles is being carried out. Scientists have given priority to plants that 
can execute this process due to their biomass abundance, response to stress factors 
(pathogens, herbivores, and climate changes), and survival modes (seasonal changes 
and reproductive stage variation) that contribute toward the development of plants’ 
primary and secondary metabolites. Hence these naturally imbibed strategies of the 
plants serve as the main bioreactors and molecule suppliers for green synthesis 
(Iravani 2011). The plant leaves contain a lot of phytochemicals; the phenolic 
compounds (alkaloids, tannins, and flavonoids), along with the important 
constituents like proteins and carbohydrates, are taken into account for the synthesis 
of metal oxide nanoparticles (Biswal et al. 2020; Richardson et al. 2006). Further, the 
functional amino groups and proteins available in the plant extracts also contribute 
toward metal ion reduction (Li et al. 2007). In another study, Huang et al. discussed 
that the functional groups of alkaloids, flavones, and anthracenes, such as –C–O– 
C–, –C–O–, –C=C–, and –C=O–, assist the metal NP synthesis (Huang et al. 2007).



The metal ion reduction may also be carried out with the help of quinones and 
plastohydroquinone molecules present in the plant leaf extract (Kesharwani et al. 
2009). All these studies indicated that extracellular metal oxide nanoparticle synthe-
sis could be carried out by biomolecules and heterocyclic compounds present in 
plants. However, the vision and understanding of the metal oxide NP synthesis 
utilizing plant extracts are not well understood. It is comprehended that maybe the 
phytochemicals of the plants mediated the production of NPs through metal reduc-
tion. Thereafter, oxygen produced from either atmosphere or degrading 
phytochemicals links the reduced metal ions, and corresponding electrostatic attrac-
tion leads to NPs (Makarov et al. 2015). Plants, either the whole or tissues (Kumar 
and Yadav 2009; Marchiol 2012) or extracts of different parts (e.g., roots, barks, 
leaves, fruits, and seeds) (Kharissova et al. 2012; Rai et al. 2008), are taken into 
account for green synthesis (Fig. 5.1). 
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Fig. 5.1 Overview of green synthesis of nanoparticles 

Particularly noble metals (gold and silver) are widely known for their use in 
medicine owing to their excellent intrinsic property, unique functional attributes, the 
scope for surface functionalization, etc. (Ahmad et al. 2019; Behzad et al. 2021). 
Therefore, the green synthesis method leading to the formation of biocompatible and 
environmentally friendly metal nanoparticles upsurge its applications in healthcare. 
The present book chapter will chronicle some of the critical biomedical applications 
of NPs toward better healthcare.
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5.2 Biomedical Applications of Metallic Nanoparticles 

Metal oxide nanoparticles are highly beneficial for biomedical applications owing to 
their limited toxicity. In the following sections, various applications of metallic 
nanoparticles are discussed (Fig. 5.2). Studies have shown that uptaken NPs can 
either disrupt the enzyme function, quench reactive oxygen species (ROS), or 
degrade DNA and protein, disrupting cellular mechanisms (Fig. 5.3). 

5.2.1 Nanoparticles as Antiviral Agents 

Viruses pose a severe challenge for biomedical applications, as life-threatening 
diseases caused by them are widespread. To combat viral infection, numerous efforts 
have been made for the development of antivirals and vaccines. Viruses have the 
innate capacity to quickly acclimatize to a host cell and bypass a defense mechanism 
by taking advantage of cellular metabolism. Although incredible improvements in 
the progress of antiviral chemotherapeutics for prevention and treatments are avail-
able, there is still scope for developing new potential antiviral using nanomaterials. 
Silver (Ag) nanoparticles (NPs) have been proven as potent antiviral agents against 
several virus families: Retroviridae, Paramyxoviridae, Hepadnaviridae, Poxviridae, 
Herpesviridae, Arenaviridae, and Orthomyxoviridae (Franci et al. 2015). With the 
implementation of Ag NPs, viruses are less likely to become resistant compared to 
conventional antiviral agents. Ag NPs have multivalent connections with surface 
components of virus and cell membrane receptors, by which they block their access

Fig. 5.2 Various modes of applications of metallic nanoparticles obtained through the green 
synthesis process



into the cells. The antiviral agents act directly on viral particles by binding to their 
viral coat proteins by disrupting their function or structure (Sharma et al. 2019). Ag 
NPs were synthesized by engaging the extracts of Phyllanthus niruri, Andrographis 
paniculata, and Tinospora cordifolia, and its antiviral efficacy was evaluated against 
the chikungunya virus. The in vitro antiviral assay of Ag NPs was evaluated based 
on the degree of inhibition of cytopathic effect (CPE), which showed A. paniculata 
Ag NPs to be most effective, followed by T. cordifolia Ag NPs and P. niruri Ag NPs. 
The cytotoxicity assay illustrated that A. paniculata Ag NPs inhibited the virus to a 
great extent. This study could indicate alternative treatment options against viral 
disease (Sharma et al. 2019). Orłowski et al. used tannic acid (TA) for the synthesis 
of Ag NPs, which served as an effective microbicide in the mucosal tissues. TA Ag 
NPs, when treated intravaginally in a virally infected mouse model, demonstrated 
better anti-herpes simplex virus-2 immune response by showing improved clinical 
scores with lower viral titer in the vaginal tissues (Orłowski et al. 2018). Ag NPs 
were synthesized utilizing the leaf extracts of Carica papaya, which hold antiviral 
activity and good binding affinity against nonstructural protein 1 of the dengue type 
2 virus (Renganathan et al. 2018). In another study, Ag NPs were synthesized using 
the leaf extract of Eucalyptus procera, and its adjuvant effect on veterinary rabies 
vaccine was evaluated. Ag NP-loaded vaccine concentrations at 15 and 20 mg/kg 
showed the highest percentage of viability after injecting into the mice. At the same 
time, the alum-containing vaccine at the concentration of 10 mg/mL was toxic, 
whereas Ag NPs were nontoxic, elucidating the safety effect of the Ag NP-based 
vaccine (Asgary et al. 2016).
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Fig. 5.3 Possible mechanism of interaction of nanoparticles with the cellular components and their 
effects
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5.2.2 Nanoparticles as an Antibacterial Agent 

Drug resistance or antibiotic resistance is gradually increasing due to the rampant use 
of antibiotics. Multidrug resistance (MDR) emerges, as the bacteria move toward 
horizontal gene transfer of antibiotic resistance genes. There is an adjustment in the 
antibiotic target and mutational changes in the biofilm formation and efflux pumps 
(Qayyum and Khan 2016; Singh and Nalwa 2011). Therefore, in this regard, 
application of metal nanoparticles as an antimicrobial agent and for drug delivery 
purposes is widely considered. In a study, Prasannaraj et al. used ten medicinal 
plants (leaf, root, bark, etc.) for the phytosynthesis of Ag NPs and evaluated their 
antibacterial property against clinically isolated microbial pathogens. The active 
cellular metabolic activity is an indicator of cell viability, proliferation, and cytotox-
icity, which is affected by the application of bioengineered NPs. Ag NPs illustrated 
maximal growth inhibition in liquid culture and potential anti-biofilm activity 
(Prasannaraj and Venkatachalam 2017). The Ag NPs at lower doses illustrated better 
multidrug-resistant bacterial infections with an increased level of reactive oxygen 
species (ROS). Ramkumar et al. synthesized Ag NPs from the aqueous extract of 
seaweed (Enteromorpha compressa), which displayed potent antibacterial properties 
toward E. coli, K. pneumoniae, P. aeruginosa, S. aureus, and S. paratyphi. Panax 
ginseng, the herbal medicinal plant having an active ingredient of ginsenosides, has 
been explored for the synthesis of Ag NPs using its root extract. The produced Ag 
NPs at 3 μg/mL exhibited potent antibacterial action against S. enterica, B. anthracis, 
V. parahaemolyticus, S. aureus, E. coli, and B. cereus and completely inhibited the 
biofilm of S. aureus and P. aeruginosa at 4 μg/mL (Ramkumar et al. 2017). 
Phytosynthesis of Ag NPs using extracts of ten plants (Pongamia glabra, Hamelia 
patens, Tectona grandis, Thevetia peruviana, Ficus petiolaris, Ficus busking, 
Caryota urens, Juniper communis, Calendula officinalis, and Bauhinia purpurea) 
illustrated minimum inhibitory concentration (MIC) of 16–26 μg/mL for E. coli, 
K. pneumoniae, E. cloacae, S. mutans, and S. aureus (Qayyum and Khan 2016). A 
lot of studies have been carried out, and corresponding pieces of literature are 
available exclusively for the antibacterial effects of Ag NPs that were compiled in 
a review article (Lateef et al. 2019). Application of Ag NPs induces better perme-
ability of cell membranes and produces ROS by interrupting replication of 
deoxyribonucleic acid (DNA) by releasing silver ions to the bacterial cell, thereby 
prompting cell death (Dwyer et al. 2012). 

5.2.3 Nanoparticles as Antioxidant Agents 

In biological systems, antioxidants play a dynamic role in scavenging toxic free 
radicals. The oxidative stress injuries to the cellular components such as DNA, 
proteins, and lipids generated by free radicals are quenched by antioxidants. Nitric 
oxide (NO) plays a major role in a diversity of biological functions, including 
neurotransmission, blood pressure regulation, smooth muscle relaxation, and anti-
microbial and antitumor activities. The NO can react with the generated superoxide



to form the peroxynitrite anion, which causes DNA fragmentation and initiates lipid 
peroxidation (Lone et al. 2013). The active oxygen species, present in the body, can 
cause several disorders such as carcinogenesis, aging, atherosclerosis, cataracts, 
inflammation, mutation, and cell death (Ragu et al. 2007). The most reactive and 
poisonous free radicals are hydroxyl radicals which demonstrate great oxidative 
power, as they can combine rapidly with almost all molecules in their immediate 
vicinity (Sousa et al. 2009). Gold (Au) NPs were synthesized using an aqueous 
extract of Elettaria cardamomum seeds which displayed good antioxidant activities. 
2,2-Diphenylpicrylhydrazyl (DPPH) free radical scavenging is used for screening 
the antioxidant activity. The antioxidant activity scavenged by DPPH, NO, and OH 
radical methods has increased with the application of AuNPs. Au and Ag 
nanoparticles synthesized from seed extracts of Embelia ribes elucidated excellent 
antioxidant activity as displayed by DPPH free radical scavenging and the 
phosphomolybdenum assay. In another study, Ag NPs synthesized from leaf extracts 
of Aristolochia indica displayed better antioxidant activity at 100 μg/mL 
(Shanmugam et al. 2016). Ag NPs synthesized from pod extracts of C. nitida 
exhibited strong antioxidant activity by scavenging DPPH and ferric ions at a 
concentration between 20 and 100 μg/mL, similarly Bhakya et al. reported the better 
DPPH scavenging activity of Ag NPs formed through the root extracts of Helicteres 
isora (Bhakya et al. 2016). The fruit extract of Couroupita guianensis was used for 
the synthesis of AuNPs, which illustrated antioxidant potentials at IC50 of 36 g/mL 
and DPPH effects through hydroxyl radical scavenging at 37 g/mL. However, with 
increasing concentration, the scavenging activity upsurges for inhibition to around 
90% (Sathishkumar et al. 2016a). Abbai et al. synthesized AuNPs from Siberian 
ginseng (Eleutherococcus senticosus) using its stem extract, which displayed good 
antioxidant potentiality (Abbai et al. 2016). Similarly in another study, Cassia tora 
leaf powder was used for the production of AuNPs. Its antioxidant potentiality was 
evaluated via catalase activity, and an increase in catalase activity correspondingly 
increased the antioxidant activity and also suppressed the release of hydrogen 
peroxide (Abel et al. 2016). 

5 Green Synthesis of Metallic Nanoparticles and Various Biomedical Applications 115

5.2.4 Nanoparticles as an Anticancer Agent 

Cancer is a devastating disease and the leading cause of death globally. The metallic 
nanoparticles induce autophagy and promote cell death. Castro-Aceituno et al. 
synthesized Ag NPs from Panax ginseng fresh leaves, and its anticancer effect 
was evaluated on different human cancer cell lines. In human cancer cell lines 
(A549, MCF7, and HepG2), treatment of Ag NPs inhibited cell viability and induced 
oxidative stress. In A549 cells, the Ag NPs inhibited the epidermal growth factor 
(EGF)-enhanced migration, decreased the mRNA levels and phosphorylation of 
EGF receptors, and increased the apoptotic effect that was linked to the stimulation 
of the p38 MAPK/p53 pathway. In MCF-7 and HepG2 cells, Ag NPs induced 
cytotoxicity and ROS generation (Castro-Aceituno et al. 2016). In another study, 
Castro-Aceituno et al. synthesized Ag NPs from Dendropanax morbifera Léveille,



which exhibited antimicrobial activity and reduced the viability of cancer cells 
without affecting the viability of RAW 264.7 macrophage-like cells, where it 
demonstrated the cytotoxic effect by generating ROS against A549 and HepG2 
cell lines at different concentrations (Castro Aceituno et al. 2016). In another 
study, longan peel, powder-mediated Ag NPs were synthesized, and their anticancer 
ability was evaluated in H1299 cells as well as in the mouse model. Dose-dependent 
cytotoxicity and stimulation of apoptosis were observed in H1299 cells, by 
inhibiting the NF-κB activity, a decrease in Bcl-2, and an increase in caspase-3 
and survivin expression. In a xenograft combined immunodeficient (SCID) mouse 
model, the tumor growth was significantly suppressed demonstrating the potential 
anticancer activity (He et al. 2016). Sankar et al. synthesized copper oxide NPs from 
Ficus religiosa leaf extract, which imposed an apoptotic effect by the generating 
ROS, in which there was disruption of mitochondrial membrane potential activity in 
A549 cells (Sankar et al. 2014). Wang et al., synthesized AuNPs and evaluated their 
anticancer activity against pancreatic cancer cell line (PANC-1), where it illustrated 
dose-dependent cytotoxic activity in a time- and dose-dependent manner. Further, 
the expression of Bcl-2 protein was decreased with an increased dose of Ag NPs, 
promoting the cancer cell apoptosis by increasing the apoptosis-related protein 
expressions in time- and dose-dependent mode (Wang et al. 2019). Cheng et al. 
synthesized zinc oxide (ZnO) NPs from Rehmanniae Radix, a Chinese herb. It exerts 
anticancer activity against osteosarcoma cell line MG-63, by generating more ROS, 
and decreased mitochondrial membrane potential (MMP) activity. The decreased 
MMPs tempt toward increased levels of apoptotic proteins Bax, caspase-3, and 
caspase-9 leading to the induction of apoptosis (Cheng et al. 2020). Dsouza et al. 
synthesized bimetallic (silver/zinc oxide) nanostructures from the fruit extracts of 
Vateria indica. The in vitro anticancer study performed on triple-negative breast 
cancer cells MDA-MB468 revealed the enhancement of antiproliferative activity 
compared to only Ag NPs (D’Souza et al. 2022). Satpathy et al. synthesized Ag NPs 
using Pueraria tuberosa, which demonstrated good anticancer activity in different 
cancer cell lines (SKOV-3, NCI/ADR, U-87, MCF-7, MDA-MB-231) ∼ 29.3, 25.4, 
6.05, 3.8, and 1.1 μg/mL respectively. The comparative anticancer activity showed 
in terms of IC50 lowest for MDA-MB-231 and highest for SKOV-3 (Satpathy et al. 
2018). Satishkumar et al. synthesized Ag NPs using Coriandrum sativum leaf 
extract, which has shown remarkable anticancer activity in MCF-7 (Sathishkumar 
et al. 2016b). 
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5.2.5 Nanoparticles as a Wound-Healing Agent 

The wound takes place due to the sharp injuries that occur to the skin where the 
dermal layers are cut, punctured, or torn due to trauma (Nethi et al. 2019). The 
wounds can be acute or chronic depending upon the healing period as well as other 
complications (Eming et al. 2014). Healing of the wound takes place with the 
interaction of various types of cells, coagulation factors, connective tissue, growth 
factor, and cytokines (Katas et al. 2018). Healing of the wound is dependent on four



phases (hemostasis phase, inflammatory phase, proliferative phase, and maturation 
phase). These phases are quite complex and function in a coordinated manner. 
Failure or lack of functionality in any stage leads to chronic wounds (Katas et al. 
2018; Martin and Nunan 2015). Nano-based approaches for wound-healing involv-
ing herbal extracts can effectively address the specificity associated with the wound. 
Ahn et al. generated Ag NPs from seven plant extracts (Cratoxylum formosum, 
Ceratostigma minus, Phoebe lanceolate, Scurrula parasitica, Mucuna 
birdwoodiana, Myrsine africana, and Lindera strychnifolia). Out of these studied 
plant extracts, Ag NPs generated from Lindera strychnifolia illustrated wound-
healing properties. The cell scratch method utilized for wound-healing activity on 
mouse fibroblast cells (NIH3T3) illustrated better healing activity (Ahn et al. 2019). 
Ag NP hydrogel using root extract of Arnebia nobilis exhibits splendid antibacterial 
and wound-healing activity in excision albino Wistar animals. Naraginti et al. 
synthesized Ag NPs and AuNPs from the root extracts of Coleus forskohlii. These 
nanoparticles displayed noticeable wound-healing activity in excision wounds in 
albino Wistar male rats. However, topical application of formulated AuNPs is more 
effective in suppressing inflammation and stimulating reepithelialization compared 
to Ag NPs during the healing process (Naraginti and Sivakumar 2014). Titanium 
oxide NPs synthesized from Origanum vulgare efficacy were examined in the 
excision wound model illustrating significant wound-healing activity in albino rats 
(Sankar et al. 2014). Magnetic nanoparticles were biosynthesized by using Aloe vera 
extract in newly isolated bacterial nanocellulose (BNC) RM1, which was evaluated 
for wound-healing activity in human dermal fibroblast cells. The genes that are 
responsible for wound healing were TGF-B1, MMP2, MMP9, Wnt4, CTNNB1, 
hsa-miR-29b, and hsa-miR-29c. These genes responded in a time-dependent manner 
for the therapy of cutaneous wound healing (Moniri et al. 2018). ZnONPs were 
synthesized using an aqueous leaf extract plant of Barleria gibsoni. These developed 
ZnO-NP gels worked effectively for the healing of burn infections in rats. Copper 
oxide NPs were synthesized from Ficus religious leaf extract, and its wound-healing 
efficacy was evaluated. The copper oxide NPs demonstrated superior wound-healing 
activity by upregulation of major wound-healing proteins in the different phases of 
wound repair, wound contraction, and reepithelialization process (Sankar et al. 
2014). 
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5.2.6 Nanoparticles as an Anti-inflammatory Agent 

During inflammation, our body is protected from invaders through chemicals pro-
duced by the body’s white blood cells that enter the blood or tissues. Inflammation is 
a phenomenon that occurs as a result of injury, infection, and stress, where chemicals 
are released through multiple mechanisms and, in turn, recruit macrophages and 
killer cells such as cytokines like IL-1, IL-1β, and TNF-α to the desired site (Ong 
et al. 2007). Metallic nanoparticles synthesized through the green route have 
demonstrated anti-inflammatory properties. Utilizing the aqueous extract of Selagi-
nella myosurus, Ag NPs were developed, and under in vivo and in vitro conditions, it



demonstrated anti-inflammatory potential. Application of Ag-NPs inhibits protein 
denaturation and prevents the release of acute inflammatory mediators [histamines, 
serotonin, kinins, prostaglandins, and cyclooxygenase products] in the Carrageenan-
induced rat hind paw edema model (Kedi et al. 2018). In another study from Prunus 
serrulata, AuNPs were synthesized and evaluated against lipopolysaccharide (LPS)-
induced RAW264.7 macrophage. These NPs in LPS-induced RAW264.7 cells 
suppressed the production of inflammatory mediators and pro-inflammatory 
cytokines by inhibiting NF-κB activation (Singh et al. 2018). Zinc oxide NPs 
developed from Polygala tenuifolia root extract exhibited promising anti-
inflammatory activity by inhibiting the expressions of proteins iNOS, COX-2, 
IL-1b, IL-6, and TNF-α (Nagajyothi et al. 2017). Kup et al. used aqueous extracts 
of Aesculus hippocastanum (horse chestnut) as a reducing agent for the synthesized 
Ag NPs (Küp et al. 2020). With the application of Ag NPs, the superoxide radical 
scavenging activity is increased with increasing concentrations, and inhibition was 
about 62.9% as compared to the activity of plant extract (Küp et al. 2020). Green 
synthesized NPs act by blocking pro-inflammatory cytokines and ROS scavenging 
mechanisms and inhibiting the NF-κB and COX-2 pathways to minimize the 
inflammation with greater efficiency. 
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5.2.7 Nanoparticles as Antileishmanial Agent 

Leishmaniasis is caused by infection with Leishmania parasites, which are spread by 
the bite of phlebotomine sand flies. It is another essential life-threatening disease. It 
is classified based on severity and intensity as visceral, cutaneous, and post kala-azar 
dermal leishmaniasis and mucocutaneous leishmaniasis (Arenas et al. 2017). The 
disease is treated with antileishmanial drugs, but in the long run, it develops 
resistance due to the increased efflux mechanism, inhibition of drug activation, 
and inactivation of active drug, which hampers the drug activity as well as decreased 
drug concentration inside the parasite (Mohapatra 2014). Ullah et al. synthesized 
from the aqueous extract of Teucrium stocksianum and displayed a strong antago-
nistic assay against Leishmania infantum promastigotes compared to chemically 
synthesized Ag NPs (Ullah et al. 2018). The cytotoxic assay based on MTT reagent 
(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium bromide) revealed toxic 
effects of chemical Ag NPs, compared to green synthesized Ag NPs. Synthesis of 
AuNPs from an extract of Maytenus royleanus demonstrated significant 
antileishmaniasis against Leishmania tropica promastigotes (Ahmad et al. 2016). 
Sumbal et al. developed monometallic ZnO NPs and Ag NPs and bimetallic 
(ZnO/Ag) NPs using Mirabilis jalapa leaf extract. Bimetallic NPs displayed greater 
potentiality for antileishmanial activity compared to monometallic NPs (Sumbal 
et al. 2019). Awad et al. synthesized Ag NPs using Commiphora molmol (myrrh). 
Different concentrations (10, 50, 80, 100, and 150 μL/100 μL) of Ag NPs were 
applied and studied for antileishmanial activity. At higher concentrations such as 
100 and 150 μL/100 μL, significantly greater inhibitory effect was observed com-
pared to the chemical nanoparticles and pentostam at the same concentrations. After



21 days of post-administration of green synthesized Ag NPs, the lesion was healed 
completely, whereas the commercial NPs illustrated a moderate healing effect 
in vivo (Awad et al. 2021). 
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5.2.8 Nanoparticles as an Anticoagulant Agent 

Loss of blood in the human body is protected through the clotting mechanism. The 
clotting mechanism is contributed by the numerous components such as platelets, 
coagulation factors, prostaglandins, enzymes, and proteins which act together to 
form clots and stop the bleeding. Clots also include stroke, pulmonary embolism, 
deep venous thrombosis (DVT), acute coronary syndrome (ACS), and acute 
myocardial infarction (AMI). A blood clot formed from infection or contamination 
damages the tissues leading to organ failure linked to cardiovascular disorders, 
autoimmune reactions, allergic responses, injuries, and the emergence of cancer 
(Levi et al. 2010; Davalos and Akassoglou 2012; Prandoni et al. 2007). 
Anticoagulants are used for the prevention of blood clots to avert the disorders 
associated with thrombosis. Commonly used anticoagulants are warfarin, 
rivaroxaban, dabigatran, and heparin products, which are closely linked with adverse 
drug events (Alquwaizani et al. 2013). Researchers have demonstrated the anticoag-
ulant efficacy of green synthesized metallic NPs. Abbasi et al. synthesized Ag NPs 
using an aqueous extract of dried Juglans regia green husk, which has blood clot 
prevention efficacy within 72 h in a dose-dependent manner (Abbasi et al. 2017). Ag 
NPs were synthesized from Bridelia retusa fruit extract, which prevented blood clots 
in human blood samples and is used in nanomedicine (Vinayagam et al. 2017). 
Peltophorum pterocarpum-synthesized Ag NPs also showed anticoagulant activity 
(Raja et al. 2015). Ag NPs synthesized from cocoa beans demonstrated antiplatelet 
activity, and it prevented blood coagulation without disturbing the morphological 
features of red blood cells (Azeez et al. 2017). Lateef et al. used the seed and leaf of 
Synsepalum dulcificum for the synthesis of Ag NPs (Lateef et al. 2016), and the pods, 
seeds, and shell of Cola nitida were used for the synthesis of Ag NPs (Lateef et al. 
2017), which showed anticoagulant activity and prevent clot formation for a longer 
period. Leaf extract of Petiveria alliacea was used for the synthesis of Ag NPs, 
which inhibited aggregation of platelets, thus preventing clot formation for a longer 
period, likewise the activity similar to EDTA (Lateef et al. 2018). 

5.3 Conclusion 

The biological synthesis of nanoparticles has received unrivaled focus to upsurge 
their applications in biomedicine. The green synthesis process provides a clean, 
nontoxic, and eco-friendly approach to the synthesis of metal NPs compared to other 
conventional techniques. Studies have illustrated better biomedical applications 
compared to their chemically synthesized counterparts. This will open up the ways 
for exploring the development of improved healthcare for the clinical application of 
mankind.
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Abstract 

The delivery of therapeutic medications employing nanoparticles has been used 
in pharmacy and the medical field because of their vast electrical, superior 
chemical, and enormous surface area. It has been shown that carbon nanotubes 
(CNTs) are an excellent drug delivery system because they efficiently enter cells 
as well as because of their polyaromatic nature, and they keep the medication 
intact during transit in the body without metabolizing it. Drug-CNT conjugates 
for drug delivery are safer and more effective than the drug used alone in 
conventional manufacturing as functionalized CNTs can safely carry significant 
molecules across nuclear and cytoplasmic membranes as well as reduce the 
toxicity associated with CNT as such. They are chosen as a basis for attaching 
antibiotics and anticancer medications to carbon nanotubes for the treatment of 
infections and cancer. Subsequently, other biomolecules were joined to CNTs 
and investigated for a variety of uses, including gene therapy, immunotherapy, 
tissue repair, and disease diagnostics and treatment. 
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6.1 Introduction 

Nanomaterials, which exist as a form of carbon allotrope graphite and exhibit a 
nanometer-scale diameter and a few millimeters in length (Hirlekar et al. 2009; 
Singh et al. 2012), have been built in cylindrical tubes. Their outstanding structural, 
mechanical, and electronic properties are the result of their small size and mass, 
incredible mechanical strength, and exceptional electrical and thermal conductivity 
(Usui et al. 2012; Zhang et al. 2010). Ever since the beginning of the twenty-first 
century, nanoparticles have been utilized in pharmacy and medicine as a therapeutic 
medication delivery system owing to their large surface area, superior chemical 
stability, and extensive electrical. It has been demonstrated that carbon nanotubes 
(CNTs) are an ideal vehicle for drug administration since they immediately penetrate 
cells and maintain the medication intact without metabolism during transit in the 
body (Hirlekar et al. 2009; Singh et al. 2012; Usui et al. 2012; Zhang et al. 2010) due 
to their polyaromatic nature. Numerous studies have shown that these compounds 
may be transported into cells more efficiently and securely when attached to CNTs 
(Singh et al. 2012; Usui et al. 2012; Zhang et al. 2010). To cure cancer and 
infections, it was first used to bind anticancer medicines and antibiotics to carbon 
nanotubes. Then additional biomolecules have been linked to CNTs and tested for 
various applications, such as gene therapy, immunotherapy, tissue repair, and 
disease diagnosis (Kateb et al. 2010; Liu et al. 2007a; Zhang et al. 2011; Rosen 
and Elman 2009; Bekyarova et al. 2005). 

6.1.1 Carbon Nanotubes: Configurational Structures, Types, 
and Preparation 

All of the carbon atoms that make up carbon nanotubes (CNTs) are organized in a 
sequence of condensed benzene rings and wrapped up into a tube-like form. This 
novel artificial nanomaterial is found in the native sp2 (planar) and sp3 (cubic) forms 
in the class of fullerenes, the third allotropic carbon structure after diamond and 
graphite (Hirlekar et al. 2009; Singh et al. 2012; Liu et al. 2007a). The architectures 
of CNTs are divided into two groups depending on the number of layers: single-
walled carbon nanotubes (SWCNTs) and multiwalled carbon nanotubes 
(MWCNTs). SWCNTs often appear as tightly packed hexagonal bundles and are 
made up of an individual graphene cylinder with a diameter that ranges from 0.4 to 
2 nm. Each of the coaxial cylinders present in the MWCNTs are constructed of a 
single layer of graphene encircling a narrow center. MWCNTs’ outer diameter is 
between 2 and 100 nm, while the inner diameter is between 1 and 3 nm, and their 
length is from 0.2 to several millimeters (Singh et al. 2012; Bekyarova et al. 2005). 
The tips and the side walls of CNTs are two distinct zones. Rolling the graphene 
sheet into a tube results in a variety of tubule shapes, which play a significant role in 
regulating these peculiar features. Depending on its direction, the molecule can roll 
in one of three different ways: chiral, zigzag, and armchair (Singh et al. 2012; Usui 
et al. 2012; Zhang et al. 2010; Kateb et al. 2010; Liu et al. 2007a).
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6.1.2 Applications of Carbon Nanotubes in the Pharmaceutical 
and Medical Fields 

The functionalized CNTs are coated on the surface or loaded inside with the drug. 
Functionalized CNTs can transport desired molecules beyond the cytoplasmic and 
nuclear membranes without creating a harmful outcome. The conjugates of carbon 
nanotubes reveal to be both safer and much more potent than the medications used 
alone via conventional preparation (Zhang et al. 2010; Kateb et al. 2010; Liu et al. 
2007a). 

6.2 Properties of Carbon Nanotubes 

6.2.1 Physical Property 

6.2.1.1 Young’s Modulus and Tensile Strength 
Tensile strength and Young’s modulus are measured using a stress-strain puller to 
drag long ropes holding plenty of aligned nanotubes. The rope’s Young’s modulus, 
its tensile strength, and the associated rope elongation can all be determined at once 
by exerting an axial force on the rope to confirm the number of broken tubes a load 
was applied along with continuous monitoring of electric conductivity. The sample’s 
cross-section and the tubes’ filling factor were determined from scanning (SEM) and 
transmission electron microscopy (TEM) observations to produce the stress-strain 
curve. While the tensile strength of the tube cannot be determined by merely 
averaging the values of all the tubes mostly from the data, the Young’s modulus 
can. According to the parallel structure model of the samples, the first tube to break 
in a rope made up of numerous parallel and isolated tubes of varying strengths is 
always the weakest one. As a result, as the load is redistributed, the remaining, 
undamaged tubes are put under more stress, which eventually leads to the breakage 
of the second weak tube. This technique will reduce the apparent value of the rope’s 
tensile strength and will undoubtedly reduce the tube’s derived value (Daniels 1945). 

6.2.2 Mechanical Property 

6.2.2.1 CNT Deformation Under Stress 
The deformation of carbon nanotubes using various methods is being studied, and in 
recent attempts, carbon nanotubes distributed in a polymeric film were subjected to 
significant compressive strains (Lourie et al. 1998). The results for the buckling of 
thick tubes show that the axial compression deformation of CNT when compared to 
single-layer CNT was less due to the hollow shape and high aspect ratio. Buongiorno 
Nardelli et al. (1998); however, there are differences in the plastic collapse or 
breakage of thin tubes. For thin tubes, the critical stress for inward collapse or 
fracture is anticipated to be between 100 and 150 GPa, with the compressive strain 
assessed to be greater than 5%. The fundamental finding of those investigations is



that the compression strength of both thin-walled and thick-walled carbon nanotubes 
is orders of magnitude greater than those of any other known fiber. The toughest 
tubes are zigzag and armchair forms, with the 0 K stress being very sensitive to 
helicity, as shown by the molecular dynamics calculations of SWNTs in a TB-large-
scale model under significant applied strains (both elongation and compression) 
(Ozaki et al. 2000). 
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In all methods, carbon nanotubes transform into new shapes with a sudden release 
of stress energy when subjected to substantial deformations (Buongiorno Nardelli 
et al. 1998). The bending is reversible up to very large bending degrees, despite 
imperfections and highly strained tubule regions. This flexibility property comes 
from the ability of the C-C bonds in the sp2 network to reversibly change the 
hybridization when deformed out of the plane. With increased curvature, the sp3 
nature of C-C bonds in the deformed region becomes stronger. The mechanisms of 
strain produced in carbon nanotubes under uniaxial tension have also been 
investigated in order to address the question of the ultimate tensile strength of 
these nanoparticles (Buongiorno Nardelli et al. 1998; Lourie et al. 1998; Ozaki 
et al. 2000; Yakobson 1998; Srivastava et al. 1999). 

6.2.3 Thermal Property 

6.2.3.1 Specific Heat 
In a carbon nanotube, a single graphene sheet has been wound into a cylinder as a 
carbon nanotube. Covering the sheet twice has a considerable impact on the phonon 
band structure. The two-dimensional (2D) photon band structure of the sheet first 
“folds” into the 1D band structure of the tube. Additionally, the distribution of the 
lowest-lying modes changes because the tube is firmer than the sheet due to its 
cylindrical shape (Saito et al. 1998; Benedict et al. 1996). As a result, changing the 
dimensionality of a system can significantly affect the low-energy projected density 
of states (PDOS) and, consequently, the low-temperature-specific heat. The magni-
tude of this effect in graphite is related to the up to 10 meV Debye energy of the 
interlayer modes. It is expected that forming 3D crystalline arrays of tubes will 
reduce low-energy PDOS in nanotubes (Mizel et al. 1999). 

6.2.3.2 Thermal Conductivity 
The materials with the highest-documented thermal conductivity at ambient temper-
ature are diamond and graphite; consequently, nanotubes do need to function 
appropriately here as well. A recent theoretical study (Berber et al. 2000; Hone 
et al. 2000a) indicated that the thermal conductivity of nanotubes at ambient 
temperature might reach as high as 6600 W/m K. The consequences of 1D 
quantization should also be seen in the thermal conductivity at low temperatures, 
just like they are in the specific heat. The thermal conductivity of a highly anisotropic 
material is particularly susceptible to phonons with high velocities and extended 
scattering wavelengths. It follows that thermal conductivity should directly probe on 
tube phonons and be robust to intertube coupling even in nanotube bundles. Thermal



conductivity in all samples has a completely linear temperature dependence below 
40 K. Given that only the tube’s acoustic modes transport any heat flow during 1D 
quantization, this temperature dependence is most likely caused by this phenome-
non. The impact of intertube connections on K(T ) (temperature)’s dependency is 
unknown, though. To more precisely assess whether the linear K(T ) is due to 1D 
quantization, we evaluated K(T ) in samples with different nanotube diameters. Since 
the phonon subband separation rises with a decreasing tube diameter (Llaguno et al. 
2002; Hone et al. 1999), we predict that the linear K(T ) could reach a wider 
temperature range in samples with a smaller average tube diameter. Composite 
materials with high thermal conductivity have a variety of possible applications, 
particularly in heat lowering for electronics and motors. 
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Carbon nanotubes’ distinctive structure as well as small size are closely related to 
their thermal characteristics. These characteristics make nanotubes potentially the 
best material for the study of low-dimensional phonon physics and controlling the 
temperature on both a macro- and microscale the specific heat and thermal conduc-
tivity of bulk SWNT samples were examined to investigate the thermal 
characteristics of nanotubes. Single-walled nanotubes have a different specific heat 
than both 2D and 3D graphenes, particularly at low temperatures, where the 1D 
quantization of the phonon band structure is seen. Nanotubes have high thermal 
conductivity even in bulk materials; aligned bundles of SWNTs display thermal 
conductivity of >200 W/m K at room temperature. According to the measurements 
of K(T ) of samples with various average nanotube diameters, a linear K(T ) up  to  
about 40 K may be the result of 1D quantization (Maarouf et al. 2000; Biercuk et al. 
2002; Hone et al. 2000b; Kahn and Lu 1999; Teizer et al. 1999). 

6.2.4 Optical Property 

CNT has shown scope in several applications. Aligned carbon nanotube arrays in 
particular have displayed a variety of intriguing optical characteristics, including 
photonic crystal phenomena (Zhao et al. 2006; Kempa et al. 2003; Lidorikis and 
Ferrari 2009), directed wavelength-selective emission, polarization-dependent 
(Wang et al. 2004a; Shoji et al. 2008) reflection, emission (Slepyan et al. 2006; 
Kempa et al. 2007; Wang et al. 2009), and increased absorptivity (Yang et al. 2008; 
Mizuno et al. 2008). 

The atomic structure of each CNT determines the optical characteristics of CNT 
arrays before their collective configuration. The optical characteristics of MWCNTs 
and SWCNTs should be taken into account separately for each CNT. The detailed 
atomic structure (chirality) of SWCNTs, particularly those with diameters smaller 
than 1 nm, exhibits a very high dependence on optical properties (Lin 1994; Bachilo 
et al. 2002; Guo et al. 2004a). In experiments, it is still challenging to achieve 
chirality-controlled CNT growth or chirality separation. As a result, SWCNT arrays 
often have a wide range of chirality with random distribution, which makes it more 
difficult to create optical characteristics and functionalities (Liu et al. 2002).



MWCNTs, in contrast, exhibit more consistent and uniform optical characteristics 
because of their bigger size (Lin 2000) (Fig. 6.1). 
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Fig. 6.1 The centrifugation of sodium-cholate-suspended single-walled carbon nanotubes 
(SWNTs) through a density gradient containing 1% sodium cholate, with discontinuous steps of 
5%/10%/15%/20%/60% iodixanol at 50,000 rpm for 1 h, yielded a continuous distribution of 
SWNTs as well as a band formed at the 60% iodixanol boundary, as is clear from (a) photographs 
taken before and after DGC. Following the aliquoting of 100 μL fractions (f #), as shown in (a), and 
normalization to the same optical density, photoluminescence under 808 nm excitation (b) showed 
varying quantum yields relative to the starting material (“start”), increasing from f3 to f6–7 and 
decreasing monotonically thereafter (Lin 2000) 

6.2.5 Electrical 

Improved electrochemical properties can be obtained from CNTs loaded with metals 
like Si (Ganesh 2013), Sn, and Pd, along with transition metal oxides (Li et al. 2017) 
and sulfides (Poudel and Li 2018). It was demonstrated that irregularities, such as 
structural flaws produced during synthesis procedures, or physical flaws, such as



those brought on by extremely high mechanical pressures, could change the way 
electrons move through CNTs. On the other hand, it has been found that semicon-
ductor nanotubes are the most sensitive. The electrical properties of CNTs are 
significantly impacted by the presence of doping substances. Dopants can interact 
physically with the CNT electrical structure or chemically with the CNT framework 
(Janas et al. 2017). Many inexpensive synthetic approaches, such as laser ablation, 
arc discharge, solvothermal processing, etc., for CNT lately have made bulk produc-
tion easy and cost-effective. CNTs have exceptional electrical properties, with a 
carrying capacity 1000 times greater than that of copper cables, as shown by 
theoretical and experimental data. CNTs are therefore probably going to have a 
big impact as additives in enhancing the electrical properties of composite materials 
(Nakano et al. 2003; Liu and Gao 2005). The difference between SWCNT and 
MWCNT is given in Table 6.1. 
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Table 6.1 Difference between SWCNT and MWCNT (Singh et al. 2012; Saifuddin et al. 2013; He  
et al. 2013) 

SWCNT MWCNT

• Single layer of graphene.
• Not as much accumulation in the body.
• Catalyst is essential for the synthesis.
• Characterization and evaluation are easy.
• It is more flexible and can be twisted more 
effortlessly.
• Form bundled aggregates that are not 
completely distributed.
• Chance of defect is higher during 
functionalization.
• Resistivity usually in the range of 10-4 to 
10-3 Ω m.
• Bulk synthesis is challenging because it 
needs the careful management of growth and 
ambient conditions.
• Purity is low; samples created using the 
chemical vapor deposition (CVD) process 
typically contain between 30 and 50 wt.% of 
SWCNTs. However, employing the arc 
discharge synthesis process has been shown to 
produce high purity of up to 80%.

• Multiple layers of graphene.
• Progressively accumulates in the body.
• Synthesis without a catalyst is possible.
• Difficult due to its complex structure.
• It cannot be easily twisted.
• Homogeneously dispersed with no 
apparent bundled formation.
• A chance of defect is less, especially when 
synthesized by the arc-discharged method.
• Resistivity usually in the range of 1.8 × 10-
5 to 6.1 × 10-5 Ω m.
• Bulk synthesis is easy.
• Purity is high. Typical MWCNT content in 
as-prepared samples by the CVD method is 
about 35–90 wt%. 

6.3 Characterization 

6.3.1 Carbon Nanotubes: Structures, Types, and Preparation 

Carbon nanotubes (CNTs) are tubular structures made of all the carbon atoms 
organized in a series of condensed benzene rings. This novel synthetic nanomaterial 
belongs to the family of fullerenes, which also includes graphite and diamond, which



are respectively sp2 (planar) and sp3 (cubic) forms of naturally occurring carbon 
(Hirlekar et al. 2009; Liu et al. 2007a; Pang et al. 1993). The third allotropic type of 
carbon is fullerene. Based on the number of layers, the models of CNTs are separated 
into two categories: single-walled carbon nanotubes (SWCNTs) and multiwalled 
carbon nanotubes (MWCNTs). 
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SWCNTs typically appear as hexagonal, close-packed bundles and are made up 
of a single graphene cylinder with a diameter anywhere from 0.4 to 2 nm (Fig. 6.2). 
MWCNTs are built up of two to three coaxial cylinders that each have a hollow core 
and are covered with a single graphene sheet. MWCNTs have an outside diameter 
that ranges from 2 to 100 nm, an inner diameter that is between 1 and 3 nm, and a 
length that spans from 0.2 to several meters (Singh et al. 2012; Bekyarova et al. 
2005). The tips and the sidewalls of CNTs are two distinct zones. Rolling the 
graphene sheet into a tube results in a variety of tubule shapes, which play a 
significant role in regulating these peculiar features. Depending on its direction, 
the molecule can roll in one of three different ways: chiral, zigzag, and armchair. 

The arc-discharge approach, which involves the arc vaporization of two carbon 
rods; the laser ablation method, which uses graphite; and chemical vapor deposition 
are indeed the three primary methods that are frequently used to produce SWCNTs 
and MWCNTs (using hydrocarbon sources: carbon monoxide (CO), methane,

Fig. 6.2 (a) Conceptual 
diagram of single-walled 
carbon nanotubes (SWCNTs) 
and (b) multiwalled carbon 
nanotubes (MWCNTs) 
(He et al. 2013)



ethylene, acetylene). Amorphous carbon, fullerenes, and transition metals supplied 
as catalysts during the synthesis are examples of defects or impurities that are 
removed from CNTs after manufacture using acid refluxing, surfactant-aided soni-
cation or the air oxidation technique (Singh et al. 2012; Usui et al. 2012; Digge et al. 
2012).
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6.3.2 Carbon Nanotube Structure 

Graphite sheets are curled into tubes to form carbon nanotubes (Thostenson et al. 
2001). Due to their large length-to-diameter ratio, nanotubes are regarded as having 
almost one-dimensional structures. Single-walled nanotubes (SWNTs) and 
multiwalled nanotubes are the most significant structures (MWNTs). An SWNT is 
seen as a cylinder with a single graphene sheet wrapped around it. Concentric SWNT 
clusters resemble multiwalled nanotubes (MWNTs). These structures are consider-
ably different from SWNTs in terms of their length and diameter, and they also have 
quite different characteristics. A single vector C describes all properties of single-
walled nanotubes except for their length (called a chiral vector). One of the two 
selected atoms in a planar graphene sheet serves as the origin. Different models that 
describe multiwalled carbon nanotubes are in good accord with experiments, partic-
ularly with the images from electron microscopy. Coaxially curved, coaxially 
polygonal, or scrolled graphene sheets can be used to make CNTs (Amelinckx 
et al. 1999). Although the coaxial cylindrical model for CNTs is largely accepted, 
polygonized tubes have also been found. These are often limited to large tube sizes, 
allowing three-dimensionally correlated regions; this allows for the observation of a 
low-angle tilt and well-aligned borders (Ajayan and Ebbesen 1997). 

6.3.3 Morphological and Structural Characterizations 

Similarly to CNTs, fullerenes are closed spheres made of pentagons and hexagons 
that are carbon-based compounds. The arrangement of these pentagons and 
hexagons determines their curvatures. A reversible diatomic exchange results in 
Stone-Wales transformation in carbon nanotubes. Two pentagons and two heptagons 
in pairs make up the final construction. The heptagon, a novel CNT defect that 
enables concave regions within the nanotube, is brought about by this change. Thus, 
different equilibrium shapes can be created and not just straight tubes with hemi-
spherical crowns (Chen et al. 1999). CNTs have special mechanical and electrical 
features. Nevertheless, CNTs need to undergo chemical processing to be purified 
and to be given the required functionalization to acquire these qualities. Common 
treatments include oxidative techniques with nitric acids. These purification methods 
involve removing the caps from the ends of the CNTs, which reveal flaws such as 
carboxylic acid groups on the surface (Hu et al. 2001). The locations of these flaws 
on the walls and at the ends affect the nanotubes’ characteristics (Mawhinney et al. 
2000). For the study of the characteristics of nanotubes, a determination of the



concentration of these flaws would be beneficial. There are several ways to measure 
the concentration of carboxylic acid groups produced by purifying processes. 
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6.3.4 Photoluminescence Spectroscopy 

Both metallic and semiconducting types of SWNTs are possible. The semiconduct-
ing tubes’ gap energy is inversely proportional to the tube’s diameter and is 
correlated with chirality (Ouyang et al. 2001; Lauret et al. 2004). It is to be assumed 
that the recombination of electron-hole pairs near the bandgap will result in 
photoluminescence. The SWNTs are typically bundled together, as was observed. 
Nanotubes in a bundle engage in Van der Waals force interactions with one another. 
These bundles of nanotubes contain a few metallic nanotubes that resemble 
nonradiative channels. Inside these channels, the semiconducting tubes in these 
bundles relax their luminosity. Frequently, no photoluminescence signal is recorded 
because of this interaction between semiconducting and metallic nanotubes. The 
bundles must be divided into individual tubes to view the photoluminescence 
phenomenon. This separation might be accomplished using some procedures. The 
ultrasonication of nanotubes with surfactants in aqueous suspensions, such as SDS 
(sodium dodecyl sulfate), seems to be one of the most well-liked methods (Lauret 
et al. 2004; Lefebvre et al. 2004; Weisman et al. 2004; O’Connell et al. 2003; 
Lebedkin et al. 2003). Different CNT samples could be used for this procedure. 
Utilizing individual nanotubes grown in zeolite channels, photoluminescence has 
also been demonstrated (Guo et al. 2004b). The photoluminescence method could 
provide access to nature (whether semiconducting or not), geometries, and 
diameters. Additionally, it appears that the luminescence spectra are particularly 
sensitive to both the purity of the materials and the existence of chemical flaws 
(Lauret et al. 2004). 

6.3.5 X-Ray Photoelectron Spectroscopy (XPS) 

The XPS method can provide details about the chemical composition of carbon 
nanotubes. However, the most frequently cited information focuses on how the 
structure of CNT walls has changed as a result of chemical interactions with organic 
molecules or gas adsorption. XPS research on nitrogen incorporated into carbon 
nanotubes was carried out to understand the chemical changes formed due to the 
incorporation of nitrogen. There has been significant research on N1s and C1s peaks. 
C1s peak shows both a shift and an asymmetric widening at higher binding energies 
when compared to nonnitrogenated samples. Because of the polar nature of the 
carbon-nitrogen bond (Hammer et al. 2000), this peak’s tip shift serves as proof that 
nitrogen was incorporated into the nanotube structure. On carbon nanofibers, XPS 
research was also carried out (Pham-Huu et al. 2002), and the C1s peak was 
compared to one discovered on a spotless highly ordered pyrolytic graphite 
(HOPG) (0 0 0 1) surface. The relative concordance between the highest binding



energy and the surface plasmon peak at 291 eV indicates that the carbon nanofibers 
are graphitic. However, flaws and C H terminating surfaces are blamed for a 
broadening of the peak. There is a little widening at about 286.5 eV that can be 
attributed to surface oxygen groups with single bonds. The description of surface 
oxygen groups with many carbon-oxygen bonds was provided by a contribution at 
about 289.5 eV, though. As a result, it can be said that the nanofiber material is more 
similar to carbon oxide than a specific type of graphite (Pham-Huu et al. 2002). 
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6.3.6 X-Ray Diffraction 

Using this nondestructive characterization method, some information on impurities, 
structural strain, and interlayer spacing is obtained. However, carbon nanotubes can 
be orientated in a wide variety of ways in contrast to the X-ray incident beam. Along 
with varying diameters, MWNTs also exhibit a range in layer counts and chirality 
distribution. This leads to the statistical characterization of carbon nanotubes. Due to 
CNTs inherent properties, the principal X-ray diffraction patterns are almost simi-
lar with those of graphite. (Figure 6.3): As CNT and graphite show similar results 
i.e., (1) The Bragg rule can be used to calculate the interlayer spacing from the 
location of a peak that resembles graphite (0 0 2 l).; (2) The individual graphene 
sheet’s honeycomb lattice results in a family of (h k 0) peaks. As a result, the X-ray 
diffraction profile (Zhu et al. 2003) can be utilized to assess sample purity but is 
unsuitable for differentiating microstructural characteristics between CNTs and the 
graphite structure (catalyst, functional groups). As calculated in turbostratic graphite 
using the (0 0 2 l) peak location, the interlayer spacing is typically seen to be larger 
than in HOPG and near that value (Lambin et al. 2002; Saito et al. 1993). When 
compared to graphite, the peak position for SWNTs moved from 26.5° to 26° in 2θ. 
Additionally, the (0 0 2 l) peaks’ line form is weaker and slightly widened in the low 
diffraction angle area as compared to graphite. The asymmetry is brought on by the 
presence of distinct crystalline species. At least two of the common and difficult-to-
distinguish forms are the coiled graphitic plane, which is made up of a carbon 
nanotube, and pure graphite particles, comprised of a stack of graphene sheets. On 
the contrary side, the shape of the (0 0 2 l) peaks is influenced by both inner diameter 
distribution (Lambin et al. 2002) and the reduction in interlayer spacing with 
increasing shell diameter (Kiang et al. 1998). The amplitude and width of the (0 0 
2 l) peaks are related to the number of layers, variations in interlayer spacing, lattice 
distortions, and the alignment of the carbon nanotube with regard to the incoming 
X-ray beam (Reznik et al. 1995; Burian et al. 1999). This is primarily because of the 
nanotube’s curvature: the (h k 0) peaks are asymmetric (Lambin et al. 2002), and the 
(h k l) reflections only appear in X-ray diffraction (Liu and Cowley 1994; Bernaerts 
et al. 1998a). These examples include leftover carbon particles and flat graphitic 
layers in polygonal tubes. It has been shown that no (0 0 2) peak may be recorded by 
X-ray diffraction with well-aligned straight nanotubes on the substrate surface when 
X-ray diffraction is utilized in particular investigations on the alignment of CNTs



(Cao et al. 2001). In the case of carbon nanotubes with a tube axis perpendicular to 
the substrate surface, the arriving X-ray beam is scattered within the sample and is 
not captured. As a result, the intensity of the (0 0 2) peak decreases monotonically as 
CNT alignment improves. The mean diameter of CNTs can be calculated using the 
Debye-Scherrer relation on the (0 0 2) peak. As this (0 0 2) peak incorporates 
contributions from residual graphite and nanotubes, the values are calculated 
through peak decomposition employing pseudo-Voigt profiles. 
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Fig. 6.3 XRD pattern of MWNTs synthesized by CVD at the CSIC laboratory (diameter of about 
60 nm). The incident X-ray wavelength is λ = 0.154056 nm. The most significant Bragg peaks are 
noticed with Miller indices. The presence of catalysts (Co and Mo) in the CNT sample is shown by 
stars (Zhu et al. 2003) 

The consecutive SWNT diffraction amplitudes must be added in order to deter-
mine the MWNTs’ diffraction patterns. The powder diffraction spectra of SWCNT 
bundles were computed using general X-ray diffraction formulas (Rols et al. 1999; 
Kuzmany et al. 2001). Numerous characteristics have been explored, including the 
impact of the mean tube diameter, the finite size of the bundles, and the diameter 
dispersivity of the tubes. Each of these factors has a big impact on the locations and 
sizes of the (1 0) peak. It was concluded, as a result, that these traits lead to a 
consistent underestimation of the tube diameter.
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6.3.7 Transmission Electronic Microscopy 

Transmission electronic microscopy (TEM) is an image analysis technique created 
to analyze multiwalled nanotubes (Gommes et al. 2003). Following numerical 
treatments, a model based on Lambert’s law is used to fit the intensity throughout 
a nanotube section. Therefore, it is acceptable to calculate the outer and inner radii, 
as well as the linear electron absorption coefficient. When MWNTs were previously 
studied both before and after annealing, the electron absorption coefficient increased 
noticeably. It was concluded that this rise might be explained by a better-organized 
arrangement of the wall material. High-resolution TEM images were used in the 
study (Kiang et al. 1998) of the intershell spacing of MWNTs. The intershell gap is 
found to fluctuate with nanotube diameter and ranges from 0.34 to 0.39 nm 
(Fig. 6.4a–c). The graphite interplanar distance, which is 0.336 nm, is a little bit 
bigger than these values, however (Charlier et al. 1999). The curvature of the 
graphene sheets, which is altered by the tube radius, is likely to blame for this rise 
in intershell space. The size effect is stronger in the tiny diameter due to this 
curvature’s increase in repelling force (below 10 nm). These authors also noted 
that altering the intershell gap will alter the physical and chemical properties. 
Increasing reactivities or creating practical features for storage media can both 
benefit from this. Interlayer interactions in double-wall nanotubes have been studied 
theoretically (Tanaka et al. 1997). The results show that a larger tube’s diameter 
results in a weaker interlayer connection. It is anticipated that the energy gap 
between the two adjacent occupied and/or vacant orbitals would narrow. The nature 
of interlayer interaction does not change, though. A modest Van der Waals force 
holds the graphene layer planes together in the graphite. The arrangement of the 
tubes in MWNTs was Similar to the graphene layers seen in turbostratic graphite. 
Furthermore, there is no correlation between the many honeycomb sheets of varying 
widths that make up the MWNTs. As has already been seen with intercalation 
chemicals in graphites, dopant atoms or molecules could be inserted between 
neighboring nanotubes in MWNTs (Dresselhaus and Endo 2001). The intershell 
gap also increases as a result of this. Whenever the nanotube is parallel to this one, 
two or more graphitic layers are bridged by the incident electron beam (Qin 1998; 
Qin et al. 1997a, b) (Fig. 6.5b). When the tube is helical, these layers are out of 
alignment. The angle of this misalignment is therefore twice as large as a helical 
angle. The two sets of the resulting electron diffraction pattern are then separated. It 
has been shown that the true helicity of CNTs can be inferred from electron 
diffraction patterns by neglecting the nanotube’s curvature and using half of the 
misalignment angle as the actual helical angle as a first approximation. 

As is commonly seen, nanotubes occasionally appear independent but are typi-
cally bundled together by van der Waals forces. A bundle of nanotubes is arranged in 
a close-packed hexagonal pattern (Kuhlmann et al. 1998). It can be said that this 
structure is a two-dimensional hexagonal lattice (Fig. 6.5a). TEM in conjunction 
with electron diffraction can be used to determine the architectures of CNTs within 
the bundles. To measure the helicity of SWNTs within the bundles, many works



have been done (Qin et al. 1997b; He et al. 1998; Cowley et al. 1997; Bernaerts et al. 
1998b; Cowley and Sundell 1997). 
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Fig. 6.4 (a) TEM image of a multiwalled nanotube synthesized by the CSIC laboratory. These 
MWNTs were produced by CVD, followed by several oxidation processes. The contrast of the 
walls is visible. (b) Enlargement of the walls of the nanotube. White lines are used in the 
determination of the intershell spacing. (c) Mean profile of the intensity levels of the walls showing 
the fringes of the (0 0 2) layers used in the determination of the intershell spacing. Here, the value of 
the intershell spacing is 0.337 ± 0.023 nm and is really close to the graphite one (Kiang et al. 1998) 

6.3.8 Infrared Spectroscopy (FTIR) 

FTIR is widely used to evaluate functionalization, which could also be categorized 
as a fault. The level of functionalization will modify the wettability of the nanotubes 
in various surfactants, which might also modify their toxicity. A trustworthy model 
for the dielectric function of nanotubes was developed by using the intrinsic



polarization-dependent properties of graphite and considering the tube in two sepa-
rate situations: a cylinder and a hollow cylinder (Garcia-Vidal et al. 1997). The 
optical properties of graphite have been well documented and are classified as 
birefringent. The macroscopic optical properties of MWCNTs will therefore be 
constrained by tube orientation with regard to the direction of beam propagation, 
namely, tubes aligned with the tube axis perpendicular to or parallel to the electric 
field of incoming radiation. SWNTs that depend on symmetry are chiral, zigzag, and 
armchair and have seven to nine infrared active modes (Kuhlmann et al. 1998). The 
A2u and E1u modes are the major active modes for carbon nanotubes in infrared 
spectroscopy (Kuzmany et al. 1998). These phonon modes are seen in MWNTs at 
around 868 and 1575 cm-1 , respectively (Kastner et al. 1994; Eklund et al. 1995); 
nevertheless, it was discovered that these modes (at approximately 850 and 
1590 cm-1 ) appear in all CNTs symmetrically regardless of the diameters. These 
findings explain two structures with dimensions between 874 ± 2 and 1598 ± 3 in  
samples that primarily included SWNTs. The frequencies, however, depart by 5 and 
8 cm-1 regions, respectively, from the graphite frequencies to higher values. To 
identify contaminants left over from production or compounds capped on the 
nanotube surface, infrared spectroscopy is frequently utilized in the characterization 
of CNTs. Numerous studies have been conducted on CNTs and organic molecules. 
Infrared spectroscopy shows all the structural changes made to CNTs as well as the 
types of compounds that have been added. Chemical modifications utilizing amino 
compounds are used to describe the reaction products of MWNTs (Saito et al. 2002). 
The characterization of molecules connected to CNTs (He et al. 2004; Aizawa and 
Shaffer 2003) and the catalytic characteristics of CNTs (Singh et al. 2012; Mbuyise 
et al. 2017) can be divided into two groups. Multiwalled carbon nanotubes were
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Fig. 6.5 (a) Two-dimensional hexagonal lattice of SWNTs within a bundle. D is given by the 
diameter of the nanotube and the intertube spacing. (b) Cross-section of a multiwalled nanotube. 
Scheme of the conditions of observation: the nanotube axis is perpendicular with respect to X. The 
portions of the layers in Y are involved in the measurement of the helicity of the nanotubes. The 
misalignment of these layers leads to the existence of a helical angle (Kuhlmann et al. 1998)



found to have catalytic properties in the oxidative dehydrogenation of ethylben-
zene (ODE), according to a study published by Pereira et al. (2004). They observed 
that CNTs performed better than samples of activated carbon and graphite because of 
their inherent structure, which makes them more resistant to oxidation. The MWNTs 
that have been oxidized before the catalytic studies have maximum catalytic activity. 
The results of the investigations indicated that the crucial factor is the number of 
oxygenated surface groups. Alternatively, (Wang et al. 2004b) the potential 
applications of CNTs in the catalytic oxidation of NOx. FT-IR was used to track 
the changes in the nitric oxide (NO), nitrite (NO2), nitrate (NO3), and carbon-
containing CNT signals. These tests were run using CNTs that contained 1 weight 
percent Pd for each CNT. In this system, the hydrogenation of CNTs is accelerated 
by the palladium particles. The hydrogenated CNTs act as a reducing agent to supply 
carbon and hydrogen again for the reduction of NO.
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6.3.9 Raman Spectroscopy 

Raman spectroscopy is among the best techniques for identifying carbon nanotubes. 
Without actually prepping the sample, a rapid, nondestructive analysis is still 
possible. Raman spectroscopy is active in all allotropic forms of carbon, including 
fullerenes, carbon nanotubes, amorphous carbon, polycrystalline carbon, etc. 
(Arepalli et al. 2004). The locations, widths, and relative intensities of the bands 
vary with the carbon forms (Ferrari and Robertson 2000) (Fig. 6.6). The 
characteristics that stand out the most are (1) a low-frequency peak of the SWNT 
with a wavelength of 200 cm-1 (or many peaks for polydisperse samples when 
resonant conditions are satisfied), attributed to the A1g “breathing” mode of the 
tubes, whose frequency is mostly dependent on tube diameter (RBM: radial breath-
ing mode); (2) a significant structure (1340 cm-1 ) attributed to remaining disordered 
graphite, the so-called D line; (3) a high-frequency bunch (between 1500 and 
1600 cm-1 ) known as the G band, which is likewise distinctive of nanotubes and 
corresponds to a splitting of the E2g stretching mode of graphite (Mamedov et al. 
2002). This technique produces bands by changing the polarizability of the 
molecules in the presence of light. Therefore, when these molecules get into touch 
with light, they could be screened by specific vibrations that they emit. Due to a 
distinctive pattern, single-walled and multiwalled CNT quality and distribution may 
be determined by Raman spectroscopy (Saito et al. 2002). 

6.3.10 Thermogravimetric Analysis (TGA) and Purity 

A variety of techniques, including Raman spectroscopy, imaging, thermogravimetric 
analysis (TGA), and X-ray microanalysis, can be used to assess the sample’s general 
quality. Impurities include metal impurities, additional chemical species connected 
to the nanotube, and other forms of carbon (such as amorphous or graphitic carbons 
or other structured carbons like SWCNTs or fullerenes). TGA has been used for bulk



samples to confirm batch-to-batch uniformity and the quality control of carbon 
nanotube populations if we are convinced that MWCNTs are presently based on 
sampling. TGA can be used to examine the thermal stability and purity of a material. 
The weight-loss curve measures important variables, such as start temperature, 
oxidation temperature, and residual mass. Commencement temperature is the tem-
perature at which a substance begins to disintegrate. Oxidation temperature, which is 
referred to as the peak in the derivative of the weight loss as a function of tempera-
ture, is where the greatest weight loss takes place. Oxidation temperature is widely 
used to characterize a material’s thermal stability. The mass that has remained after 
heating is the residual mass. The metal catalyst employed to create carbon nanotubes 
and its oxidation by-products is typically blamed for the residual bulk of carbon 
nanotubes in TGA. Based on the consistency and quality of the material, residual 
masses can range from almost 0% to 50%. According to studies, highly crystalline 
MWCNTs are more oxidation resistant than other types of carbon, such as diamond, 
soot, graphite, and C60 (Pang et al. 1993). The aromatic bonding of the MWCNT 
structure is directly responsible for its thermal stability, but other factors, such as the
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Fig. 6.6 Raman spectrum showing the most characteristic features of CNTs: radial breathing mode 
(RBM), D band, G band, and G′ band. Second-order modes are also observed. Spectrum obtained 
from an SWCNT sample (diameter of about 1.07 nm) mixed with KBr using Emax = 1.16 eV 
(λ = 1064.5 nm) excitation. This sample is produced by an electric arc-discharge method, followed 
by air oxidation at the CSIC laboratory (Ferrari and Robertson 2000)



number of walls of the sample, catalyst presence and composition, tube flaws, and 
the presence of other materials, can also have an impact (i.e., amorphous carbon, 
graphitic particles).
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6.4 CNT Functionalization 

The medicine is immobilized on the surface or within the functionalized carbon 
nanotubes in a functionalized carbon nanotube delivery system. Functionalization is 
done for a variety of reasons, including targeted delivery, increased stability, diag-
nosis of diseases, or other reasons. The resulting conjugate is then administered to 
the animal via traditional routes (oral, injectable), directly to the target region using a 
magnetic conjugate, to the target organ, and so on. After the cell absorbs the drug’s 
CNT capsule, the drug is delivered when the contents of the nanotube leak into the 
cell (Singh et al. 2012; Usui et al. 2012; Zhang et al. 2010, 2011; Kateb et al. 2010; 
Liu et al. 2007a, b). Functionalized CNTs can transport important molecules across 
nuclear and cytoplasmic membranes without causing toxicity; as a result, drug CNT 
conjugates are both safer and more potent than the drug employed alone in conven-
tional synthesis. Once the drug has reached the target cell, it can be distributed in one 
of two ways: either the drug internally absorbs the CNT carrier, or both the drug and 
the CNT carrier internalize the cell. The second internalization step is more efficient 
than the first because the intracellular environment breaks down the drug carrier 
conjugate after it enters the cells, releasing drug molecules in situ, or inside the cells. 
There is a potential that the drug may break down during this penetration on its own 
even though, in the noninternalization procedure, the extracellular environment aids 
in the degradation of drug carrier conjugates before the drug crosses the lipid 
membrane to enter the cells (Fig. 6.7). 

6.4.1 Functionalized Carbon Nanotubes Used for Cancer Therapy 

The functionalized carbon nanomaterials have proven to be very effectively taken up 
by cancer cells and tissues to enable cancer treatments (Yang et al. 2010a; Liu et al. 
2007b). 

Methotrexate and a fluorescein probe are both present in f-CNT (Pastorin et al. 
2006). A popular and effective anticancer drug, methotrexate, is also used to treat 
autoimmune illnesses (Wong and Esdaile 2005). However, methotrexate has severe 
side effects and limited bioavailability (Pignatello et al. 2004). Therefore, a tailored 
administration and enhanced bioavailability are both highly preferred. If there is a 
targeting unit present, f-CNT may be able to increase bioavailability and target only 
cancer cells. According to the results of a cell culture study, methotrexate conjugated 
with nanotubes is just as effective as methotrexate alone. The absence of increased 
efficacy between the f-CNT and nonconjugated medicine may be attributed to the 
stable amide bond between methotrexate and the nanotubes. In fact, it is possible that 
the drug is released from the tubes into the cytoplasm too slowly for it to effectively



reach its receptor. Single-walled CNT was functionalized with a substituted 
carborane cage for boron neutron capture treatment. The biodistribution study on 
different tissues revealed that intravenously injected water-soluble carborane 
nanotubes were more abundant in tumor cells than in other organs. 
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Fig. 6.7 Schematic representation of carbon nanotube application in therapeutics and biomedical 
diagnosis and analysis 

6.4.1.1 By Drug Delivery 
To treat tumors, CNTs can act as medication transporters (Zhang et al. 2011; Liao 
et al. 2011; Liu et al. 2009a; Digge et al. 2012; Yang et al. 2007; Al-Jamal et al. 
2011; Madani et al. 2011; Lay et al. 2011; Elhissi et al. 2012). Drug resistance and 
poor cellular penetration are additional factors that restrict the effectiveness of 
anticancer medications when taken alone, in addition to their systemic toxicity and 
small therapeutic window. Since CNTs may readily pass through the cytoplasmic 
and nuclear membranes, the anticancer medication delivered by this vehicle will be 
released in situ with intact concentration. As a result, it will have a greater impact on 
the tumor cell than standard therapy alone. To improve the cellular uptake of already 
strong medications, effective delivery mechanisms have to be developed. Because 
CNTs have a large surface area and numerous attachment sites for medicines, they 
have a high aspect ratio compared to other delivery vectors (Chen et al. 2011). A 
combination made of CNT and antibodies against antigens overexpressed on the



surface of malignant cells can bind chemotherapy drugs (Abu Lila et al. 2021). 
Targeting delivery is made possible by the attraction of antigen-antibody, which 
allows the tumor cell to receive the CNTs only before the anticancer medicine is 
released from the CNTs (Madani et al. 2011; Lay et al. 2011; Elhissi et al. 2012). The 
multidrug resistance brought on by the increased efflux of anticancer medications by 
the overexpressed p-glycoprotein, which results in poor anticancer efficacy, is a 
significant barrier to successful anticancer therapy (Elhissi et al. 2012). SWCNT 
paclitaxel conjugate has been administered in vivo in a mouse breast cancer model, 
and it is more effective at reducing tumor development and is less harmful to healthy 
organs (Zhang et al. 2011; Madani et al. 2011). Longer blood circulation, greater 
tumor absorption, and a slower rate of drug release from SWCNTs could be the 
causes of increased therapeutic efficacy and fewer negative effects (Digge et al. 
2012) (Fig. 6.8). 
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Fig. 6.8 Schematic illustration of the drug delivery process. (a) CNT loaded with the drug to be 
delivered. (b) substrate/ligand attached to the CNT surface as functionalization along with drug-
loaded inside (c) the open end of the CNT is capped with a biodegradable polymer, (d) drug-CNT 
carrier is introduced in the body and reaches the target cells due to receptor on cells and ligands on 
CNT surface, (e) cell internalizes CNT by cell receptors (V) via endocytosis pathway for example, 
(f) cap is removed or biodegrades inside the cell, then drugs are released, (g) drug release from CNT 
in the cell. (h) Cancer cell death 

6.4.1.2 By Antitumor Immunotherapy 
CNTs can be successfully used as carriers in antitumor immunotherapy (Singh et al. 
2012; Digge et al. 2012; Yang et al. 2007; Al-Jamal et al. 2011; Madani et al. 2011; 
Lay et al. 2011; Elhissi et al. 2012; Chen et al. 2011; Li et al. 2010; Pantarotto et al.



2004a). In order to combat the cancerous tumor cells, this treatment entails activating 
the patient’s immune system. This reaction can be triggered by the administration of 
a therapeutic antibody or a cancer vaccine as medicine. The use of CNTs in vaccine 
delivery devices has been authorized (Pantarotto et al. 2004a). The combination of 
CNTs and tumor immunogens can act in vitro as naturally occurring antigen-
presenting cells (such as mature dendritic cells) by delivering tumor antigens to 
immune effector T cells because of the high avidity of the antigen on the surface and 
the negative charge. CNTs’ effects on the complement system and their adjuvant 
properties may help advance anticancer immunotherapy; however, the exact mecha-
nism is uncertain (Yang et al. 2007; Pantarotto et al. 2004a). 
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6.4.1.3 By Local Antitumor Hyperthermia Therapy 
Exceptional near-infrared absorption is exhibited by SWCNTs (NIR; 700–1100 nm). 
These nanomaterials are thought to be excellent candidates for hyperthermia therapy 
because they generate a significant amount of heat when activated by NIR light 
(Madani et al. 2011; Lay et al. 2011; Elhissi et al. 2012). The photothermal effect can 
lead to the local thermal destruction of tumor cells by scorching SWCNTs trapped in 
tumor cells, such as in pancreatic cancer. 

6.4.2 Carbon Nanotubes for Infection Therapy 

CNTs have been tested to find solutions to issues like infectious agent resistance to 
various antiviral and antibacterial medications or due to a particular vaccine’s 
ineffectiveness in the body. It has been shown that functionalized CNTs can serve 
as carriers for antibacterial substances such as antifungal amphotericin B (Rosen and 
Elman 2009; Rosen et al. 2011). Amphotericin B can bind covalently to CNTs, 
which can then carry it into mammalian cells. Compared to free medication, this 
combination displays a 40% reduction in antifungal toxicity (Rosen et al. 2011). 
Functionalized CNTs can also be used as delivery systems for vaccines (Liao et al. 
2011; Rosen et al. 2011). A bacterial or viral antigen can be linked to CNTs to 
maintain antigen conformation, which leads to the proper kind of particular antibody 
response (Digge et al. 2012). Fixing B- and T-cell peptide epitopes to functionalized 
CNTs can create a multivalent system that can elicit a potent immunological 
response, making it a promising option for vaccine administration (Usui et al. 
2012; Yang et al. 2007). Since microorganisms, like E. coli, may be adsorbed onto 
the surfaces of CNTs, CNTs themselves may have antibacterial properties. The 
antibacterial action was thought to be caused by the intracellular antioxidant gluta-
thione being oxidized by carbon nanotubes, which raised oxidative stress on the 
bacterial cells and ultimately led to cell death (Digge et al. 2012). Antibiotics may be 
used to functionalize carbon nanotubes. An antimycotic drug called amphotericin B 
is used to treat exceptionally hardy fungi strains (Zotchev 2003). Due to its severe 
toxicity to mammalian cells and low solubility in water, as well as its propensity to 
clump and to create gaps in cell membranes, it is only marginally useful. It is 
believed that the toxicity and antimycotic effectiveness of amphotericin B may be



modified by conjugating it into carbon nanotubes (Wu et al. 2005). Based on the 
cytotoxicity of f-CNT against mammalian cells, it is discovered that 
CNT-conjugated amphotericin B, employed at varying concentrations (up to 40 g/ 
mL, equal to a concentration of amphotericin B attached to the tubes of 10 g/mL), 
was not hazardous, although amphotericin B is very toxic at 10 g/mL concentration, 
reaching 40% cell mortality. The ability of f-CNT containing both amphotericin B 
and fluorescein to penetrate cells was then examined. The identification of f-CNT in 
the cells is made possible by the latter component. It was easy to see the fluorescence 
inside the cell compartments. The toxicity mostly against yeasts as well as fungi was 
also increased at the same time. 
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6.4.3 Carbon Nanotubes for Gene Therapy by DNA Delivery 

A new sector is developing around the use of carbon nanotubes for biomedical 
purposes (Erol et al. 2016). The primary factors attracting interest in the creation of 
photonic and electronic devices are CNTs’ excellent electrical conductivity and 
mechanical stability (Mbuyise et al. 2017; Oseni et al. 2018). CNTs have indeed 
been designed through numerous groups as effective gene-delivery vehicles (Kiran 
and Gangadharappa 2019). The deoxyribonucleic acid (DNA)-SWCNT complex 
demonstrates improved biostability and enhances the self-delivery capability of 
DNA when compared to DNA employed alone because DNA probes are shielded 
from enzymatic cleavage and interference from nucleic acid binding proteins when 
linked to SWCNTs (Usui et al. 2012; Bekyarova et al. 2005; Li et al. 2008). Stable 
interactions between plasmid DNA and cationic CNTs have shown improved gene 
therapy potential in comparison to bare DNA. DNA-conjugated CNTs were discov-
ered to release DNA before it was destroyed by the cell’s defense mechanism, 
dramatically increasing transfection (Liu et al. 2007a; Liao et al. 2011; Li et al. 
2013). Because the CNT-gene complex has preserved the ability to express proteins, 
it has been demonstrated that these designed structures can successfully transport the 
genes inside mammalian cells and retain them intact (Li et al. 2008). New SWCNT-
DNA complexes that have been functionalized have been created (Pantarotto et al. 
2004a) and have shown to have higher DNA expression than bare DNA. In the initial 
investigations examining the capacity of f-CNT to deliver genes, it was discovered 
that they also effectively complex (Lacerda et al. 2006) and translocate DNA inside 
cells (Pantarotto et al. 2004b; Singh et al. 2005) because they are cationic under 
physiological conditions. We have created supramolecular complexes, including the 
beta-galactosidase marker gene on plasmid DNA and f-CNT. This unique method of 
gene delivery can be viewed as promising because the expression of the marker gene 
utilizing f-CNT was five to ten times higher than that of the plasmid DNA given 
alone. For applications involving gene silencing, the potential of gene therapies 
based on carbon nanotubes has been further investigated (Kam et al. 2005; Zhang 
et al. 2006). To specifically target and eliminate cancer cells, complexes of single-
walled carbon nanotubes with small interfering ribonucleic acid (siRNA) strands 
modified with a hydrocarbon tail were employed.
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6.4.4 Carbon Nanotubes for Tissue Regeneration and Artificial 
Implants 

Considering they are biocompatible, are resistant to biodegradation, and could be 
functionalized with proteins to enhance organ regeneration, carbon nanotubes may 
be the best tissue engineering candidate among a variety of substitute materials, 
including natural and synthetic polymers for tissue scaffolds. CNTs can be used as 
additions in this field to increase the mechanical strength of tissue scaffolding and 
conductivity by integrating them with the host’s body (Usui et al. 2012; Zhang et al. 
2010; Kateb et al. 2010; Bekyarova et al. 2005; Liao et al. 2011; MacDonald et al. 
2005). A composite nanomaterial that acts as a scaffold for tissue regeneration has 
been successfully created by combining polymer or collagen (poly-L-lactide or poly-
D,L-lactide-co-glycolide) with carboxylated SWCNTs (MacDonald et al. 2005). 
Other CNT tissue engineering applications, such as cell tracking and labeling, 
sensing cellular behavior, and enhancing tissue matrices, have also been the subject 
of a recent study (Singh et al. 2012; Usui et al. 2012; Zhang et al. 2010; Kateb et al. 
2010; MacDonald et al. 2005). For instance, it has been observed that CNTs 
effectively enhance in vitro mouse bone tissue regeneration and neurogenic cell 
differentiation caused by embryonic stem cells (Singh et al. 2012; Zhang et al. 2010). 

6.4.5 Carbon Nanotubes for Neurodegenerative Diseases 
and Alzheimer’s Syndrome 

CNTs have been applied in neurosciences as a promising biological material (Singh 
et al. 2012; Zhang et al. 2010; Liao et al. 2011; Yang et al. 2010b). Due to their small 
size and openness to external alterations, CNTs can penetrate the blood-brain barrier 
via a variety of targeting methods and serve as efficient delivery vehicles for the 
target brain. Many more functionalized SWCNTs or MWSCNTs have been 
employed as effective delivery vehicles for the treatment of brain tumors or neuro-
degenerative illnesses (Bekyarova et al. 2005; Liao et al. 2011; Digge et al. 2012). 
Overall, these research findings showed that CNT-therapeutic molecule conjugates 
had superior impacts on neuronal development to medicines taken on their own as an 
individual drug compared to treating with a combination of medicine. 

6.4.6 Carbon Nanotubes as Antioxidants 

CNTs, specifically carboxylated SWCNTs, are antioxidants by nature and may be 
used medicinally to prevent chronic diseases, slow the aging process, and preserve 
food (Daniels 1945; Galano 2008). SWCNTs’ ability to scavenge free radicals was 
proven to be increased by the presence of carboxylic acid (-COOH) groups, and it 
was found that carboxylated SWCNTs are at least as good as, if not superior to, their



nonfunctionalized counterparts (Francisco-Marquez et al. 2010). To protect the skin 
from free radicals produced by the body or by ultraviolet (UV) light, their antioxi-
dant activities have been used in sunscreen lotions and antiaging cosmetics (Singh 
et al. 2012; Digge et al. 2012). More research will be needed in the future to improve 
the useful effect of different CNT forms as free radical scavengers because free 
radicals are well known to be a very damaging species for biomedical and environ-
mental applications (Galano 2008; Pham-Huy et al. 2008). 
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6.4.7 Carbon Nanotubes as Biosensor Vehicles for Diagnostic 
and Detection 

A very intriguing application area for therapeutic monitoring and in vitro and in vivo 
diagnostics is the use of CNTs in biosensing nanotechnology. For better accuracy 
and easier manipulation than using biosensors alone, CNTs and glucose-oxidase 
biosensors were coupled for blood sugar control in diabetic patients (Usui et al. 
2012; Digge et al. 2012; Wang 2005). For various treatment monitoring and 
diagnostics, further CNT-based dehydrogenase biosensors, peroxidase biosensors, 
and catalase biosensors have also been produced (Wang 2005; Zhu et al. 2011). 
Alkaline phosphatase (ALP) enzyme linked to CNTs had a greater test sensitivity for 
electrical DNA detection than ALP alone. In comparison to conventional fluores-
cence and hybridization experiments, the sensitivity of the SWCNT-DNA sensor 
assay was significantly higher, thanks to the integration of SWCNTs with single-
strand DNAs (ssDNA). By utilizing particular antibody-antigen recognition, this 
CNT-biosensor-linked assay can be customized for antigen detection. As a result, it 
might offer a quick and easy method for molecular diagnostics in illnesses that have 
molecular markers, like DNA or protein (Liao et al. 2011; Wang 2005). It is strongly 
advised to use CNTs as biosensor vehicles to build sensitive approaches for 
diagnostics and analysis from the laboratory to the clinic due to their length scale 
and distinctive structure. 

6.4.8 Carbon Nanotubes for Therapeutic and Diagnostic 
Applications 

To produce CNT conjugates with pharmacological action, therapeutic agents can 
further modify any new functional group, including amines and carboxylates. 
Nanotubes with the capacity to carry one or more therapeutic moieties with optical 
or other (e.g., magnetic) probes for imaging and/or specific recognition signals for 
targeting may offer multimodal options in the treatment of cancer and other multi-
faceted diseases in which activity is only required at specific sites in the body. 
Normally, even after these synthetic goals are accomplished, there will still be a



number of technical issues to be resolved, mostly in the area of pharmaceutical 
development. The stability of the complexes under physiological conditions, the 
degree of in vivo aggregation, the right timing, and the place of drug release are a 
few of these concerns. Despite this, CNT is a valuable technological foundation for 
the development of candidates for simultaneous diagnostics, transportation, and 
medication delivery due to the large range of conceivable combinations (Bianco 
et al. 2005a, b). The possibility of developing CNT for biomedical applications 
emerged as a reality after several effective ways for their functionalization were 
made public (Tasis et al. 2006). The nanotubes have been rendered soluble and 
suitable for physiological conditions utilizing a variety of techniques. This is a major 
issue for its integration into environments with biological systems. The level of 
toxicity of all CNT materials must be taken into consideration while establishing 
their biocompatibility. The research so far suggests that the cytotoxic effects of 
CNTs are greatly reduced by functionalization, while their biocompatibility is 
increased (Sayes et al. 2006; Singh et al. 2006). The possibility of utilizing 
nanotubes for medication administration is increased by evidence to date that 
CNTs are safer the more functionalized they are, especially when compared to 
pristine, purified CNT. 
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6.4.9 Functionalized Carbon Nanotubes for Vaccine Delivery 

Their immunostimulatory peptide-based constructions fall under a different category 
of carbon-nanotube-based therapeutic prospects. By combining functionalized 
nanotubes with B- and T-cell peptide epitopes, it is possible to create a multivalent 
system that can vigorously elicit an immune response (Pantarotto et al. 2003a, b). 
Peptides can be attached to tubes using chemo-selective techniques (Goodman et al. 
2002; Muller et al. 1999). Using peptides having a cysteine residue at one end, 
functionalized carbon nanotubes with a maleimide group that easily combines with it 
are created. The thiol group of the cysteine with the maleimide forms a long-lasting 
covalent bond. This approach has the advantage of having the peptide, produced 
through solid phase synthesis, completely deprotected and defined before being 
joined to the nanotubes. By adding a lysine branch to the f-CNT, The antigenic 
and immunogenic qualities of these conjugates were evaluated. In contrast to the 
nonconjugated peptide, the antibody responses to f-CNT were particularly high. The 
ability of the produced antibodies to neutralize the virus was also demonstrated, 
highlighting the potential of carbon nanotubes as ingredients in the production of 
synthetic vaccines. 

6.5 Toxicity 

See Fig. 6.9.
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Fig. 6.9 Toxicity associated with carbon nanotube as a drug delivery system 

6.5.1 In Vivo Toxicity of CNTs 

The level of toxicity of a substance determines how much harm it can do to 
something with a metabolic function. The term “toxicity” can refer to the impact 
on an entire organism, such as an animal, bacterium, or plant, as well as the impact 
on an organism’s cells or organs, such as the liver (hepatotoxicity). As a result, not 
all changes in organisms may be categorized as harmful reactions. When triggered 
by alien items, organisms will naturally react (Francis and Devasena 2018). When 
ingested, even flour powder can cause pulmonary alterations (Ren et al. 2010). 
Additionally, a variety of parameters, such as dosage, contaminants, pretreatment 
procedures, physical shape, surface chemistry, degree of aggregation, etc., appear to 
affect how hazardous CNTs are. Recent years have seen extensive investigation into 
CNT in vivo toxicology. In humans, cutaneous toxicity may result in an inflamma-
tory response through skin contact. Mice exposed to unpurified CNTs typically 
develop localized alopecia, oxidative stress, glutathione depletion, an increase in 
dermal cell number, and thickened skin (Koyama et al. 2009; Murray et al. 2009). 
The number of metals, particularly iron, may have an impact on CNT toxicity. By 
interacting mostly with the skin, producing oxidative stress, and activating redox-
sensitive transcription factors, metals can affect or trigger inflammation. However, 
the absence of skin hair loss in mice implanted with incredibly pure and uncontami-
nated tubes suggests that purification is an effective strategy for improving the 
biocompatibility of CNTs. The most likely site of CNT exposure is the lung. 
Inhalation is the most appropriate method for determining the toxicity of CNTs for 
a wide range of reasons. First, airborne CNTs are subjected to the physics of 
impaction, sedimentation, and diffusion, whereas implanted CNTs are not. Second,



inhaled CNTs pass the lung’s distal regions. Third, compared to an instilled bolus 
dose in an aqueous medium, inhaled CNTs are much more diffused and less 
aggregated. Because CNTs and asbestos fibers both have large aspect ratios (length 
to width), there is fear that inhaling CNTs could result in similar lung diseases 
(Crouzier et al. 2010; Elgrabli et al. 2008; Tantra and Cumpson 2007). The pleural 
pathology brought on by asbestos fibers is distinct from the pathology caused by 
MWCNTs. MWCNTs generated mononuclear cell agglomeration and focal 
subpleural fibrosis (Ryman-Rasmussen et al. 2009), while asbestos induces diffuse 
pleural fibrosis and pleural inflammation (granulomas) (Choe et al. 1997; Kane 
2006). 
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Occupational situations, which require special consideration from an exposure 
standpoint, may include high concentrations of CNTs. For handling CNTs in 
professional environments and research labs, there are not many resources available. 
Therefore, the study (Pauluhn 2010) is very valuable for establishing standards for 
occupational exposure in the workplace environment and determining a fair occupa-
tional exposure limit (OEL), which will aid the government in developing relevant 
regulations. 

6.5.2 In Vitro Toxicity of CNTs 

The impact of the potentially toxic effects of CNTs on cells is a crucial factor in 
determining and understanding CNT compatibility vs. toxicity (Cheng et al. 2009; 
Davoren et al. 2007; Gellein et al. 2009; Thurnherr et al. 2009; Tutak et al. 2009). 
Cellular uptake and the processing of CNTs via various pathways; effects on cell 
signaling; lipid bilayer disruptions; production of cytokines, chemokines, and reac-
tive oxygen species (ROS); overt toxic reactivity; cell apoptosis; and no obvious 
toxicity are among the interactions with both cells and CNTs that are being studied 
(Hillegass et al. 2010). The most common approaches typically involve the in vitro 
culturing of primary cells or cell lines (tissue harvested) on plastic plates, with or 
without serum, with bolus dosing of CNTs and, subsequently, monitoring of cell 
activity. Various cellular types, including cancer cell lines and neuronal, phagocytic, 
and other cell types, have also been chosen for study. It was found that the toxicity of 
human lung cancer cell lines increased from evenly distributed CNTs to asbestos and 
then to agglomerated CNTs (Wick et al. 2007a). CNTs are more hazardous than 
metal oxide nanoparticles and do not demonstrate length-dependent cytotoxicity, 
even in the presence of metal catalyst impurities (Simon-Deckers et al. 2008a). The 
proportion of CNTs that are too long for cells to absorb in long and short samples is 
likely approximately the same, and CNTs that cannot be taken by cells have effects 
that are equivalent regardless of length, so the length made little to no difference. 

Studies with functionalized CNTs demonstrated that purification could improve 
their biocompatibility and reduce their cellular toxicity (Liu et al. 2007c). Even 
though it is generally agreed that well-dispersed CNTs are less dangerous than 
agglomerated ones (especially when using a bio-dispersant), various in vitro studies 
have found different levels of apparent toxicity for CNTs. Due to the special



characteristics of CNTs, evaluations of their toxicity may also depend on the 
circumstances surrounding their modification and surface chemistry. 
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6.5.3 Cytotoxicity 

An investigation of the cytotoxic potential of MWCNTs and titanium oxide 
nanoparticles was conducted (Simon-Deckers et al. 2008b). Investigations were 
also conducted into intracellular nanomaterial accumulation and cell survival. The 
findings of this study demonstrated that nanoparticles and nanotubes may both enter 
cells and disperse within the cytoplasm. Metal oxide nanoparticles exhibit reduced 
toxicity as compared to CNTs. The cytotoxicity of CNTs is unaffected by CNT 
length or the presence of metallic contaminants (Simon-Deckers et al. 2008b). The 
cellular membrane of rat macrophages (NR8383) was discovered to be penetrated by 
CNTs in a recent study, which altered the macrophages’ physiology and cellular 
function (Pulskamp et al. 2007). Commercial CNTs were found to lower the 
potential of the mitochondrial membrane and increase intracellular reactive oxygen 
species in human A549 lung cells and rat macrophages (NR8383). In pure CNTs, 
which have a reduced metal content, these effects were either negligible or nonexis-
tent (Pulskamp et al. 2007). Researchers hypothesized that the biological impacts 
could be caused by the metals linked with commercial CNTs based on the outcomes 
of a recent experiment. It was discovered that CNTs dispersed in surfactant were less 
hazardous than CNTs aggregated. It is interesting to note that string-like 
agglomerated CNTs were more solid, rigid, and voluminous than asbestos (Wick 
et al. 2007b). Even at small concentrations (0.001–0.1 mg/mL), CNT toxicity has 
been shown to trigger immune-mediated cytotoxicity against a variety of human 
cells. Lower concentrations of CNTs have been hypothesized to boost the release of 
cytokines that signal lymphocyte activation and increase the expression of NF-kB in 
immune cells, which results in indirect cytotoxicity (Sun et al. 2011). 

6.5.4 Pulmonary Toxicity 

Investigating the potentially harmful effects of these materials is strongly 
encouraged by the possible applications of CNTs. Due to their use in innovative 
products, nanotubes can now enter the body through a variety of exposure methods, 
including cutaneous and gastrointestinal contact. During manufacturing, CNTs may 
get into the workers’ respiratory systems and build up in their lungs. Nanotubes 
could enter customers’ stomachs and intestines if they are utilized as fillers in food-
packaging items. SWCNTs and MWCNTs were harmful when ingested by rodents, 
according to several reports. These investigations implied that CNTs might pose a 
risk to people. Animals developed lung granulomas as a result of exposure to pure 
and metal-doped SWCNT preparations in a dose-dependent manner. Inducing an 
inflammatory response, oxidative stress, collagen deposition, and fibrosis in mice 
were found to be more successful with inhaled SWCNTs than pharyngeal aspiration.



In a study on the respiratory toxicity of MWCNTs, MWCNTs or ground MWCNTs 
suspended in sterile saline (0.9% NaCl) (Muller et al. 2005) were used. After 
2 months of exposure, granulomas rich in collagen began to form in the lung lesions 
as a result of inhalation. MWCNTs and ground MWCNTs both encouraged tumor 
necrosis factor (TNF) production. Moreover, by evaluating the amount of hydroxy-
proline in the lung tissue, dose-related pulmonary fibrosis was identified. The 
outcomes supported MWCNTs’ toxicity. When compared to asbestos and carbon 
black, the inflammatory effect of MWCNTs had a middle level of severity (Muller 
et al. 2005). After 14 days of whole-body inhalation exposure to MWCNTs at high 
dosages, immune suppression was observed in mice, but MWCNTs did not exhibit 
inflammation or granuloma formation, as previously reported (Mitchell et al. 2009). 
Depending on the dosage and delivery method, highly distributed MWCNTs may 
result in pulmonary lesions (Morimoto et al. 2012). Pneumonia in guinea pigs has 
reportedly been caused by CNTs of several sorts (Grubek-Jaworska et al. 2006). 
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6.5.5 Cardiovascular Effects 

Initial animal investigations (Muller et al. 2005; Lam et al. 2004; Shvedova et al. 
2005; Warheit et al. 2004) provided evidence that exposure to CNTs causes both 
immediate and long-lasting pulmonary inflammation. The results of the research 
suggested that CNT exposure should be assessed as a potential cardiovascular risk 
factor based on the oxidative and inflammatory hypothesis of atherosclerosis and air 
pollution (Simeonova and Erdely 2009) used acid-purified SWCNTs to examine 
potential cardiovascular harm. According to the study, CNT-induced lung inflam-
mation generated inflammatory mediators and activated blood cells that had harmful 
consequences on the cardiovascular system. Stress and dosage both affected the 
damage to the mitochondrial DNA of the aorta that was seen after CNT mice were 
exposed through pharyngeal aspiration. In comparison to controls, mice treated with 
SWCNTs exhibited considerably more atherosclerotic plaque on the surface of the 
aorta. Additionally, brachiocephalic arteries were shown to have an increase in 
atherosclerotic lesions. The outcomes demonstrated that mouse atherosclerosis 
progresses more quickly after exposure to SWCNTs (Li et al. 2007). 

6.5.6 Reproductive and Developmental Toxicity 

Studies examining the impact of functionalized CNTs revealed that after exposure to 
very low concentrations (10 ng/mouse), resorptions and fetal abnormalities started 
and increased. Also noted was an increase in ROS production in the placentas of 
exposed dams (Pietroiusti et al. 2011). The effects of functionalized CNTs on 
reproduction and development were investigated in Drosophila melanogaster as 
well as in CD-1 mice. The results showed that severe morphological deformities, 
skeletal abnormalities, and resorption rates were all significantly higher in fetuses 
exposed to 10 mg/kg fCNTs. The external faults included open eyelids, abnormal leg



structures, and abnormal tail structures. The percentage of fetuses with aberrant 
cervical vertebrae reduced phalange ossification of the pectoral and pelvic limbs, and 
variable sternal ossification was higher in these cases than in controls. 
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6.5.7 Toward the Reduction of Its Toxicity Issues 

Toxicity issues with SWCNTs and MWCNTs are mostly caused by their physico-
chemical characteristics, which would include their aspect ratio, size, chemical 
composition, form, crystal structure, stability, surface area, surface roughness, 
surface energy, and surface charge (Gatoo et al. 2014; Kostal et al. 2015). 
Modulating and/or changing these properties would therefore be the most effective 
strategy for lowering the allied toxicities of the CNT. There is a critical necessity 
guideline for building safer CNTs, given the broad range of applications for 
CNT-based systems in the biomedical and healthcare sectors (Rahamathulla et al. 
2021). Surface modification is the widely used method; due to their hydrophobic 
surfaces, CNTs are insoluble in water, and direct contact of pure nanotubes with 
biological systems may result in interactions with different biomolecules, leading to 
toxicity (Fig. 6.10). 

6.5.7.1 Covalent Modification 
CNT sidewalls are frequently chemically altered in order to solubilize nanotubes in 
aqueous solutions. Typically, it is achieved by grafting functional moieties onto 
oxidized CNT sidewalls (Karousis et al. 2010; Banerjee et al. 2005). H2SO4 and/or 
HNO3 are used to oxidize nanotubes in order to produce carboxylic groups. Further-
more, it was found that cells were exposed to several harmful effects when oxidized

Fig. 6.10 Various methods involved in the reduction of toxicity issues associated with CNT



CNTs were employed without additional coating. The direct, extended exposure of 
oxidized CNTs to lung epithelial cells would stimulate the development of cancer 
stem cells with malignant characteristics (Luanpitpong et al. 2014), and these cells 
would become aggressive and form tumors. Due to surface flaws and the chemical 
groups that oxidation introduces, these nanotubes may be more hazardous than pure, 
unprocessed nanotubes (Kumarathasan et al. 2014). Therefore, oxidized CNTs 
without additional surface modifications should be employed with caution in both 
in vitro and in vivo applications. It was shown in this context that grafting antifoul-
ing polymers onto the nanotube backbone network is a successful technique for 
decreasing direct interactions of CNTs with biological components. Consider the 
often-used polyethylene glycol (PEG)-modified CNTs, which are typically created 
by amidating the -COOH groups of oxidized nanotubes with the -NH2 groups of 
PEG. This procedure produces PEG-modified CNTs that maintain nanotubes as 
single and/or tiny bundles in colloidal suspensions and are stable in conditions 
with high salt and serum concentrations. The cellular toxicity of oxidized SWCNTs 
is dramatically decreased by PEG covalent grafting techniques. The branching 
PEG-modified CNTs appear to be more biocompatible than their linear 
PEG-modified counterparts due to tight binding and wide nanotube coverage. This 
is because fewer cellular components are in contact with the nanotube framework.
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6.5.7.2 Noncovalent Encapsulation 
The covalent modification of nanotube surfaces described above results in sp3 
hybridization bonds by the addition of chemical groups. These changes may dra-
matically degrade the mechanical, physical, or chemical properties of nanotubes. 
While these characteristics are the basis for many bio-applications of CNTs, exten-
sive covalent functionalization often reduces the intrinsic near-infrared (NIR) 
photoluminescence capabilities of nanotubes (Cognet et al. 2007; Hong et al. 
2015). Using biologically acceptable amphiphilic materials, noncovalent-based 
nanotube solubilization is a typical approach for these purposes. In general, CNTs 
can be enclosed, and surface coatings with cationic, anionic, or nonionic charges can 
be used to control the outer charge of coated nanotubes. Because the plasma 
membrane is negatively charged, interactions between nanotubes and cell 
membranes, nanotube internalization pathways, and intracellular fate are greatly 
influenced by the surface charge of encapsulated CNTs. Compared to neutral and 
anionic nanoparticles, cationic nanoparticles frequently connect more strongly with 
the cell membrane and have higher absorption efficiency (Tonga et al. 2014). It is 
also known that negatively charged nanoparticles can be efficiently ingested through 
membrane diffusion or pinocytosis (Frohlich 2012; He et al. 2010; Xiao et al. 2011). 
Thus, maintaining neutrally charged nanotube surfaces seems to be the key to 
decreasing nanotubes’ nonspecific binding to serum proteins and cell membranes. 
Additionally, nanoparticle hydrophobicity needs to be managed because it affects 
cellular absorption and subcellular destiny (Gupta et al. 2011; Moyano et al. 2012). 
In the area of possible biological applications, DNA molecules constitute a different 
class of biomolecules that are frequently utilized to solubilize CNTs (Zheng et al. 
2003). DNA is a malleable biopolymer that can change the shape of its molecules to



wrap around the exterior walls of CNTs by creating a helical configuration (Zheng 
et al. 2003; Battigelli et al. 2013). The aromatic nucleotides along the DNA 
perpendicular axis engage in noncovalent interactions, notably stacking interactions, 
with the CNT backbone network. This small DNA wrapping may be CNT chirality 
selective based on the DNA sequences (Shankar et al. 2014). Furthermore, 
DNA-coated CNTs are anticipated to show reduced cytotoxicity since DNA is 
intrinsically biocompatible. Numerous studies have suggested that the DNA 
sequence, chirality, and length of the nanotubes may all have an impact on how 
biological serum macromolecules attach to DNA-coated CNTs and how successfully 
they are absorbed by cells (Salem et al. 2016; Becker et al. 2007). 
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6.5.7.3 Surface Coverage Density 
The density of chemical functionalities on the sidewall of CNTs has a big impact on 
how the nanotubes behave on their surface and how they interact with biological 
systems. Noncovalently suspended carbon nanotubes demonstrated increased solu-
bility (Liu et al. 2009b) and decreased toxicity with increasing coverage of coating 
molecules, corresponding to covalently modified CNTs. In addition to improving 
CNT solubility in biological fluids for both covalent and noncovalent surface 
coverage, increasing PEG density and branching degree also made nanotubes less 
hazardous by lowering unintended interactions with biological elements, particularly 
proteins (Heister et al. 2012). 

6.6 Future Prospective 

Carbon nanotubes have the chance to be a more affordable alternative to metal wires 
because of their great electrical conductivity. They are candidates to replace current 
computer chips due to their semiconducting qualities. In the future, CNTs are likely 
to compete with carbon fiber for high-end applications, especially in applications 
where weight is an issue, like Kevlar. CNTs have also been discovered to be a more 
eco-friendly, flame-retardant component to plastics. A safer alternative to dangerous, 
biocide-containing paints, MWNT-containing paints have also been found to lessen 
the biofouling of ship hulls by preventing the attachment of algae and barnacles. 

6.6.1 In 3DPC Efficiency Enhancement 

CNT is anticipated to be a viable material for 3DPC. The configuration time of 
3DPC can be significantly decreased and production efficiency increased by using 
CNT. It can increase the printing quality, the early strength of 3DPC, and the drying 
shrinkage of 3DPC. Last but not the least, it can fill the pores in 3DPC, increase its 
hardness, and then increase the shape stability following extrusion. On 
CNT-reinforced 3DPC, however, no related research has been done as of yet. The 
primary problem is that domestic 3DP technology is still in its early stages and that 
the 3DP method is not precisely specified. Carbon materials have a high cost of



manufacturing and a difficult production procedure. These are the constraints of 
using CNT to improve concrete in 3DPC. But when constructing small models, CNT 
strengthening of the 3DPC becomes practical since 3DP can provide some intricate 
designs in accordance with the model. 
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6.6.2 In Electrochemical Sensing 

Carbon nanotubes should be able to facilitate electron transfer processes with 
electroactive species in solutions, when utilized as electrode materials, according 
to delicate electronic characteristics. Electrodes made of carbon nanotubes could 
therefore be employed for electrochemical sensing. Carbon nanotubes demonstrated 
better behavior as electrode materials than conventional carbon electrodes, which 
would include good conducting ability and great chemical stability. 
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Abstract 

Nanoparticles have long been used as diagnostic and therapeutic agents in human 
medicine, but their use in veterinary medicine and animal production is recent. 
Several laws and regulations have been implemented in response to growing 
concerns about antibiotic resistance, including a ban on feed-grade antibiotics in 
Europe. As a result of banning these antibiotics, the industry is searching for safe 
alternatives to fill the void left behind. The increasing global population, decreas-
ing fertile land, increasing animal protein demand, and increasing income have 
further accelerated the demand for animal production. These conditions have 
created a dire need for technologies and substitutes that would increase the 
productivity and well-being of animals, improve drug delivery, and reduce the 
toxic effect of drugs. It appears that nanotechnology has great potential and future 
applications in the animal husbandry industry. According to numerous reports, 
nanoparticles make excellent anti-microbials, promoting animal growth and well-
being. Nanotechnology research has the potential to offer revolutionary tools for 
improving animal health and production in the future. The purpose of this chapter 
is to describe the types of nano-materials used in animal sciences, as well as the 
unique technologies developed by nanoscience for improving animal health and 
production. Further, the toxicity of nano-materials and considerations for animal 
health and safety are also discussed. 
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7.1 Introduction 

Nanotechnology or nanoscience refers to the study of the understanding and manip-
ulation of the properties of nanoscale materials ranging between 1 and 100 nm in 
dimensions (Sim and Wong 2021). Using nanotechnology, we can design entirely 
new molecular structures and properties. Apart from being small, nanoparticles 
(NPs) have the advantage of having a large surface area-to-volume ratio, making 
them unique in drug delivery and anti-microbial action as well as more reproducible 
and reliable (Dawadi et al. 2021). Nanoparticles are finding increasing attention in 
improving catalytic activity, chemical stability, thermal conductivity, and non-linear 
optical performance (Laouini et al. 2021). By modifying their shape, surface 
properties, and sizes, various nanoparticles can be transformed into nano-systems 
that can be used in the diagnosis, imaging, and treatment of diseases, including 
cancer, cardiovascular, ocular, and central nervous system diseases. These 
functionalized nano-materials can deliver controlled-release therapy by providing 
drugs to specific sites or tissues (Khan et al. 2020). Most biological systems are 
nanoscale, making nano-materials ideal for biomedical devices. Research in alterna-
tive therapies has been driven by advances in nano-medicine and nano-devices as 
current methods cannot detect and treat early-stage diseases (Anjum et al. 2021). 

Nanotechnology has found prospects in one health approach that encompasses 
animal and human health and the environment. However, several unknown probable 
health hazards overshadow these potential benefits, creating doubts about the suc-
cessful application of technology by governments and the public worldwide. It is a 
delicate situation where uncertainty of behaviour of these designed nanoparticles or 
how their products function which restricts universal usage. As a result, it 
necessitates regulatory control to assure safe production processes and safe applica-
tion to humans, requiring appropriate and balanced oversight (Jain et al. 2021). As 
the human population grows exponentially, so does the need for agricultural and 
animal food products, prioritizing new industry technologies to address the looming 
food shortage issues in the future. In attempts to increase animal production, 
antibiotics were used recklessly, which became a crucial factor in the evolution of 
cross-resistant microorganisms. By 2030, agriculture intensification will have 
contributed to a 67% rise in anti-microbial usage (Myers et al. 2022). Antibiotic 
usage climbed by over 36% in 71 countries, with the BRICS (Brazil, Russia, India, 
China, and South Africa) accounting for over 75% of this rise (Tiseo et al. 2020). 
However, measurement of anti-microbial use in animal production in low- and 
middle-income countries (LMICs) is difficult because of anti-microbials sold “over 
the counter” and of poorly enforced regulatory frameworks (Jibril et al. 2021). 
Nanotechnology can improve animal production qualitatively and quantitively



while providing many environmental, health, and economic benefits. Nanotechnol-
ogy research and development are likely to facilitate and frame the next stage of 
development of genetically modified animal products, vaccines, precision animal 
feeds, and reproductive techniques (Fig. 7.1). Biosensors using nanotechnology can 
monitor animal health, safety, and fertility (Fesseha et al. 2020). 
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Fig. 7.1 Problems and solutions by nanotechnology 

As the twentieth century rolled around, a pandemic seemed a long way off, 
despite experiencing plague and Spanish flu in the eighteenth and nineteenth 
centuries. However, in 2019, the entire world came to a standstill due to the 
COVID-19 pandemic, shattering our illusions of being invincible. The current 
coronavirus-associated acute respiratory disease is the third reported spillover of 
an animal coronavirus to humans in under two decades, resulting in an epidemic 
(Coronaviridae Study Group of the International Committee on Taxonomy of 
Viruses 2020). It has necessitated taking immediate steps to check disease screening 
and address new cutting-edge technologies in human therapeutics and animals as 
one health. It has become clear that animal and human health must be treated as one, 
with equal priorities, to avoid future pandemics and that new promising 
technologies, such as nanotechnology, which can transform diagnosis, treatment, 
and therapeutics in humans and animals, must be reviewed regularly. Nano-
medicine and nanotechnology are emerging fields and provide excellent tools for 
overcoming the problem of drug resistance and dose reduction. Though nanotech-
nology is not a new subject but a technology with such promise for the future, it 
warrants periodic reviews and updates to inspire thinking and novel approaches. The 
primary types of nano-carriers to be used in the preparation of nano-medicines for 
the animal population are covered in this chapter. It will also go over toxicity



concerns, future potential, and novel approaches developed by nanotechnology for 
use in enhancing animal health and production. 
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7.2 Nano-carriers 

The term “nano-medicines” refers to medical products that are developed and 
produced using nano-carriers and/or nano-materials. Nano-vectors or nanocarriers 
are two names for nanoparticles (NPs) that are used to make nano-medicines. The 
NPs are defined as systems smaller than 1000 nm, which is an important parameter 
for clinical applications because it is directly related to physical and chemical 
interactions with biomolecules (Kreuter 2007). Drug release from nano-structured 
systems can have significant biopharmaceutical advantages over conventional 
systems because nano-compartmentalization enables modulation of the release pro-
file of the therapeutic agent (time and site) and modifies its pharmacokinetics 
parameters without changing the therapeutic agent’s pharmacological properties 
(Suri et al. 2007). To deliver antibacterial, anti-fungal, antiviral, anaesthetic, anti-
parasitic, vaccine, and anti-neoplastic drugs to the animal population as well as 
cosmetic items to enhance the appearance of pets, nano-carriers are ideal (Carvalho 
et al. 2018). The therapeutic agents in nano-carriers can also be attached to their 
surface, dispersed in a matrix, or included in a reservoir system. Nanoparticle 
surfaces can be functionalized to increase drug efficacy and safety as well as to 
target particular tissues, organs, or cells. 

7.3 Using Nano-carriers in Veterinary Sciences 

Liposomes, nano-emulsions, micelles, lipidic, polymeric, mesoporous silica, metal-
lic nanoparticles, and dendrimers are the main nano-carriers used to prepare nano-
medicines for veterinary applications and are discussed in this study (Fig. 7.2) 
(Carvalho et al. 2020). In order to increase the bioavailability and decrease the 
toxicity of conventional dosage forms based on therapeutic agents with low solubil-
ity, nano-carriers are a good strategy. The primary goal of using nano-carriers in 
veterinary medicine is to be able to vectorize the release of the therapeutic agent with 
dose reduction, thereby minimizing serious adverse reactions and discomfort in 
long-term treatments. In general, the advantages of nano-carrier systems are exten-
sive and include the following: (1) targeting the therapeutic agent through accumu-
lation at the site of action; (2) lowering the required dose of the therapeutic agent, 
decreasing the dose-associated toxicity; (3) protecting the therapeutic agent by 
increasing its stability; (4) modulating the release profile of the therapeutic agent; 
(5) modifying the pharmacokinetic parameters of the therapeutic agent, increasing 
bioavailability; and (6) reduction of toxicity.
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Fig. 7.2 Nano-carriers in veterinary sciences 

7.4 Classification of Noncarriers 

7.4.1 Liposomes 

Liposomes are phospholipid and cholesterol bilayer spherical vesicles that form at 
least one lipid bilayer around an aqueous core in water, allowing Van der Waals 
forces to encapsulate both hydrophilic and hydrophobic compounds immersed in the 
lamellae (Gonda et al. 2019). Liposomes have unique properties due to their nano 
sizes, such as biocompatibility and biodegradability. They can be used in nano-
medicine, cosmetics, and the food industry (Panahi et al. 2017). Liposomal 
formulations are less toxic and have better pharmacological parameters than drugs 
alone. Although they appear to be the preferred drug delivery system for many 
diseases, more research into dose and time regimens is needed (Beltrán-Gracia et al. 
2019). 

7.4.2 Polymeric Nanoparticles 

With the advances in polymer science and nanotechnology, a diverse range of 
polymer nanoparticles has been described. The potential applications of polymeric 
nanoparticles are determined by their unique properties or desirable characteristics 
(Chenthamara et al. 2019). Important properties of polymeric nanoparticles, like



biocompatibility and biodegradability, are frequently used in the drug delivery 
system. There are both synthetic and natural polymer nanoparticles available. Natu-
ral polymers have excelled because of inherent properties, like biodegradability, 
biocompatibility, and ease of modification. Chitosan, collagen, albumin, and gela-
tine have been extensively researched and applied. Formalized paraphrase complex 
modifications to synthetic polymers handle specific properties, such as improved 
specificity, biological availability, reduced toxicity, and desirable pharmacokinetics 
(Kakkar et al. 2017; Rezaei et al. 2019). 
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7.4.3 Quantum Dots 

Quantum dots (QDs) are nanoscale semiconductor crystals discovered helpful in 
many fields, including biology. QDs have various applications, including biological 
imaging, diagnostics, stem cells, and cell tracking. Cells must be targeted from the 
injection site to their final destination to provide effective diagnosis and therapy. 
QDs are a popular type of cell tag that has received much attention. QDs are not toxic 
or immunogenic. QD labelling solved the tissue autofluorescence problem due to 
their emission properties (Kargozar et al. 2020). The usage of QDs with other 
methods, such as emission scanning microscopy, might aid in better detection and 
understanding of cellular interactions within the target tissue. Cryo-imaging can 
detect single-cell sensitivity cells, making it vital for stem and stromal cell therapies 
and regenerative medicine (Wuttisarnwattana et al. 2020). 

7.4.4 Nano-shells 

Nano-shells are spherical nanoparticles with dielectric silica cores covered by thin 
metals, mainly gold. These shells may be conjugated with other biomolecules, such 
as antibodies, fluorophores, oligonucleotides, targeting ligands, polymers, therapeu-
tic drugs, and radioisotopes for more effective and better diagnostic and therapeutic 
goals. The synthesis of gold nano-shells can be explained in three steps: the first step 
includes the surface amination of silica cores, the second step involves the deposition 
of gold nanoparticles (2–3 nm gold seed), and the last step concerns the re-growing 
of these seeds (Lermusiaux et al. 2021). Nano-shells find their application in gene 
delivery, target therapy, biomedical imaging, tissue welding, drug delivery systems, 
cancer imaging, and other therapeutic applications. They have a place in medicine 
for such applications because of their safety, stability, biocompatibility, bioavail-
ability, as well as high ability to bind with different therapeutic agents (Ahmadi and 
Arami 2014).
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7.4.5 Dendrimer 

The term “dendrimer” is derived from two Greek words that mean “tree” and “parts”, 
respectively, and describes their branching form. Dendrimers are nano-metric 
molecules that are radially symmetrical, globular, monodispersed, and homogeneous 
(Sohail et al. 2020). Dendrimers have therapeutic potential because of their anti-
fungal, antibacterial, and cytotoxic properties. They are helpful as drug and gene 
delivery vehicles, but studies have shown that some dendrimers have therapeutic 
potential due to their antifungal, antibacterial, and cytotoxic properties. Since their 
discovery, the biological utility of dendrimers has rapidly evolved, with over 
100 families and thousands of chemical modifications documented. Dendrimers 
like Frechet-type polyether and Tomalia-type (poly)amidoamine are poly 
(amidoamine) dendrimers, which are widely used in biomedicine as protein, 
enzyme, and virus analogues (Tetteh-Quarshie et al. 2021). 

7.4.6 Solid Lipid Nanoparticles 

Solid lipid nanoparticles have a lipophilic centre, making them suitable for cancer 
treatment (Youssef et al. 2019). The outer hydrophilic shell of various hydrophilic 
medications or antibodies can be conjugated with them. The outer shell also 
improves the bio profitability of the drug. Cationic solid lipid nanoparticles can 
electrostatically link nucleic acid components, allowing quality control. Topical, 
oral, and subcutaneous injections are all options for administering this type of 
nanoparticle. They can pass through the blood-brain barrier, allowing them to deliver 
medications. They can cross the blood-brain border, allowing medicines to reach the 
central nervous system more efficiently (Elgqvist 2017). 

7.4.7 Metallic Nanoparticles 

Metallic nanoparticles made of gold, silver, manganese, and platinum have a metal-
lic core surrounded by a protective coating. They contain antibodies and 
radionuclides, which can be chelated. Metallic nanoparticles, particularly bimetallic 
nanoparticles, have been used for disease therapy, including silver/gold 
nanoparticles, silver-selenium nanoparticles, and gold-platinum nanoparticles 
(Youssef et al. 2019). 

7.4.8 Polymeric Micelles 

Polymeric micelles have a hydrophobic core that facilitates the transport of hydro-
phobic drugs and are highly water soluble. According to their description, they were 
also made with amphiphilic polymers, like caprolactone or poly(lactic-co-glycolic



acid) (PLGA). Less water-soluble drugs, such as paclitaxel and amphotericin B, are 
commonly delivered using this method (El-Sayed and Kamel 2020). 
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7.4.9 Polymeric Nano-spheres 

Biodegradable or non-biodegradable polymers with less than a micron create 
uniform circular frameworks. Polymer-based drug-encapsulated nanospheres have 
been described for effective cancer or antigen-presenting cell (APC) targeting, and 
this is an exciting area of research because it allows for the controlled release of 
drugs in a cell- or tissue-specific manner (DeFrates et al. 2018). 

7.5 Mechanism of Action of Nanoparticles Against 
Microorganisms 

Small-sized NPs between 5 and 17 nm exhibit high anti-microbial activities (Slavin 
et al. 2017). There has been considerable research into various mechanisms for 
promoting contact between NP and bacteria, such as Van der Waals forces, electro-
static forces, and ligand-receptor and hydrophobic interactions. When NPs contact 
microbes, t hey can disrupt metabolic pathways and affect membrane shape and 
function. Inside a bacterial cell, NPs interact with cellular mechanisms to inhibit 
enzymes, inactivate proteins, alter gene expression, generate free radicals, and cause 
electrolyte imbalance (Hamida et al. 2021). The antibacterial activity of NPs is most 
commonly attributed to reactive oxygen species (ROS). While oxygen enters in its 
unwanted reduced states, it has more tendency to transform into free radicals, 
peroxides, and superoxides rather than to get converted into water. As the concen-
tration of nanoparticles increases, free radicals are produced, resulting in ROS 
increase and cell death (Fig. 7.3) (Canaparo et al. 2021). Superoxide radical, singlet 
oxygen, hydroxyl radical, and hydrogen peroxide are the four types of ROS pro-
duced (Sharma et al. 2019). 

Even so, as NPs concentrations rise, the cell prefers oxidation via excessive ROS 
production (oxidative stress), resulting in cell component damage. As a result, the 
cell membrane’s permeability changes, resulting in cell membrane damage. Some 
nanoparticles have been biofunctionalized to replace chemicals like mannose, which 
attract bacteria via mannose receptor sites (Bondarenko et al. 2018). Carbon 
nanoparticles enter bacterial cells and prevent multiplying and dying, causing cell 
lysis. The antibacterial activity of carbon nanoparticles may be due to the electro-
static repulsion of Gram-negative microorganisms and carbon surfaces, where 
microbes bind to carbon particles via solid Van der Waals forces, and Gram-positive 
bacteria change the positive charge on the carbon surface (Quek et al. 2022). Silver 
nanoparticles destroy biomacromolecules by deactivating enzymes, changing pro-
tein expression, and disrupting the respiratory chain. Nanoparticles can damage or 
burst bacterial cell membranes by interacting with their hydrophobic chains of 
various lengths. Because their cationic surfaces interact strongly with bacterial



cells, polymeric nanoparticles kill germs when they make contact them (Jiang et al. 
2022). 
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Fig. 7.3 General anti-microbial action of nanoparticles 

7.6 Nanotechnology in Animal Science 

7.6.1 Nano-medicine 

Nano-delivery systems and nano-medicine are emerging nanoscience techniques 
essential in veterinary medicine. Even though such systems are relatively new, 
they are swiftly developing where a wide range of nanoscale biological and 
non-biological materials are used to serve as diagnostic tools or to deliver therapeutic 
agents to target sites in a regulated manner (Tewabe et al. 2021). Nano-medicine is a 
branch of medicine that employs nanotechnology to prevent and cure diseases using 
different nanoscale materials (Josyula et al. 2021). The nanoscale materials used in 
nano-medicine include biocompatible nanoparticles and nano-robots. Nano-medi-
cine has various applications, like disease diagnosis, drug delivery, and sensory and 
actuation purposes in organisms (McNamara and Tofail 2015). 

Innovative drug delivery systems can deliver therapeutic agents as small sealed 
packages with high efficacy to the specified target in an animal’s body. Microscale 
and nano-mechanical systems are smart drug deliveries that make use of smaller 
quantities of antibiotic. These advanced drug delivery systems also possess chemical 
detection and decision-making capability for self-regulated drug delivery or nutrient



treatment as required. This system has the advantage of minimizing antibiotic use 
and, ultimately, medication expenses as well. They can also monitor the delivery 
effects of nutraceuticals, pharmaceuticals, nutrients, bioactive compounds, food 
supplements, chemicals, probiotics, and vaccines (Tewabe et al. 2021). 
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Table 7.1 Various types of biomaterials used to coat nano-materials 

S. No. Biomaterials Reference 

1. Erythrocyte cell membranes Wang et al. (2019) 

2. Neutrophil cell membranes Zhang et al. (2018) 

3. Natural killer cell membranes Pitchaimani et al. (2019) 

4. Macrophage cell membranes Gong et al. (2020) 

5. Platelet cell membranes Wang et al. (2019) 

6. Extracellular vesicle cell membranes Kao and Papoutsakis (2019) 

7. Natural proteins Iqbal et al. (2021) 

8. Viral capsids Kines et al. (2021) 

9. Aptamers Huang et al. (2021) 

Although nanotechnology has provided alternative therapeutic opportunities, 
there are still challenges that emerge with nanoparticles. While travelling from the 
injection site to the target site, nanoparticles encounter various physiological and 
cellular barriers that recognize and eliminate foreign bodies (Chen et al. 2021). 
Nanoparticles are usually modified with synthetic polymers like polyethylene glycol 
or poly(lactic-co-glycolic acid) to extend circulation in blood. The surface of 
targeting ligands is grafted to bind selectively only to the specified target while 
preventing non-specific interactions with healthy tissues (Zhao et al. 2020). 
Optimizing synthetic nanoparticles has been implemented for effective targeted 
delivery with minimum side effects (Ryu et al. 2020). Many efforts have been 
made towards bioinspired nanotechnology, in which design cues are taken from 
the organism for effective delivery. 

Biomimetic nanoparticles are an emerging class of nanoparticles whose surface is 
fabricated or integrated with biomaterials or other synthetic materials, able to mimic 
the biological functions and characteristics of native cells. Because of this property, 
biomimetic nanoparticles possess enhanced biocompatibility, have a long retention 
time and high target specificity, and induce minimal immune responses (Chen et al. 
2019). Different types of biomaterials are used to embed nanoparticles to enhance 
their stability and efficacy, which are enlisted in Table 7.1. 

7.6.2 Diagnosis and Treatment of Disease 

Nanotechnology exhibits activity at the same size as that of the pathogen and 
therefore has an excellent capability for early diagnosis and treatment. Nanotechnol-
ogy has been described as an effective technique in critical clinical diagnoses. The 
application of nanotechnology in diagnostic tools is remarkable, owing to enhanced 
specificity, sensitivity, and functionality (Zhang et al. 2019). Biomarker detection,



which involves significant waiting times and high costs and requires sophisticated 
analyzers, needs to be replaced with more economical, faster, and more robust 
diagnostic tools. Nano-structured materials are promising in the advancement of 
diagnostics. Nanotechnology combined with proteomics, genomics, and molecular 
machine systems can help develop reliable, effective, and fast medical diagnostics. 
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Table 7.2 Various nano-structured materials with application in the health sector 

S. No. 

Nano-
structured 
material Application in healthcare Potential risks Reference 

1. Carbon 
nano-tubes 

Glucose monitoring Pulmonary 
toxicity 

Yan et al. 
(2015) 

2. Graphene Biosensing, imaging Graphene-induced 
toxicity, 
inflammatory 
response 

Nagraik et al. 
(2021) 

3. Quantum 
dots 

Optoelectronic application, 
detection of 
bio-macromolecules like 
proteins, enzymes, and neuro-
transmitters; substitute to 
fluorophores; 
cancer diagnosis 

Skin penetration Henna and 
Pramod (2020) 

4. Chitosan Used in bioanalytical device 
biosensors and lab-on-chip 
devices 

Chitosan toxicity Nagraik et al. 
(2021) 

5. Dendrimers Used in various diagnostic 
sensors, such as those based 
on fluorescence, 
electrochemistry, 
impedimetric, Raman 
scattering or SPR 
transfection, drug delivery, 
and biocatalysis 

Haemolytic 
toxicity, 
cytotoxicity, and 
haematological 
toxicity 

Mahmoudpour 
et al. (2021) 

Nanotechnology primarily focuses on improving conventional diagnostic 
methods by increasing process efficiencies and enhancing the reusability of nano-
materials, therefore reducing the overall cost of diagnosis. Biomedical applications, 
like tissue scaffolds, drug delivery, implantable materials, or nano-devices such as 
biosensors, have widely used various nano-material structures. Due to its perfor-
mance and sensitivity, nanotechnology plays a significant role in the development of 
biosensors. Biosensors that combine mechanical, biological, and physico-chemical 
properties of transducers have tremendous applications in healthcare and biodefence 
systems. Nano-structured materials in biosensors play a vital role in disease detec-
tion and diagnosis. Some commonly used nano-structured materials (Table 7.2)  in  
biosensors are nanoparticles, carbon nano-tubes, graphene dots, quantum dots, nano-
wires, and metallic sheets (Nagraik et al. 2021). 

Nanotechnology offers solutions to a number of serious diseases, like tuberculo-
sis, foot and mouth disease, methicillin-resistant Staphylococcus aureus (MRSA),



brucellosis, and other infections due to intracellular or blood pathogens (El-Sayed 
and Kamel 2020), respiratory infectious diseases, melanoma, and other types of 
cancers. Fluorescent nanoparticles with photophysical characteristics have 
demonstrated excellent performance in in vivo imaging. In addition, nanoparticles 
have unique optical contrast agents in image-guided tumour surgeries. Nano-
theranostics is another remarkable progress in nanotechnology, a medical technique 
that combines medicine and diagnostics to enhance the effectiveness of currently 
used medicines (Fawzy et al. 2021). 
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7.6.3 COVID-19 and Nanotechnology: Rejuvenating Diagnostic 
Regimen 

Coronaviruses (CoVs) are a group of enveloped single-stranded ribonucleic acid 
(RNA) viruses that infect mammals and birds, causing respiratory and gastrointesti-
nal diseases (Li et al. 2020). Alpha coronavirus (prevalent in mammals and pigs as 
animal hosts), beta coronavirus (prevalent in mammals and bats, mice, and cows as 
animal hosts), delta coronavirus (dominant in pigs and birds, with pigs as animal 
hosts), and gamma coronavirus (prevalent in whales and birds, with chicken and 
turkey as animal hosts) are the four genera of Coronavirinae (Krishnan et al. 2021). 
Before December 2019, which marked the outbreak of COVID-19, four beta coro-
navirus strains caused severe human diseases: HKU1, MERS-CoV, OC43, and 
SARS-CoV. Once again, the spillover came from the beta coronavirus strain 
COVID-19 in Wuhan, Hubei, Central China (Zhou et al. 2020). 

At present, Omicron has accumulated over 30 mutations on its spike protein, 
resulting in its immune evasiveness. Omicron cannot utilize TMPRSS2-expressing 
cells, primarily found in the lower respiratory, explaining its alleged mildness. The 
matter of concern is, what if, under selection pressure, it overcomes its inability to 
infect TMPRSS2-expressing cells, as it has done for human angiotensin-converting 
enzyme-2 (ACE2)? A catastrophe like this will be beyond the capabilities of any 
nation. Therefore, we must review and analyze all the advanced technologies that 
can make a breakthrough in this area of research, and nanotechnology stands out as a 
promising option. 

Nanotechnology has aided in developing a new generation of vaccines that are 
critical for the global control of the COVID-19 epidemic and the return to normalcy. 
Nanotechnology investments have benefited vaccine development, research, and 
innovation. Vaccine development has primarily taken place in countries in the 
northern hemisphere. South Africa, as an important emerging country, has made 
significant investments in nanotechnology and bioinformatics and the skills and 
resources needed to develop and manufacture vaccines (Dube et al. 2021). Bioinfor-
matics tools have also aided in developing quick and cost-effective vaccines and 
provided recommendations for future research and development. Using an opto-
electro-magnetic nano, scientists used a biosensing technique to identify the SARS-
CoV-2 virus during the current COVID-19 pandemic. Viruses can be detected by 
using electrical, optical, or magnetic biosensors based on gene sensing and immune



sensing. Paliwal et al. (2020), in their study, selectively detected the SARS-CoV-
2 virus at a shallow level by using biosensors. 
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These efficient biosensors can be controlled with a smartphone and marketed for 
clinical use in COVID-19 infection diagnosis at an early stage. Furthermore, the 
successful integration of these SARS-CoV-2 viral sensors with artificial intelligence 
(AI) and the Internet of Medical Things (IoMT), effectively helped in virus detection 
at the point of care while also sharing bioinformatics with the medical centre for 
quick therapeutic decisions. This method can also manage COVID-19 infection 
based on patient infection profiles and keep track of chores. In addition, researchers 
developed stimuli-responsive nanotechnology to trap and eliminate viruses when 
stimulated externally to prevent human-to-human transmission of the SARS-CoV-
2 virus (Kaushik 2021). 

Nanotechnology, for example, could enable photo-sensitive viral destruction. 
Several types of clothing containing nanoparticles have been successfully used to 
demonstrate SARS-CoV-2 virus entrapment and eradication. The increased produc-
tion and distribution of these masks for general use, on the other hand, will necessi-
tate a significant amount of effort. One of the documented advancements in this field 
is microneedle-based vaccine administration to treat COVID-19 infection. Early 
results are encouraging, but there is still much work to be done regarding animal-
model-based experiments and Food and Drug Administration (FDA) approval, both 
of which are required before clinical implications can be suggested (Kaushik et al. 
2020). 

7.6.4 Nanotechnology-Based Therapeutic Agents Against Animal 
Coronaviruses 

Nanotechnology is crucial in combating emerging diseases, including coronaviruses 
like SARS-CoV-2. The similarity in the molecular sizes of nanoparticles and 
coronavirus enables better interactions and the potential for future applications 
(Medhi et al. 2020). Further biomedical properties of nanoparticles favour the 
development of therapeutic formulations that can have higher efficacy against 
viruses. Nanoparticles also have antiviral properties. Improved drug pharmacoki-
netic properties by applying nanoparticles with antiviral drugs have further made 
nanotherapeutics beneficial and effective (Chakravarty and Vora 2021). Both metal-
lic nanoparticles and lipid-based nanoparticles have been explored against antiviral 
applications (Sharmin et al. 2021). Antiviral drugs such as zidovudine, maraviroc, 
ritonavir, and a few other pharmaceuticals are developed using multiple types of 
lipids for optimal cellular absorption and targeted drug delivery. Nano-formulations, 
which use multifunctional nanoparticles to optimize gene transport, protect cargo 
from nuclease degradation, and improve the targeting mechanism, are also used in 
non-viral gene therapy (Lin et al. 2018). 

Nano-formulations outperform traditional antiviral drugs by preventing virus 
replication in mammals in multiple ways. First, nanoparticles can directly inactivate 
viruses by interacting with virus surface proteins or the viral genome, preventing



replication. Gold, silver, and copper nanoparticles act as antiviral agents by 
preventing viral entry into host cells. These nanoparticles prevent viral replication 
by adhering to viruses and rendering them inactive, as well as interfering with virus-
host cell interactions. Finally, virucidal zinc (Zn) nanoparticles interfere with viral 
DNA polymerase and block virus growth inside host cells (Jampílek and Kráľová 
2019). 
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Nano-structured materials are used to make adjuvant-based nano-vaccines for 
animals to protect them from infections caused by the animal coronavirus. In recent 
years, there has been much interest in incorporating virus entities into the production 
of nano-vaccines with adjuvants. Due to improved antigen-processing pathways, 
nano-vaccines provide benefits such as a controlled immune response and activated 
B-cell immunity (Singh 2021). However, conventional vaccinations have 
drawbacks, such as low immunogenicity and insufficient protection. Furthermore, 
following the recent coronavirus disease-19 (COVID-19) pandemic, which may 
have started in bats (primary reservoir) and was caused by the lethal coronavirus 
SARS-CoV-2, it is critical to use nanotechnology to prevent viral infections from 
spreading to other species. 

7.6.5 Anti-microbial Resistance 

The emergence of anti-microbial resistance is a serious concern that has drawn 
attention worldwide. The issue can be aggravated by the irrational use of anti-
microbial drugs, insufficient surveillance, and the inadequately controlled regulation 
of antibiotic use in the medication and livestock industry. Furthermore, because of 
the emergence of multidrug-resistant microorganisms and the scarcity of new 
antibiotics, there is a dire need for new anti-infectious strategies. Some of the new 
strategies and their action are summarized in Table 7.3. 

7.6.6 Nano-vaccines 

Vaccines comprise adjuvants and antigens, which trigger the defense mechanism or 
long-lasting protective antibody response. Live and dead organisms were used in the 
production of vaccines earlier. Later, the production of safe synthetic and recombi-
nant vaccines came into vogue. These new vaccines are highly sensitive to degrada-
tion and require optimized adjuvant with good stability to augmented 
immunogenicity. The regulation of conventional adjuvants is complex, but advanced 
antigen-delivery strategies are being developed with the evolution of 
nanotechnology. 

The immunity of vaccines is increased with nanoparticle adjuvants by imitating 
molecular models relating to pathogens, regulating co-stimulatory molecules on 
cells with antigens, maintenance of the immune system, and long-time delivery of 
antigens. Nanoparticles can produce virus-like particles with morphological similar-
ity to virus capsids and can stimulate immune responses that do not cause infection



(Ravi et al. 2021). In recent years, nanotechnology research has received massive 
attention for the potential to replace conventional viral vector vaccines (Fawzy et al. 
2021). Various nanoparticles are used as adjuvants in nano-vaccines against live-
stock viral diseases (Table 7.4). 
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Table 7.3 Nanotechnology strategies against anti-microbial resistance 

No. Strategy Action Reference 

1. Use of silver nanoparticles Antibacterial effect against 
pathogenic species of Gram-positive 
bacteria (Bacillus licheniformis, 
Bacillus cereus) and Gram-negative 
bacteria (Escherichia coli, 
Pseudomonas aeruginosa) 

Basera et al. 
(2019) 

Inhibitory action against Acidovorax 
oryzae strain RS-2 

Masum et al. 
(2019) 

Post-surgical treatment for 
Corynebacterium 
pseudotuberculosis infection 

Santos et al. 
(2019) 

2. Phyto-fabrication of selenium 
nanoparticles 

Anti-microbial, antioxidant, and 
biocompatibility 

Gunti et al. 
(2019) 

3. Bio-fabrication of zinc oxide 
nanoparticles 

Limiting the growth and mycotoxins 
of Fusarium graminearum 

Lakshmeesha 
et al. (2019) 

4. Bio-mimetization of 
hydroxyapatite with 
Azadirachta indica 

Therapeutic anti-inflammatory and 
antibacterial action 

Nagaraj and 
Samiappan 
(2019) 

5. Nano-composites of nano-
crystals doped with silver and 
silver oxide nano-crystals 

Inhibition of biofilms formation Fonseca et al. 
(2019) 

6. Magnetic nano-conjugated 
teicoplanin 

Targeting of the bacterial infection 
site 

Armenia et al. 
(2018) 

7. Vancomycin-loaded 
nanoparticles 

Enhance antibacterial efficacy and 
sporicidal for Clostridium difficile 
infection 

Chen et al. 
(2019) 

8. Pullulan nanoparticles Enhance the antibacterial properties 
of Lactobacillus plantarum 

Hong et al. 
(2019) 

9. Anti-microbial peptides and 
bacteriophages nano-
encapsulated in liposomes 

Prolonged delivery Zambom et al. 
(2019) 

7.6.7 Feed Technology 

Engineered nanoparticles could help facilitate dietary supplementation to weaned 
animals and boost growth rates by increasing the bioavailability and efficacy of 
nutrient cargoes (Hill and Li 2017). However, while developing a carrier nanoparti-
cle for the oral administration of nutrients, certain things need to be considered. For



example, it includes the challenges of resisting the action of enzymes and the pH of 
the gastrointestinal tract of animals. 
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Table 7.4 Nanoparticle adjuvants effective against various viruses 

S. No. Virus Potential adjuvant Action Reference 

1. Foot and mouth 
disease virus 

Gold nanoparticles Improved macrophage 
activation 

Teng et al. 
(2021) 

2. Rift Valley fever 
virus 

Silver nanoparticles Reduction in virus 
infectivity 

Borrego 
et al. (2016) 

3. Infectious 
bovine 
rhinotracheitis 
virus 

Silver nanoparticles Inhibited virus 
infection 

El-
Mohamady 
et al. (2018) 

4. Peste des petits 
ruminants virus 

Silver nanoparticles Inhibited virus entry Khandelwal 
et al. (2014) 

5. Avian influenza 
virus 

Silver nanoparticles Increased protective 
level of antibodies 

Yu et al. 
(2013) 

Polyanhydride 
nanoparticles 

Prolonged release of 
encapsulated antigens 

Kingstad-
Bakke et al. 
(2019) 

6. Newcastle 
disease virus 

Polyrhodanine 
nanoparticles 

In ovo anti-Newcastle 
disease activity 

Nazaktabar 
et al. (2017) 

Microalgae-mediated 
silver nanoparticles 

In vivo anti-Newcastle 
disease activity 

Khalid et al. 
(2017) 

7. Infectious bursal 
disease virus 

PLGA nanoparticle Increased cellular and 
humoral immune 
responses 

Al-Rubaee 
et al. (2019) 

Silver nanoparticle-
anchored graphene-
oxide sheets 

Antiviral activity 
against non-enveloped 
IBD virus 

Chen et al. 
(2016) 

Nanoparticles must be capable of surmounting these obstacles to supply their 
nutritional elements at the specified location (Ban et al. 2015). Nanoparticles devel-
oped from canola protein cruciferin are able to encapsulate both hydrophilic and 
hydrophobic bioactive elements, protect them from degradation in the stomach, and 
release them in the intestinal lumen to get absorbed and function as if they originated 
from the feed. Being small sized, nanoparticles gain an increased level of bioavail-
ability in comparison to microparticles, especially in the digestive tract, as 
nanoparticles can pass readily through the intestinal mucosa (Akbari and Wu 2016). 

Copper nanoparticles pass through intestinal mucosa more quickly than 
microforms, helping better absorption (Gonzales-Eguia et al. 2009). The quality 
and stability of livestock feed and water can be improved by the addition of nano-
materials. In a study conducted by Zha et al. (2009) on broilers, it was demonstrated 
that the addition of chromium nanoparticles to poultry feed increases the average 
daily gain, feed efficiency, thigh, and breast muscle protein content but lowers 
cholesterol levels. However, a comprehensive study of nanoparticle activity must 
be carried out to test the potency and any undesirable biological consequences.
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7.6.8 Animal Breeding and Reproduction 

Timely oestrus detection in dairy animals is one of the biggest challenges in dairy 
farming. Nano-tubes provide an effective solution for tracking oestrus in animals 
through real-time measurement of estradiol level changes in the blood. In addition, 
nano-tubes can be used to detect the oestrus period by binding to estradiol antibodies 
during oestrus through near-infrared fluorescence (Mekonnen 2021). Artificial 
insemination techniques can be advanced by incorporating nano-techniques such 
as nano-purification, non-invasive bioimaging of gametes, and protectants in cryo-
preservation (Hill and Li 2017). 

Quantum dots can help provide a better understanding of oocyte movement, 
mammalian spermatozoon, and their physiological interaction. These nanoparticles 
are of great interest to theriogenologists because of being biocompatible and 
photostable and due to their ability to produce more signal intensity compared to 
other organic fluorescent molecules, which have been used previously for imaging 
gametes and other types of cells in vivo. These engineered nanoparticles help 
visualize cellular and molecular events during fertilization, like fluorescent proteins, 
but at greater tissue depths (Feugang et al. 2015). The nano-purification of semen is a 
technique that can separate damaged sperms from healthy ones. One such technique 
is coating magnetic nanoparticles with antibodies against ubiquitin (a surface marker 
of defective spermatozoa) for a protein-based removal strategy. Another lectin-based 
strategy coats magnetic nanoparticles with lectins, which bind glycans exposed at 
the sperm surface. In a study (Odhiambo et al. 2014) on the nano-purification of bull 
spermatozoa, nano-purified spermatozoa achieved equal conception rates as 
un-purified ones. Therefore, it was concluded that more females could get 
inseminated from one nano-purified diluted ejaculate sample. The cryo-preservation 
of sperm can be enhanced by the addition of nano-protectant additives in extenders. 
Anti-microbial nanoparticles may also replace extender antibiotics since some 
antibiotics inhibit sperm motility and viability. Nanoparticles may also be used to 
incorporate other natural products in semen extenders to modify the properties of 
semen, such as to increase sperm motility (Bryła and Trzcińska 2015). 

The integration of nanoparticles in molecular biology procedures may lead to 
further advancement in reproductive biotechnology. One such technique is the 
mediation of gene transfer through sperm, in which mesoporous silica nanoparticles 
are loaded with deoxyribonucleic acid (DNA) molecules and proteins of interest and 
delivered to oocytes at fertilization (Barkalina et al. 2014). Transfections with 
polymeric nanoparticles, like chitosan, poly(2-(dimethylamino)ethyl methacrylate 
(PDMAEMA), and polyethyleneimine, are reported to have more advantages over 
conventional viral approaches if polymers are used in low concentrations. The 
molecular weight of nano-polymers influences transfection efficacy and toxicity. 
Nanoparticles can also play a vital role in animal reproduction. However, some 
nanoparticles are spermatotoxic, which can have serious consequences. For exam-
ple, in a study, it was reported that zinc oxide (ZnO) and titanium oxide 
nanoparticles reduce in vitro sperm viability (Poddar and Kishore 2022).
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7.6.9 Food and Feed Safety 

The meat and food industries are currently utilizing nano-material applications, such 
as using them as carriers for food ingredients or additives, which are added to food 
directly, or as a component of food packaging. Additionally, this can enhance 
flavour; decrease the use of fat, salt, sugar, and preservatives; and improve the 
ability of fat-soluble additives to disperse in food products. This can prevent 
hypertension and cardiovascular disease in both humans and animals. Zn NPs 
were once only used as a feed additive, but today, there are many uses for metal 
nano-materials in veterinary medicine (Rahman et al. 2022). Nevertheless, they are 
poisonous to microorganisms and are employed as anti-microbial agents, and their 
addition to cow feeds led to a marked increase in milk production. Additionally, they 
can be utilized in catalysis, sensors, environmental remediation, and human and 
animal personal care products (Reda et al. 2021). 

Nutritive substances can resist protease enzymes and other desaturating agents, 
thanks to nano-carriers. Additionally, it might be improving its capacity to cross the 
intestinal membrane into blood. Additionally, nano-carriers improved the dispersion 
of nutrients in aqueous systems and controlled the release of nutrients in water-
insoluble food ingredients (Xia et al. 2022). Nano-materials can create new tools for 
the rapid detection of food-borne pathogens, such as gold and iron oxide 
nanoparticles and nano-materials loaded with anti-S. aureus antibodies 
(Sheikhzadeh et al. 2021). The science of biomedicine, food systems, food system 
security, and disease treatment delivery could all benefit from the use of nanotech-
nology. Today, a wide range of nano-materials and nano-sensors are used as food 
safety additives and have significant value in all fields of animal science. Nanotech-
nology will soon make it possible to produce “interactive” poultry meat that alters its 
colour, flavour, or nutrients (Akter et al. 2022). 

7.7 Toxicity Risk of Nanoparticles 

The primary justification for restricting the use of biosensors in human and animal 
science is their toxicity risk to animals and the environment, despite the advance-
ment and value of these tools in animal science (Hassan et al. 2020). Several aspects 
of biomedicine use nanotechnology, but there are also potential toxicity risks for the 
environment and users. Affected tissue fibres or secondary mutations cause oxida-
tive stress and inflammation. Nanoparticle size, the health of humans and animals, 
administered doses, and exposure time all generally affect the toxicity of nano-
materials. Additionally, the particle size and shape, crystalline form, 
functionalization, and purity of nanoparticles must be taken into account for an 
effective assessment of their risk of toxicity (Abedin et al. 2021). When sperm is 
exposed to certain nanoparticles in excess or for an extended period of time, such as 
zinc oxide and titanium oxide, it loses viability in vitro. Sperm cells that were 
incubated with concentrations of 100–500 g/mL of Zn NPs died within a short 
period of time. When buffalo sperm was incubated with 100 g/mL of titanium oxide



nanoparticles, Pawar and Kaul (2014) found that the viability of the sperm was 
decreased. According to a number of studies, metal nanoparticles can easily enter the 
skin, lungs, and brain, where they can have a negative impact on biological 
processes. 
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Before using Zn NPs as feed additives, it is important to understand their short-
term environmental and animal toxicity. Therefore, it is necessary to measure the 
effective nontoxic doses of metal nanoparticles in laboratory animal models to 
determine whether their field application is appropriate. There have not been any 
toxicological effects of nanoparticles on health to date (El-Fatah et al. 2017). To 
fully understand the toxicological aspects of nano-materials, more ongoing research 
is therefore necessary. 

Ingestion is the primary method of exposure for both humans and animals when it 
comes to nano-materials. The liver and spleen quickly eliminate the nano-materials 
after ingestion, after which they enter the gastrointestinal tract and reach the 
intestines. The ingestion is primarily caused by the presence of nanoparticles in 
food as a result of direct contact between food and nano-packaging (Baltić et al. 
2013). The circulatory system distributes the nanoparticles to the liver and spleen 
(Baltić et al. 2013). Other routes of nanoparticle toxicity include inhalation and skin 
contact, which are mostly found in laboratories and industrial workers in factories 
that produce nano-materials. According to a different study, magnesium oxide 
nanoparticles can enter the central nervous system and nerve cells through skin 
contact and inhalation. 

In other studies, the Zn NPs detected the presence of skin tissue that had been 
penetrated, and they have cancer-causing effects, like asbestos-caused lung fibrosis. 
The possibility of lung cancer development also exists when high doses of nano-
TiO2 are inhaled (Aschberger and Christensen 2011). Additionally, just as with the 
inhalation of ambient ultrafine particles, the entry of nanoparticles via the blood-
stream may have negative effects on the cardiovascular system, blood vessel func-
tion, and blood clot formation. Similar microvascular dysfunction was seen in rats 
exposed to low concentrations of nano-sized titanium dioxide, as well as platelet 
aggregation and vascular thrombosis following exposure to single-walled carbon 
nanotubes (SWCNTs) and multi-walled carbon nanotubes MWCNTs (Kan et al. 
2018). According to some studies, nano-materials can enter the bloodstream, where 
they are distributed throughout body organ cell tissues and occasionally pass from 
the mother to the foetus through the blood supply (Baltić et al. 2013). More 
advanced nano-biomedical research and accessibility are required in the near future 
to enhance animal health. Many issues with animal disease diagnosis, animal 
production, reproduction, and good hygienic practices when raising and maintaining 
food animals could be resolved. Regarding livestock, the potential uses of the 
technology are almost unbelievable. However, there is still a lot of research that 
must be done before nanotechnology applications are used in veterinary and animal 
sciences, especially regarding toxicity risks.
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7.8 Challenges and Strategies 

Nano-materials with potential health benefits are used as feed additives in animal 
nutrition, but research on its validity is limited to livestock species. Extensive 
investigation is needed to arrive at a safe dosage for nano-feed additives because 
of the delicate balance between safe and toxic levels. The interaction of nanoparticles 
with various biological components due to large surface free energy should be well 
reviewed by conducting a meta-analysis to arrive at final dosages. Swain et al. (2016) 
reported that the actual bioavailability of a few mineral-based nanoparticles, such as 
ZnO nanoparticles, is still to be specified accurately. Reduced particle size with 
increased surface area in nano-forms makes them more toxic than their macro 
counterparts. Several approaches have been tried to minimize toxicity concerns of 
nano-materials without a change in intrinsic properties, like encapsulating inorganic 
nanoparticles with organic molecules like lipids, polymers, and biomolecules and 
coating them with silica (Yan et al. 2019). Using these surface-decorated 
approaches, the biocompatibility and utility of a wide range of nano-materials 
have been improved for several biomedical applications. Among different available 
mineral nanoparticles, only limited nanoparticles, like ZnO NPs, selenium (Se) NPs, 
and copper oxide (CuO) NPs, are studied in the context of nutritional aspects in 
livestock. Reports on other nano-materials as feed supplements are yet to be 
explored (Bhagat and Singh 2022). So there is a need for the product to provide 
multiple nano-minerals mainly chelated with organic elements for improved absorp-
tion and bioavailability of encapsulated minerals. 

The present quantification techniques of nanoparticles in animal systems, like 
inductively coupled plasma mass spectroscopy (ICP-MS), atomic absorbance spec-
troscopy (AAS), inductively coupled plasma optical emission spectroscopy 
(ICP-OES), electron microscopy, histology, fluorescence microscopy, liquid scintil-
lation counting, in vivo optical imaging, computed tomography (CT) scan, magnetic 
resonance imaging (MRI), positron emission tomography (PET), and single-photon 
emission computed tomography (SPECT) (Sarparanta and Airaksinen 2021), are 
limited only to small animals, such as lab animals, pigs, small ruminants, chicken, 
etc. 

Many regulatory bodies, such as the European Union’s Registration, Evaluation, 
Authorisation, and Restriction of Chemicals (REACH); the United States Environ-
mental Protection Agency; FDA’s Environmental Protection Agency (EPA); the 
International Organization for Standardization; the Occupational Health and Safety 
Administration (OSHA); the Organisation for Economic Cooperation and Develop-
ment; the European Food Safety Authority (EFSA); India’s Food Safety and 
Standards Authority (FSSAI); Food Standards Australia New Zealand (FSANZ); 
Japan’s Ministry of Education, Culture, Sports, Science, and Technology (MEXT); 
Ministry of Economic, Trade, and Industries (METI); Ministry of Health, Labor, and 
Welfare (MHLW); and Ministry of the Environment (MOE); China’s National 
Center for Nanoscience and Technology (NCNST), etc., have issued certain 
guidelines on the potential risks posed by nano-feed additives in food animals. 
Even at minimal dosages, metal-based nanoparticles are known to accumulate in



body tissues. The chronic ingestion of silver compounds may accumulate in the 
eyes, skin, and other vital organs, such as the liver (Burdușel et al. 2018). Hence, the 
length of the feeding period is also an essential factor to be considered before 
promoting any nanotechnology-based feed additive. The anti-microbial effects of 
nanoparticles on beneficial bacteria are uncertain and have to be tested before 
employing them as feed additives. Researchers have been developing nano-
packaging technologies in the food industry. However, Priyadarshi et al. (2021) 
raised a negative concern over the usage of nano-composites for food-packaging 
applications. They reported that nanoparticles would migrate into the food from the 
outer packaging, consequently resulting in unintentional consumer exposure to lipid 
peroxidation and DNA damage. These concerns led to a low public acceptance of 
nanotechnology-based products among consumers. Efforts need to be put in by 
manufacturers and food safety authorities to improve the acceptance of food nano-
technology by the public. Other bigger challenges related to nanotechnologies are 
environmental risks due to the release of nanoparticles into the environment. 
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7.9 Future Prospectus 

The range of applications for nanotechnology in the animal production sector will 
grow as it advances and attracts more attention. It is likely possible in the near future 
to regularly add nano-supplements to livestock feed to improve it; however, it will 
take more time before nanoparticles completely replace antibiotics in feed because 
many biocidal candidates still need to be tested in vivo before going through clinical 
trials and food safety tests in accordance with government regulations. Nanoparticles 
have already been used outside of animal products, such as in antiseptic wound 
dressings, and more will come. It is crucial to look into nanoparticle cytotoxicity in 
both cancer cell lines and normal, healthy cell lines for studies interested in 
nanoparticles with anti-cancer properties. 

7.10 Conclusion 

This chapter highlights the numerous applications of nanoparticles in animal science 
and production as well as their future potential in other application areas. 
Nanoparticles are already on the market, and their properties will be fine-tuned for 
a wider range of applications with additional research and development. The use of 
nanotechnology in veterinary science and animal husbandry is still in its infancy, but 
encouraging results from nutrition, medicine, diagnostic tool, and reproductive 
studies are driving further investigation.
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Abstract 

The advancement in the preparation of biomaterials that possess tissue engineer-
ing applications has predominantly concerted on developing biomimetic 
materials inherited with the properties of designing new tissue and very definite 
in cellular responses. The tissue generation is owed by identifying specific 
biomolecules which can be influenced by changing the microenvironment. Tissue 
engineering scaffolds and drug delivery systems are gaining huge interest these 
days. However, one of the common threats associated with the insertion of an 
implant is the colonization of pathogenic microbes and the development of 
bacterial/fungal or mixed biofilms in the implant. Theoretically, biomimetic 
materials mimic the functions of extracellular matrix (ECM) in tissues; therefore, 
biomimetic scaffolds can offer biological signals for cell-matrix interactions to 
promote tissue growth. Various biodegradable polymers are used as a base for
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local drug delivery or temporary sustenance for tissue regeneration. These 
polymers are disintegrated nonenzymatically through hydrolysis or by particular 
enzymes. Excellent biocompatibility marks them as competent material for vari-
ous medical purposes. Nevertheless, the renewal of living tissue and the capabil-
ity to preclude microbial colonization should be considered while fabricating 
materials for implant construction. This chapter gives insight into the background 
and applications of biomaterials with antimicrobial properties and the prospects 
of bioinspired materials.
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8.1 Introduction 

Nanomaterials possess outstanding properties, such as distinctive optical, magnetic, 
and electrical characteristics, and these materials have dimensions in the nanoscale 
(1–100 nm). These nanotextured materials are utilized as healing medicines and for 
designing devices (Ali et al. 2021). As their dimensions are reduced to the nanoscale, 
they exhibit plentiful exceptional properties, making these materials distinct from 
customary macromolecules. Representative characteristics commonly inherited by 
nanomaterials are high surface-to-volume ratio, enhanced electrical conductivity, 
superparamagnetic behavior, the spectral shift of optical absorption, and distinctive 
fluorescence characteristics. 

Considering the versatility of nanotextured materials, they have been extensively 
utilized in the medical field, such as the use of nanomaterials in drug transference, 
well-ordered discharge systems, etc. Their amplified penetrability permits crossing 
biological barriers and enhances biocompatibility (Cheng et al. 2021). The interest-
ing topological features and nanorange dimensions of nanomaterials have boosted 
permeability and retention effects, thus facilitating the achievement of additional 
entry to the cubicles of cells and tissues. Various parameters such as dimension, 
morphology, and surface chemistry of nanotextured materials can be automated 
using physiochemical tools, therefore, can provide exciting features such as the 
potency of nanomaterials to design many arrangements, including particles, fibers, 
and porous sponges. These aforementioned nanotextured materials are being utilized 
as scaffolds for application in medicines and the healthcare system (Zhang and 
Wang 2019). Furthermore, nanomaterials have been proven to demonstrate auspi-
cious potential in crucial industries, specifically in nanomedicine, pharmacology, 
and the biomedical field (Albalawi et al. 2021). Profitable funding has been invested 
in nanotechnology research, and by the year 2024, the global nanotechnology 
market is expected to surpass USD 124 billion, with ~50% of the market falling in 
Asia Pacific states (Pinto et al. 2020).
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8.2 Outline and Background of Nanomaterials and Nanofibers 

Electrospun fibers are frequently described as nanofibers with dimensions roughly as 
thin as 500 nm. These e-spin nanofibers were primarily employed in the Soviet 
Union in 1938 to construct air filters to trap aerosol particles. In 1939, this effort 
managed to project a factory for engineering smoke filters, with nanofiber-based 
mats as gas masks. Throughout this period, a mechanistic understanding of 
electrospinning was gradually established. During 1964–1969, Geoffrey Taylor 
handed out several revolutionary articles, presenting mathematical models that 
indicate the spherical to conical silhouette alteration of polymer solutions under 
the impact of a robust electric current (Xue et al. 2019). Precisely, as the strength of 
the electric field was amplified up to a specific dire limit, the spherical droplet would 
progressively change into a cone (denoted as Taylor cone) and spring as a liquid jet. 
Later on, it would take 20 years to develop the electrospinning technique, and during 
this period, it did not get considerable attention from academia or industry. This 
inactive period was due to a lack of characterization tools; however, researchers were 
gifted with tools capable of measuring dimensions down to the submicrometer 
assortment. However, an assortment of useful applications was projected for 
e-spin fibers throughout this era, counting their prospective usage as wound dressing 
materials demonstrated by a patent (filed in 1977). During the initial 1980s period, 
Donaldson Co. Inc., headquartered in the United States, started to construct and sell 
filters consisting of e-spin fibers for air filtration. However, the company kept the 
manufacturing strategy of goods confidential. 

Many research teams, particularly those led by Darrell Reneker and Gregory 
Rutledge (early 1990s), rediscovered this technique with the aid of electron 
microscopes possessing resolving capabilities down to the nanometer range. These 
scientists established that diverse organic polymers could be electrospun into 
nanofibers, and the term electrospinning was propagated for unfolding this practice. 
These investigations conveyed innovative connotations about electrospinning, and 
this technique ultimately converted into the method of choice for manufacturing 
extended and incessant fibers having dimensions down to the nanometer range. 

Nevertheless, by now the electrospinning has begun to achieve accumulative 
consideration by designing novel materials and formulations, such as the construc-
tion of composite as well as ceramic nanofibers (Larsen et al. 2003). These unique 
fibers have innovative applications in various fields, such as catalysis, energy 
harvesting, conversion, and storage, which were previously dominated by 
nanoparticles. On the other hand, innovative approaches have been established to 
manage the assembly and arrangement of electrospun nanofibers. Nonetheless, these 
fascinating nanofibers flagged huge opportunities in energy-related and biomedical 
applications. A lot of approaches have been made for aligning the nanofibers, such as 
the possibility of diverse syndicate characteristics originating from size, structure, 
composition, morphology, porosity, and assembly of nanofibers. At the same period, 
coaxial electrospinning was settled to harvest continuous core-shell and hollow 
nanofibers and yarns of electrospun nanofibers. Currently, industrial production of 
electrospun nanofibers has been implemented by numerous companies throughout



the globe to produce nanofibers in huge volumes, approving downstream commer-
cial products. Nowadays, these electrospun nanofibers are extensively utilized for 
water purification, air filtration, wound dressings, implants, etc. (Fig. 8.1). Figure 8.1 
demonstrates the basic design of electrospinnig set up. 
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Fig. 8.1 Schematic representation of an electrospinning arrangement for nanofiber fabrication 

8.3 Bioinspired Nanomaterials 

Nanotextured materials possess essential features, such as reduced size and shape, 
which are useful in various fields and trades. Nanoparticles and nanomaterials are 
manufactured on a considerable gauge and are necessary for several industries. This 
fact has supported research in various disciplines of science such as biochemistry, 
biophysics, and biochemical engineering and of course, the applications. The com-
bination of nanotechnology and other disciplines has resulted in the fabrication of 
novel and interesting nanomaterials utilized for diagnostic tools, drug delivery 
systems, energy storage materials, and conservational and food processing 
(Barhoum et al. 2022). These nanotextured materials are diverse in size, silhouette, 
magnitude, configuration, permeability, stage, and consistency. Therefore, various 
classifications have been utilized to categorize them. Moreover, nanomaterials can 
be classified as natural, incidental, bioinspired, and engineered, depending on their 
origin and functionality. Nevertheless, it has been documented that the naturally 
occurring nanomaterials form all through natural physiological procedures. On the 
other hand, the incidental nanomaterials, also known as anthropogenic or waste 
particles, transpire due to simulated industrial procedures. Similarly, engineered 
nanomaterials are prepared in the laboratory/or in industries to attain materials 
with definite topography. However, bioinspired materials are nanomaterials that



resemble/or imitators of those natural nanomaterials or living stuff. Nowadays 
engineered and bioinspired nanomaterials are attaining huge consideration compared 
to natural materials due to variability. 
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Thus expanding the progressive nanofabrication tools, various bioinspired 
nanomaterials with exact functions can be fabricated by curbing their configurations 
(Lee et al. 2017). For instance, mechanochromic elastomers have been developed 
that mimic the photonic structure of chameleon iridophore cells (Rasouli et al. 2018). 
In these sensors, rigid silica nanocrystals are rooted in an elastomer’s background to 
form non-close-packed crystals. These sensors exhibit a color shift from red to blue 
during stretching and red to green during compression. Conclusively, biomimetic 
synthesis is aimed either by mimicking functions of natural materials, structures or 
the biological processes and are classified as functional biomimetic synthesis and 
biomimetic process synthesis (Zan and Wu 2016). Up till now, numerous 
bionanomaterials have been styled (Table 8.1), and many more will be established. 

However, despite their particular possessions, only insufficient engineered and 
bioinspired nanomaterials have been permitted and utilized in the industry due to the 
limitations of risk assessment practices. In this chapter, our primary focus will be on 
novel bioinspired materials possessing antimicrobial properties, which are used in 
tissue engineering and other medical and biomedical fields. 

8.4 Overview of Tissue Engineering 

Precisely tissue engineering is an up-and-coming biotechnological field that 
syndicates different features of medicine, cell, and molecular biology, materials 
science and engineering with the aim of regeneration, restoring and substituting 
ailing tissues. The term tissue engineering was formally devised by Fung in October 
1987 at National Science Foundation Workshop in Washington, D.C. and since the 
preceding epoch, this field has progressed from scientific narration to science 
statement possessing research-based acceptance. Tissue engineering necessitates 
inclusive determinations to conglomerate engineering and physical sciences with 
life sciences, with the objectives of repairing, interchanging, and refining the 
functions of impaired tissues and organs (Shafiee and Atala 2017). Tissue and 
organ failure due to injury or disease has been reflected as the main healthcare trials. 
Until the second half of the twentieth century, there were no appropriate therapies for 
patients with dysfunctional organs. However, in 1954, Joseph Murray, Nobel Lau-
reate in Medicine during the 1990s, completed the first successful organ transplant, 
transferring a healthy kidney donated by Ronald Herrick to his identical twin 
brother, Richard (Renal homotransplantation in identical twins 2001). The process 
was guaranteed as risk-free as the donor and recipient were both genetically alike. 
Later on, almost after 5 years, Murray executed the world’s first successful organ 
transplant among genetically non-identical individuals. Through his pioneering 
operations, many lives have been saved with organ transplantation. Meanwhile, 
the high number of people waiting for transplants, the scarcity of organ donors, 
and the massive aging population demand the progression of innovative approaches



to repair the functions of impaired organs (Atala 2012). According to the US 
Department of Health and Human Services (https://optn.transplant.hrsa.gov), statis-
tics indicate that in the United States, a new individual is added every 10 min to the 
National Transplant Waiting List and that 22 individuals pass away every day 
waiting for a transplant. Indeed, tissue engineering aims to alleviate the life-
threatening unavailability of donor organs using in vitro production of biologically 
functional assemblies. To sum up, in tissue engineering, rudimentary design tactics 
comprise simply cell assemblies, cells and scaffolds, and solitary scaffolds. Unam-
biguously, autografts, allografts, and xenografts are biological paradigms 
constructed from a patient’s cells, from other genetically non-identical organisms, 
as well as even non-human animal species, respectively. Alternatively, the scaffolds
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Table 8.1 Summary of some of the recently developed bioinspired-material-based scaffolds and 
their respective applications published by various researchers 

S. No. Bioinspired scaffolds Applications Reference 

1. Pd-Ag-HAP on protruded TiO2 Dental implant Jang et al. (2018) 

2. Anodized titanium Dental implant Mühl et al. 
(2022) 

3. Triphasic calcium-based implant (AGNI) Bone implant Shaul et al. 
(2022) 

4. Zirconia-containing biphasic calcium 
phosphate 

Bone implant Youness et al. 
(2022) 

5. Poly(L-lactic acid)/mesoporous bioactive 
glass composite 

Bone implant Pant et al. (2022) 

6. Poly(xylitol-dodecanedioic acid)–co-
polylactic acid 

Tissue engineering Sotoudeh et al. 
(2021) 

7. Hydroxyapatite nanowhisker-reinforced poly 
(lactic acid) composites 

Bone implant Xu et al. (2022) 

8. Chitosan/gelatin/polycaprolactone Bone scaffold Wulin et al. 
(2022) 

9. Polyurethane (PU)/chitosan (Cs)/carbon 
nanotubes (CNT) 

Cardiac tissue 
engineering 

Ahmadi et al. 
(2021) 

10. composite alginate-gelatin hydrogels 
incorporating PRGF 

Human dental pulp 
and cell 
proliferation 

Anitua et al. 
(2022) 

11. Curcumin-loaded mesoporous silica 
nanoparticles/nanofiber composites 

Stem cell 
proliferation 

Mashayekhi et al. 
(2020) 

12. Folic acid.MgO:ZnO/chitosan hybrid 
particles 

Fibroblast cell 
proliferation 

Rafie and 
Meshkini (2021) 

13. Chitosan/aloe vera hydrogel Wound dressings Movaffagh et al. 
(2022) 

14. Spinacia oleracea extract incorporated 
alginate/carboxymethyl cellulose 
microporous scaffold 

Bone tissue 
engineering 

Sharmila et al. 
(2020) 

15. Cellulose nanofiber scaffold Bone tissue 
engineering 

Chakraborty 
et al. (2019)

https://optn.transplant.hrsa.gov
https://pubmed.ncbi.nlm.nih.gov/34935182/


are developed from natural (e.g., collagen, decellularized matrices) or synthetic 
materials and are intended to reproduce a natural three-dimensional 
(3D) environment, i.e., the extracellular matrix (ECM) in order to make the cells 
and tissues to flourish and establish into organs that can conserve their specific 
conformations and topographies. Additionally, these scaffolds should be compatible 
with the tissue-specific cells and the preferred indigenous atmosphere within the 
human frame (Langer 2009). Consequently, diverse engineered tissues or/organs 
require distinctive preparations and constituents. Furthermore, synthetic scaffolds 
must be synthesized, considering important features such as pore dimension, geom-
etry, penetrability, and spatial dissemination (Khademhosseini et al. 2006). It has 
been well documented that the bulk and exterior physiognomies of scaffold materials 
can also influence cellular performance (Khademhosseini et al. 2006). Finally, the 
degradation of the scaffold must be attuned to the construction of ECM by cells 
(Fig. 8.2).
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Fig. 8.2 The stepladders and biomimetic/or bioinspired materials in the tissue engineering process. 
Different levels of processes that can be used for biomimetic synthesis are compiled. The current 
progress of bioinspired/biomimetic synthesis is systematically summarized according to the fol-
lowing perspectives: motivation, inspiration, stimulation, imitation, and the fusion of science and 
technology
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8.5 Tissue Engineering and Regenerative Medicine 

Current progress in scaffold fabrication has boosted the arena of tissue engineering 
toward sophisticated objectives. A reasonably novel approach in scaffold-free tissue 
engineering has been presented that allows cells to yield their own ECM and self-
assemble to build 3D biological configurations. Tissue engineering is one of the 
main subjects in regenerative medicine. For instance, the stem cell discipline, gene 
remedy, soluble molecules, and reprogramming of cell and tissue types are crossing 
points between tissue engineering and regenerative medicine. During the past 
20 years, numerous accomplishments in the assembly of functional tissues and 
organs have aided in upgrading the quality of life of ailing individuals. The prepara-
tion of tissues and organs can be grouped into four main stages. The first and the least 
complex stage involves flat tissues and organs, such as the skin; the second stage 
includes the construction of tubular organs, for example, blood vessels and tracheas. 
Hollow nontubular organ assemblies such as the bladder are the second utmost 
organs to construct and the most multifarious structures are solid organs, such as the 
heart, kidney, liver, etc. Several research scientists all over the globe with different 
disciplines and specialties are occupied to fulfill the projected demands and encoun-
ter the challenges in this area. The initial challenge in engineering a tissue/organ is 
the discovery of suitable cell sources and a sufficient number of cells. The next 
important step is to provide refined biomaterials and scaffolds to permit all cell types 
in an organ to make an effort to organize in coordination in order to shape their own 
ECM (Atala 2009). 

Significant progress in stem cell therapies, biomaterials science, and the design of 
delivery systems able to mimic the production of growth factors will possibly aid 
treatment breakthroughs for various deadly ailments. Nevertheless, encouraging 
outcomes of in vitro and in vivo investigations cannot always be of practical use 
in clinical situations. Consequently, these situations remind us to sidestep the naive 
interpretations as well as exaggerated optimism concerning innovative technologies 
(Hassanzadeh et al. 2018). In addition to scaffold and cell-centered approaches, 
tissue engineering also includes other methodologies to enable the repair of organs 
and restore their purposes (Naughton 2002). Furthermore, it has also been accredited 
that the usage of polymer matrix offers stability as well as an organized release 
profile for proteins as well as for important growth factors (Langer and Moses 1991). 
Tissue engineering implants are also cherished devices comprising bioactive 
ingredients (Blanquer et al. 2012). The fabrication of practicable constructs requires 
the supply of easy-to-harvest cells proficient in differentiation into particular cells 
which lack immunogenic properties. For instance, the mesenchymal stem cells 
captured in penetrable biomaterial capsules have revealed anti-osteoarthritis chattels 
allocated to their regenerative effects (Stock and Vacanti 2001). On the other hand, 
polymers (e.g., polylactic acid (PLA), polylactic-co-glycolic acid (PLGA), hydrogel, 
etc.) have already been utilized for the design of 3D tumor models. Meanwhile, the 
progress of in vitro models proficient to reconstruct the process of tumor progression 
is a challenging issue in cancer research (Loessner et al. 2010). However, the use of 
3D cultures offers the opportunity for improvement in capturing the construction of 
tumors, cellular imaging as well as high quantity screening.
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8.6 Tissue Engineering in Healthcare Systems 

As aforementioned, tissue engineering is quickly growing scientific area that utilizes 
the principles and methods of physical sciences, life sciences, and engineering to 
apprehend physiological and pathological methods to improve current therapeutic 
systems. Currently, tissue/organ transplantation, surgical operation, and dialysis are 
common cures in most countries. But still, limitations associated with these 
procedures have resulted in amplified awareness in the field of tissue engineering 
(Lee et al. 2010). In this regard, categories such as autologous or allogeneic cells can 
be cast off. Alternatively, some other reports have suggested the use of exogenous 
cell-oriented and endogenous cell approaches (Li et al. 2017), such as the adminis-
tration of chemokines as signals potentiate cell homing in an anti-inflammatory 
microenvironment (Aibibu et al. 2016; Andreas et al. 2014). More to the point, 
cells may be genetically or epigenetically reformed (Sheyn et al. 2010) to augment 
the efficacy of tissue regeneration. The shortage of in vitro engineered tissues is 
partly owing to the inability to create engineered blood vessel systems (Lovett et al. 
2009). Interestingly, in certain cases, such as in tissues like the skin, cartilage, or 
cornea, cells can be delivered through diffusion from distant blood vessels. The 
engagement of endothelial cells for neoangiogenesis and revascularization by 
biomolecules parenthetically is a common tactic. 

The inference from the aforementioned reports is that tissue engineering has the 
prospective future to transform approaches of health care systems to mend for the 
excellence of life. Additionally, it will deliver an economical and long-lasting 
solution to numerous age-related illnesses. Moreover, the engineered tissues may 
lessen the requirement for an organ transplant (Fig. 8.3). 

Fig. 8.3 The schematic illustration of probable steps of the tissue engineering procedure
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8.7 Antimicrobial Bioinspired Materials 

Undeniably a significant number of novel biomaterials and scaffolding structures are 
designed to exploit them in medical and biomedical areas possessing augmented 
healthiness potency (Spałek et al. 2022). These biomaterials are being utilized in 
implantable procedures or drug delivery systems that have noteworthy influences on 
the quality of life of diseased individuals. Conversely, their continuing exploitation 
and usage can cause invasion and multiplication of microbes, which may result in 
biofilms and consequential elicit cytotoxic reactions. These pathogenic microbial 
infections ultimately result in the failure of implants. Furthermore, they can hamper 
the distribution of drugs, thus rendering them ineffective. Numerous substitutes have 
been suggested over the years to avoid such complications, such as the practice of 
disinfectants, and antibiotics as well as the amendment of posturing lines of bioma-
terial, amalgamation of biomolecules. In this regard, various stimulating 
functionalization and alteration procedures have been engaged to encounter oppor-
tunist as well as pathogenic microbes (Spałek et al. 2022; Teixeira et al. 2021, 2022; 
Felgueiras 2021, 2022; Felgueiras et al. 2021; Miranda et al. 2020). Similarly, a 
report has been published in which collagen-constructed biomaterials fixed with 
nano clay depicted excellent antimicrobial potential and has been utilized for skin 
rejuvenation applications (Marin et al. 2021). Likewise, well-characterized skin 
derivative human defensins antimicrobial peptides have been investigated and 
their impact on the oozing of angiogenin, (a persuasive angiogenic factor) has 
been depicted. They discovered that numerous human defensins could arouse the 
delivery of angiogenin despite sustaining their antimicrobial and other immunomod-
ulatory features (Umehara et al. 2022). Conclusively, it has been comprehended 
those various strategies, such as understanding of the antimicrobial activity of 
specific biomaterials and introduction of novel surface amendments, incorporation 
of bioactive molecules, formation of organic-inorganic composites, etc., can be 
adapted for the control and complete elimination of microbial infections from the 
designed implants for successful operations and functionality. Figure 8.4 depicts the 
schematic illustration of probable steps of the tissue engineering procedure. 

8.8 Future of Bioinspired Materials 

From the aforementioned discussions and literature scan, it has been agreed and 
implied that bioinspired nanomaterials are novel choices for various diseases, such 
as cardiovascular ailment (Bose et al. 2021). Subsequently, Bountiful research 
conducted during the decades have resulted in the outcomes in which it looks like 
numerous materials are overcoming their performance limits (Wegst et al. 2015). 
The fusion of 2D nanotextured materials and the idea of bioinspiration has 
stimulated the establishment of innovative materials and techniques (Zhang et al. 
2020). Contrariwise, there are up now loads of trials and challenges to be resolved 
that bound the progress of bioinspired nanomaterials/technologies beyond 2D



bioinspired materials. Yearly, lots of investigations are being conducted to achieve 
success in clinical applications, and development is continuous, with the nice 
cooperation between researchers, clinicians, scientists, as well as engineers (Langer 
and Vacanti 2016). Nevertheless, bio-artificial tissue engineering has emerged as an 
indispensable trial. A variety of cells, growth factors, scaffolds, and stratagems are 
accessible and the amalgamation of these factors under in vitro and in vivo 
conditions is producing fruitful results. Additionally, the assortment of suitable 
approaches for cell stimulation, scaffold synthesis, and tissue transplantation 
performs a conclusive role in efficacious tissue engineering (Bakhshandeh et al. 
2017). Interestingly, stem cell co-culture arrangements are remarkable and 
prevailing tools owing to their exceptional properties. On top, the feedback opinions 
and outcomes have revealed upshots success in engineering tissues (Paschos et al. 
2015). However, scientists and researchers with different specializations ought to 
coordinate together to encourage the development of tissue engineering and regen-
erative medicine for practical uses. 
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Fig. 8.4 Diagrammatic representation of antimicrobial scaffolds and bactericidal activity 

8.9 Conclusion 

The objective of tissue engineering is to generate functional and patient-specific 
tissues for transplantation. Diverse scientific disciplines, such as molecular biology, 
microbiology, cell biology, engineering, pharmacology, and medicine, as well as 
cellular and developmental biology, etc., have come together to work on engineering 
tissues with the aim of implant preparation. Virtually, almost all tissues of the human 
body have been investigated for the likelihood of replacement with living tissues and



engineered structures. However, suitable resources of cells for tissue engineering are 
prerequisites and must be inevitability recognized. Additionally, several stimulating 
functionalization and alteration procedures are being adopted to control the growth 
and expansion of opportunist as well as pathogenic microbes. Screening of appro-
priate scaffolds for ECMs is indeed a huge and far-reaching task. Nevertheless, the 
optimization of delivery time and the total price of laboratory-cultivated organs are 
other big tasks to be considered in recruiting a marketplace for engineered organs. 
Currently, under in vitro conditions, engineered tissues such as skin and cartilage are 
being utilized in clinics in various countries. Nevertheless, tissue engineering has 
emerged as a swiftly growing interdisciplinary area, in which practitioners attempt to 
fix organ failure by implanting natural, synthetic, or semi-synthetic tissues/organs 
that mimic the original one. 
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Although tissue engineering has delivered prospective ways to overcome inade-
quate conventional transplantation methods, the future goal is to fabricate individual 
organs. 

Accordingly, the progress in this auspicious field crests an innovative arrange-
ment for the improvement of the healthcare system of the present society. 
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3D and 4D Bioprinting Technology 
for Tissue Engineering Applications 9 
Fatma Nur Parın 

Abstract 

Regenerative medicine aims to restore, regenerate, or replace tissues or organs 
affected by disease, trauma, or congenital disabilities. Tissue engineering is one 
approach used to accomplish these objectives. Tissue engineering is commonly 
associated with the use of cells placed on tissue scaffolds in developing new 
living tissue for medicinal purposes, but it is not limited to cell and tissue scaffold 
applications. It is the procedure of designing tissues in the body in a laboratory 
and implanting them in patients. Tissue engineering currently plays a minor role 
in clinical outcomes. People with the disease have extra bladders, tendons, skin 
grafts, and tiny aorta, as well as an entire bronchial tube transplant, but the 
therapies are experimental and costly. Regarding this, three-dimensional 
(3D) and 4D bioprinting methods are beneficial for the production of scaffolds 
with different shapes, high accuracy, high speed, and control over the size and 
also porosity. In this chapter, the principal and most popularly used types of 3D 
bioprinting methods are explained, as well as a summary of bioink compositions 
in 3D and 4D bioprinting. Eventually, current problems and changing demands 
are highlighted. Furthermore, the most recent applications in organ and tissue 
bioprinting are discussed. Lastly, current issues, future requirements, and the 
potential of bioprinting are reviewed. 
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9.1 Introduction 

Initially, 3D printing technology was primarily utilized in manufacturing metals and 
ceramics. With the rapid progress of 3D fabrication, it has wide application in the 
electronic and optoelectronic military and automotive industry and also, most 
recently, in biofabrication. The process of organizing cellular and noncellular 
ingredients in space to imitate the formation, form, and function of human tissue is 
known as biofabrication. Three-dimensional (3D)-printed materials typically have 
suitable mechanical performance and resolution. Appropriate biomaterials offer 
optimization microenvironments for implanted cells, resulting in enhanced viable 
cells and functionality. The high resolution of the process permits cells/matrix/ 
biomolecules and biomaterials to be accurately distributed to simulate native tissue 
architecture (Huang et al. 2017; Jana and Lerman 2015). Biomaterials to be used in 
tissue engineering applications can be fabricated through many traditional methods, 
such as chemical/gas foaming, solvent casting, emulsion templating, particle/ 
porogen leaching, electrospinning, freeze-drying, phase separation, and also 3D 
bioprinting. The bulk properties can be managed, while the pore size, shape, 
topology, and architecture cannot be determined with other techniques except 3D 
bioprinting. Moreover, 3D bioprinting enables concise and specific placement of 
biological materials, biochemicals, and living cells by layer-by-layer deposition 
(Huang et al. 2017; Zhu et al. 2016). 

The opportunity for additive manufacturing (AM), also defined as three-
dimensional (3D) printing for the production of biomaterials in 3D tissue engineer-
ing applications, has increased with rapid innovations in computer-aided design/ 
computer-aided manufacturing (CAD/CAM) systems. In 1986, Charles W. Hull 
presented 3D printing for the first time. Hull’s stereolithography (SLA) method 
benefits from ultraviolet (UV) light to cure thin layers of material on top of existing 
layers, resulting in a 3D pattern. Three-dimensional bioprinting is a multidisciplinary 
concept with roots in engineering, biology, and also material sciences, which is to 
manufacture 3D organ structures that protect, reestablish, and/or enhance tissue 
activity (Seyedmahmoud et al. 2020, 2015; Kruth et al. 1998; Langer and Vacanti 
1993; Hull 1986). 

The growth of such 3D in vitro applications has gained the interest of medicine. It 
is mainly based on two requirements: a scarcity of organs (Huang et al. 2008) and a 
desire for much less costly drug testing concepts (Shafiee and Atala 2016). The 
popularity of regenerative medicine has risen dramatically in the past years. The 
number of people on the organ transplant list of the next ones in the United States 
nearly doubled from 95,000 between 2006 and 2016. The significant increase in the 
list shows the need for current living donor remedies (Seyedmahmoud et al. 2020; 
Abouna 2008). Three-dimensional bioprinting methodologies for orthopedic tissue 
design are illustrated in Fig. 9.1. Moreover, the central concept of 3D bioprinting is 
depicted in Fig. 9.2.
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Fig. 9.1 Three-dimensional bioprinting of biomimetic functional tissue constructs and transla-
tional applications in orthopedic tissue engineering and regenerative medicine (Chae and Cho 2022) 

9.2 Prebioprinting 

The encompassing objective of this process is to produce a 3D vital point tissue 
scaffold model, which could be formed using clinical imaging techniques or 
computer-aided design (CAD). The most widely known imaging technology tools 
used to obtain data on the anatomical structure of a tissue or organ are magnetic 
resonance imaging (MRI), X-ray, and computed tomography (CT) (Seyedmahmoud 
et al. 2020; Murphy and Atala 2014; Mironov et al. 2008). 

9.3 3D Bioprinting Technology 

Three-dimensional bioprinting is a new form of technology used in tissue engineer-
ing and regenerative medicine to create complex tissue structures that mimic organs 
and tissues. This 3D bioprinting technology involves a layer-by-layer deposition of 
cell-loaded biomaterials in a predetermined structural architecture to create func-
tional tissues or organs. To create complex structures, this technique integrates 
biomaterials, living cells, and controlled motor systems. It can produce more 
advanced structures than some other existing methods, such as electrospinning, 
emulsion templating, and freeze-drying. Computer-aided design can be used to 
create complex 3D tissue scaffolds (CAD) (Izbudak 2021; Chen and Shi 2013; Liu 
et al. 2005). The use of 3D printers enables the fabrication of scaffolds, devices, and 
also highly complex tissue models. Three-dimensional printers can also be utilized 
in medical imaging developed through computerized design. Some important 
features, such as patient-specific design, production on demand, obtaining high
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Fig. 9.2 Schematic diagram showing the three main steps in 3D bioprinting: preprocessing, 
processing, and postprocessing (Bejoy et al. 2021)



structural complexes, low cost, and high efficiency affect the use of 3D printers in 
the medical field (Yüce Erarslan 2021; Guvendiren et al. 2016; Guillemot et al. 
2010).
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Fig. 9.3 The different 3D bioprinting techniques: (a) extrusion-based bioprinting, (b) inkjet-based 
bioprinting, (c) laser-based bioprinting, and (d) stereolithography (Bejoy et al. 2021) 

Three-dimensional bioprinting systems have opened up new valuable 
applications and are currently progressing as a game-changing technology in the 
sense of the future of human health, with studies such as artificial organ printing in 
the healthcare system, the repair of lacking bone parts, and the manufacturing of 
private implants (Ozbolat 2016; Topuz et al. 2018). Furthermore, 3D bioprinters 
enable the utilization of direct copies of patient architectural results attained through 
various scanning systems, such as X-ray CT (Topuz et al. 2018; Hockaday et al. 
2012; Inzana et al. 2014) and MR, and they generate biomimetic 3D biological tissue 
with good precision (Topuz et al. 2018; Yanagawa et al. 2016). Bioprinting is 
composed of many types (see Fig. 9.3). 
Advantages of 3D Bioprinting
• It is faster and mostly more concise than conventional hand-built organ strategies.
• Organs are rarely to be dismissed concerning transplantation.
• Organ trafficking has been lowered.
• Human error is decreased, and scientists will find it less complicated.
• The final products are not dependent on biomaterials or scaffolding that are not 

present in native tissues.
• Without human subjects, the impact of illnesses or drugs may be noted more 

precisely.
• Tissue reproducibility is guaranteed through strict control of both composition 

and shape; minimized changes.
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• Tissue-specific functions can be improved with well-organized and various cell 
forms (https://sites.google.com/site/gsse2014b2/pros-cons). 

Disadvantages of 3D Bioprinting
• When a printed object fails, liability problems occur.
• There are several moral considerations.
• It involves high pricing.
• A lot of energy is consumed.
• Some harmful particles are emitted into the atmosphere.
• There are challenges in regulating cellular media causing the death of cells in a 

large number of cases. 

9.3.1 3D Bioprinting in Tissue Engineering 

The traditional technique for developing an engineered-tissue product is associated 
with the first manufacturing of a unique native tissue design, usually accompanied 
by the supply of cells and biomolecules. Nevertheless, this strategy can play a part in 
two major disadvantages: restriction in cell transmission and a decrease in cell 
growth because of low density at the core zone (Chowdhury et al. 2020; 
Derakhshanfar et al. 2018). The tissue engineering innovation has influenced the 
present framework via computer-aided layered manufacturing, also known as 3D 
bioprinting. In summary, 3D bioprinting is combining the main components 
identified as “bioink” that serves as a biological template and numerous types of 
cells with the presence of chemical factors and biologically active compounds to 
construct a solid and functional in situ 3D living structure (Chowdhury et al. 2020; 
Guvendiren et al. 2016). 

When printing tissue or organs, this bioink generally contains living cells; 
however, when printing scaffolds, this bioink does not involve living cells. Aside 
from cells, the bioink is composed of a variety of polymer compositions that the cells 
are suspended. Polymers serve as the organs’ basic framework, helping to promote 
cell adhesion, proliferation, and growth (Munaz et al. 2016). They can exist as 
specific hydrogels or polymers or as a mixture of them. Moreover, bioinks 
containing bioceramic compounds (tricalcium phosphate and hydroxyapatite) are 
also used (Mukherjee et al. 2019; Pekkanen et al. 2017; Dávila et al. 2016; Jose et al. 
2016). Among the different biomaterials, hydrogels are the most superior materials 
used as bioinks in 3D bioprinting. The main reason for this is their ability to retain 
living cells, their changeable chemical structure, their adjustable mechanical and 
biological degradation properties, and the fact that they can provide good resolution 
during printing (Izbudak 2021; Topuz et al. 2018). Over the last several decades, 
three-dimensional (3D) printing (rapid manufacturing or additive manufacturing) 
technologies have become increasingly popular in a variety of industries (Gu et al. 
2018). However, some critical properties must be regarded in these applications 
(Chan and Leong 2008). First of all, the tissue scaffold to be produced must be 
biocompatible. The 3D scaffolds should be biodegradable or bioabsorbable, and the

https://sites.google.com/site/gsse2014b2/pros-cons


tissue must be able to completely substitute the scaffold. The mechanical properties 
that are suitable for the tissue to be implanted should be present. Moreover, the 3D 
scaffold should be easily fabricated in a wide range of forms and sizes (Gu et al. 
2018). 
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Bioprinting has mainly three methodologies: imaging, computer-aided design of 
the tissue to be printed, and printing itself, the formation of bioink through the 
selection of appropriate materials, the choice of a proper bioprinter based on the 
product desired, for the manufacturing of scaffolds and/or tissues (Hacıoglu et al. 
2018). Numerous techniques for producing 3D scaffolds from synthetic and natural 
polymers have been developed, such as emulsion templating, freeze-drying, solvent 
casting, gas foaming, phase separation, electrospinning, and melt molding (Gu et al. 
2013; Kim et al. 2016a, b; Ma and Xue 2015; Oh et al. 2003). Fabrication techniques 
do not allow for effective control of porosity, pore size, scaffold shape, and 
interconnected pore morphology within the scaffold. Furthermore, the capability to 
make scaffolds from cells has drawbacks (Gu et al. 2018). Inkjet printing, extrusion-
based methods, light-induced (photopolymerization) methods, and particle-fusion-
based methods are the four techniques used in 3D bioprinting. 

In the past few years, the 3D printing system has progressed quickly in the tissue 
engineering and regenerative medicine field (Topuz et al. 2018; Cornelissen et al. 
2017). At the end of 2022, the global 3D bioprinting market is expected to reach 
nearly $1.82 billion (Topuz et al. 2018). Considering the future potential of 
bioprinting and reconstructive surgery and its objectives, it is indisputable that 3D 
bioprinting technology will emerge in plastic surgery (Jessop et al. 2017). Therefore, 
current studies will focus on improving novel bio-based materials in the 3D 
bioprinting sector for tissue engineering, emphasizing printable biomaterials (e.g., 
bioink) (Topuz et al. 2018). 

9.3.2 Bioinks for 3D Bioprinting 

The choice of biomaterial suitable for a bioink is a critical step in achieving a 
promising bioprinting product, as well as other fabrication processes. When 
polymers are chosen as bioinks, it is essential to know how polymer properties 
affect printing efficiency and cytocompatibility. These bioinks are anticipated to 
provide mechanical stability for the printed product due to their use during the 
process. In this scope, many natural polymers (gelatin, chitosan, cellulose, collagen, 
etc.) and some synthetic polymers, like polycaprolactone (PCL), polylactic acid 
(PLA), and poly(lactic acid-co-glycolic acid) (PLGA), are commonly utilized in 
tissue engineering applications (Hacıoglu et al. 2018). 

9.3.2.1 Natural Polymers 

Sodium Alginate 
Sodium alginate is a polysaccharide sourced from brown algae. It is extensively used 
in 3D bioprinting due to its biocompatibility, low cost, and rapid gel formation



(Du 2018). According to recent studies, sodium alginate is often blended with other 
polymers that are easy to mold and have a preferable biological nature, and it is a 
dominant material in drug and cell transport and cell encapsulation (Ozbolat et al. 
2014). Despite all these advantages, alginate has low cell adhesion compared to 
other natural biomaterials (Yüce Erarslan 2021; Ahn et al. 2012). Furthermore, 
low-concentration sodium alginate has poor mechanical capacity and yet is helpful 
in increasing cell viability and proliferation (Du 2018). 
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Gelatin 
Gelatin is a natural protein that is formed by hydrolyzing collagen. It also has 
amphoteric properties due to alkaline and acidic amino acid functional groups. It 
can be obtained through the extraction of other sources (such as bones, skin, or 
tissues of various animals). (Yüce Erarslan 2021; Chiou et al. 2008). Gelatin has 
good cell adherence, high biocompatibility, and complete biodegradability 
properties in vivo conditions without immunogenic, which has increased interest 
(Du 2018; Kuijpers et al. 2015). Gelatin chains have helical structures at low 
temperatures, which combine on their own to form a gel-like structure. On the 
other hand, this physical formation reverts to a random helical structure at high 
temperatures. Therefore, gelatin is a kind of thermoreversible gel. Some studies 
indicated that it dissolves when incubated at 37 °C for a long time. To overcome this 
issue, chemical cross-linking is carried out under UV light in the presence of a 
photoinitiator by adding unsaturated groups to the main chain of gelatin. The 
unsaturated groups are usually provided by methacrylic anhydride, and such gelatin 
derivatives are called methacrylated gelatin “GelMA” (Yüce Erarslan 2021; Sakai 
et al. 2009). Aldana et al. (2021) designed GelMA-alginate-based biomaterials via 
3D bioprinting. In this study, the biomaterials contained sheep-adipose-derived stem 
cells, and the biomaterials in different blend concentrations were cultivated in vitro 
for 24 h before being tested for bioactivity in 3D-bioprinted structures (Fig. 9.4). 

Silk Fibroin 
Fibrinogen is a protein-based polymer formed in a living body, used as a sealant and 
adhesive in surgery, for cartilage treatment in tissue engineering, and in wound 
healing applications (Fontes and Marcomini 2020; Skardal et al. 2012; Ahmed et al. 
2008). Fibrinogen is required for effective blood coagulation and is utilized as a type 
of 3D bioink. Fibrin, like other natural polymers, has high biocompatibility, 
allowing for numerous high affinitie for cell adherence and growth (Tao et al. 
2012; Schacht et al. 2015). However, with the fast degradation of fibrin, it is not 
proper for prolonged culture media to be formed in vivo tests, and low viscosity 
complicates processability as well (Das et al. 2013). Consequently, several studies 
have pointed out that fibrin can mix with other natural polymers, such as gelatin, 
alginate, and collagen (Yu et al. 2020; Schacht et al. 2015). 

Agarose 
Agarose is mainly a seaweed-derived marine polysaccharide. Because of its gelation, 
biocompatibility, and rheological properties, it is widely used in biological



applications (Jakus et al. 2016a, b; Fontes and Marcomini 2020). Agarose gelling is 
caused by the formation of intermolecular hydrogen bonds on cooling, which results 
in the agglomeration of the helical structure. Although it has excellent biological and 
mechanical features, its ability to enable cellular proliferation is restricted (Fontes 
and Marcomini 2020; Hospodiuk et al. 2017). Therefore, the use of agarose alone 
means that it is inappropriate for the production of cell-loaded biomaterials. Further-
more, it shows a thermo-reversible feature with a sol-gel transition between 32 and 
47 °C (Du 2018; Yu et al. 2020; Medina-Esquivel et al. 2008). 
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Fig. 9.4 Fluorescence microscopy images of live (green)/dead (Zhang et al. 2018) cells in (a) 
G6A5, (b) G6A7, and (c) G8A7 hydrogels at 24 h. (d) Image of printed G8A7 hydrogel construct. 
(e) Cell viability in gelMA-alginate constructs. Printing of stripe-patterned hydrogels: biaxial 
mechanical testing (Aldana et al. 2021) 

Pullulan 
Pullulan is a type of polysaccharide that is typically made from the yeast 
Aureobasidium pullulans (Saroia et al. 2018). It is generated on the surface of 
bacteria-infected cells. For the first time, studies on the physicochemical structure 
of pullulan began to be conducted by Bernier in 1958. It is insoluble in either organic 
or inorganic solvents, except water. Therefore, pullulan is preferred in food packag-
ing and biomedical applications (Singh and Saini 2008). Additionally, pullulan can 
be obtained via fermentation, thanks to various types of waste (Saroia et al. 2018; 
Singh et al. 2009; Thirumavalavan et al. 2009). Studies have been conducted on 
extracting pullulan and dextran, which help the rapid development of endothelial



cells. Pullulan and derived materials with osteo-communication properties were 
utilized in tissue engineering. The mechanical strength of pullulan was enhanced 
via the mixing and cross-linking of pullulan and dextran (Saroia et al. 2018; 
Aschenbrenner et al. 2013). 
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Hyaluronic Acid 
Hyaluronic acid is a polysaccharide with a high molecular weight, which is one of 
the main components of the extracellular matrix (ECM) (Yüce Erarslan 2021; 
Mobaraki et al. 2020; Falcone et al. 2006). It is generally used in surgeries as a 
skin filler and joint lubricant (Du 2018; Sharif et al. 1995). Cell viability is extremely 
high in 3D-printed hyaluronic acid hydrogel sealed in cartilage tissue than in 
collagen hydrogel. Nevertheless, hyaluronic acid has weak mechanical stability 
that changes with the rate of degradation; it must be modified to allow for the control 
of the rate of degradation. For this reason, hyaluronic acid is not proper for 3D 
bioprinting. The obtained 3D hyaluronic acid hydrogel structures have low stability 
due to the rapid solubility of unmodified hyaluronic acid in water (Pescosolido et al. 
2011). Many studies focused on the functional treatment of hyaluronic acid polysac-
charide chains with hydrophobic groups and/or by photo-cross-linking methyl 
acrylate (MA) (Du 2018; Yüce Erarslan 2021). 

Chitosan 
Chitosan is a linear amino polysaccharide derived from chitin and its derivatives, 
consisting of (1–4)-linked D-glucosamine structures and N-acetyl-glucosamine 
groups that are randomly located (Vega-Cázarez et al. 2018). It cannot be dissolved 
in aqueous media with a pH greater than neutral due to its semi-crystalline structure. 
Thanks to its biodegradability, biocompatibility, and antimicrobial structure, it is 
prevalently preferred in many fields, such as bone, skin, and cartilage regeneration; 
the formation of sponge scaffolds; and wound dressings. Because chitosan has a 
slow gelation rate (10 min after injection) and low mechanical strength, just stents 
with a high viscosity can maintain their form for hours (Du 2018). Chitosan is 
applied to 3D bioprinting to develop different stents and microflow channels. 

Collagen 
Collagen is the most frequently known and utilized protein in tissue engineering due 
to its triple helix structures with self-aggregating properties via covalent and hydro-
gen bonds (Saroia et al. 2018). It is the principal protein constituent of ECM in real 
tissues/organs (Peppas et al. 2006), and collagen sources include rat and pig tendon 
materials (Yu et al. 2020; Osidak et al. 2019; Diamantides et al. 2019). Collagen 
offers excellent growth conditions for cell growth, adhesion, and function due to its 
abundance of integrin-binding areas (Yu et al. 2020). It can make a variety of 
artificial tissues, including skin, cartilage, heart valves, reconstructed breast, vocal 
cord, and spinal cord (Saroia et al. 2018; Tangsadthakun et al. 2017; DeLustro et al. 
1986; Taylor et al. 2006; Hahn et al. 2006; Slaughter et al. 2009; Cavallo et al. 2015). 
Collagen can produce various types of gels, sponges, and other materials because of 
changes in collagen strands and the induction of cross-linking (Saroia et al. 2018). At



low temperatures, collagen is in the shape of a pre-gel, and it may be cross-linked 
thermally at 37 °C. Moreover, it is cross-linked with UV, glutaraldehyde, 
carbodiimide, and genipin and is vulnerable to collagenase degradation. Despite its 
advantages, the low viscosity of collagen requires its mixing with other polymers for 
bioprinting (Yu et al. 2020; Weadock et al. 1995; Harriger et al. 1997; Powell and 
Boyce 2006; Kim et al. 2016a, b). The suitability of collagen for 3D bioprinting is 
determined by the concentration of collagen in a solution. Only increased collagen 
concentrations (higher than 20 mg/mL) in single-component collagen bioinks enable 
higher printing reliability (Osidak et al. 2020). Figure 9.5 shows collagen-based 3D 
biomaterials produced for chondral tissue engineering in a study. 
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Fig. 9.5 A cylindrical CAD model (a) was 3D bioprinted using a chondrocyte-laden type II 
collagen bioink (b). The scaffolds were cultured for 3 weeks before harvesting to analyze 
chondrogenic ECM deposition and gene expression (c, d). (Reprinted from Ren et al. (2016) 
under Creative Commons CC BY license (Chartrain et al. 2022)) 

Fig. 9.6 (a) 3D scaffold designed in SolidWorks and (b) scaffold printing via a 3D bioprinter with 
the insight of scaffold postprinting (Kakarla et al. 2022) 

Kakarla et al. (2022) designed a hydrogel based on gelatin, alginate, and boron 
nitride nanotubes via an extrusion 3D bioprinting method. The scaffold model was 
created in SolidWorks and has dimensions of 10 × 10 × 1 mm, a layer thickness of 
0.17 mm (three layers), and a pore size of 0.5 mm (Fig. 9.6). 

9.3.2.2 Synthetic Polymers 
Synthetic polymers have superior mechanical and chemical properties compared to 
natural polymers. Nevertheless, synthetic polymers offer few or no cell niches 
performance. Generally, polycaprolactone (PCL), polylactic acid (PLA), poly(ethyl-
ene) glycol (PEG), polyvinyl alcohol (PVA), and polyglycolic acid (PGA) are used 
in 3D bioprinting. PLA, PGA, and PCL have outstanding biodegradability,



biocompatibility, and mechanical properties (Huang et al. 2017; Mota et al. 2015). 
These polymers were given in detail in this section. 
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Polyvinyl Alcohol (PVA) 
PVA is a water-soluble synthetic, one that is both biocompatible and biodegradable, 
and also it is confirmed by the Food and Drug Administration (FDA, USA) (Aslam 
et al. 2018; Marin et al. 2014). This polymer is usually blended with natural ones 
(gelatin, alginate, and/or chitosan) due to low cell affinity and has undergone 
physical modification (Yu et al. 2020). 

Polyethylene Glycol (PEG) 
PEG is a convenient polymer for designing 3D scaffolds, owing to its high hydro-
philic nature, higher tensile strength than natural-based polymers, and good biocom-
patibility (Yu et al. 2020; Alcantar et al. 2000). It can be tailored by combining 
alginate and collagen to meet specific needs (Fontes and Marcomini 2020). Further, 
to increase the diacrylate (DA) or methacrylate (MA) mechanical properties, it can 
be modified with other polymers (Yu et al. 2020; Aduba et al. 2019; Cheng and Chen 
2017). Many acrylate-based PEG, such as PEG-DA and PEG-MA hydrogels, can be 
printed on almost all bioprinters, e.g., extrusion-based, laser-based, and droplet-
based bioprinting. 

Polycaprolactone (PCL) 
PCL is classified into polyesters that are biodegradable, are hydrophobic, and also 
has semi-crystalline features approved by the FDA (Saroia et al. 2018; Bhavsar and 
Amiji 2008). The incorporation of bioactive glasses and Ca3(PO4)2-based particles 
into PCL in bone tissue engineering increases its many properties, especially its 
mechanical strength (Hajiali et al. 2018). A study showed that PCL has excellent 
biocompatibility with periosteal cell culture systems and human fibroblasts (Salgado 
et al. 2012). The mixture of PCL with other polymers or bioactive agents to develop 
a more appropriate media for protein progression. In many studies, PCL mixed with 
heparin and curdlan sulfate enhances the response of cultivated tissues and increases 
the protein ability of the mixture (Saroia et al. 2018). Similarly, various composites, 
including ceramic particles, such as calcium phosphate (CaP) and hydroxyapatite, 
were produced for bone regeneration (Huang et al. 2017). 

Polylactic Acid (PLA) and Polyglycolic Acid (PGA) 
PLA and PGA are also included in the polyester class, as is PCL. However, PLA and 
PGA, by themselves or in combination with other bio-based polymers, offer an 
excellent physiological media for cell growth because their hydrophobic nature can 
confine cell attachment (Saroia et al. 2018; Bee et al. 2018; Gentile et al. 2014). PLA 
and PGA are preferred for fabricating artificial vascular grafts, owing to their 
excellent mechanical strength (Parın and Terzioğlu 2022). Therefore, some modifi-
cation techniques, such as plasma treatment and/or surface coating, can be applied to 
printed PLA and PLGA to form 3D cell culture media for the growth of different 
tissues (Deng et al. 2020).
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Fig. 9.7 Production of BFO-doped PLA scaffold by a modified 3D printer (a), BFO-doped PLA 
scaffold (infill 70%) (b), SEM images of BFO-doped PLA scaffold (infill 70%) (c, d) (Bedir et al. 
2020) 

Bismuth ferrite (BFO)-nanoparticle-loaded PLA scaffolds were fabricated by 
Bedir et al. (2020). It is clearly seen in Fig. 9.7 that the BFO is agglomerated in 
the neural tissue scaffolds. 

9.3.3 3D Bioprinting in Tissue Engineering Applications 

9.3.3.1 Bone Tissue Engineering 
Bone tissue supports the mechanical strength of tissues and organs and movement in 
the human body. It is essential for homeostasis and blood pH regulation because it 
acts as a mineral store with a complicated hierarchical structure (Yilmaz et al. 2019; 
Sowjanya et al. 2013). Bone is comprised mainly of collagen, other proteins, water, 
and mineral phase. As a result, 3D-printed forms should preferably have similar 
properties. In this situation, composite materials, such as collagen mixed with



various types of bioceramics, are being assertively utilized to enhance 3D-bioprinted 
structures (Yu et al. 2020; Osidak et al. 2020; Yilmaz et al. 2019). 
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Biomaterials and tissue-engineered structures have grown in importance over the 
past few decades. Bone is the second-most commonly implanted tissue in the world, 
with over four million operations conducted annually to heal damaged tissue using 
bone grafts. The development of printing processes and the improvement of suitable 
ink materials are the primary concerns of 3D bioprinting in bone tissue design. To 
produce new alternatives to conventional bone grafts, different materials have been 
designed to be used in bioprinting. Hydrogels, ceramics, and also polymers alone 
cannot completely simulate the properties of bone when used alone. Synthetic and 
natural polymers are usually mixed with osteogenic components, such as tricalcium 
phosphate (TCP), hydroxyapatite (HAP), silica, nano calcium phosphates, and 
bioactive glass particles to enhance bioactivity (Ashammakhi and Kaarela 2017). 
Furthermore, some growth factors have also been added to the polymer matrix. The 
major problem in 3D bioprinting is the synchronous incorporation of living cells and 
biostructural materials. The capability of creating cell-free scaffolds utilizing a 
variety of 3D-printed materials makes this method desirable for bone tissue engi-
neering applications (Yilmaz et al. 2019). 3D bioprinted tissue structures were 
produced of by Matrigel TM and alginate-based hydrogels were produced by 
Fedorovich et al. (2008). In another study, Phillippi et al. (2008) showed the 
myogenic differentiation of patterned BMP-2 on fibrin-coated lamellar by inkjet 
bioprinting. The osteogenic and chondrogenic activities of PEGDMA-GelMA 
bioinks were examined in a study (Gao et al. 2014). The obtained 3D-bioprinted 
constructs indicated both good cell proliferation (>80%) and an increased degree of 
differentiation in comparison with pure PGDMA (Ozbolat et al. 2016). The mechan-
ical strength and cell viability of alginate and bone-derivatived methacrylated ECM 
with hASC cell-loaded mesh structures were investigated by Lee et al. (2020). 
Furthermore, bioprinted bone-like tissue fabricated from gelatin and alginate hybrid 
matrix (Zhang et al. 2020). To enhance the mechanical features, photocrosslinkable 
glycosaminoglycan hyaluronic acid scaffolds were fabricated by (Poldervaart et al. 
2014). Skardal et al. (2012) designed bioprinted materials containing fibrous colla-
gen gels with bone marrow mesenchymal stem cells for wound healing, and they 
analyzed wound closure and epithelial restoration. It demonstrated that the the in 
vivo bone regeneration impact was studied in a critical-size calvarial defect model of 
rats (Fig. 9.8). 

9.3.3.2 Neural Tissue Engineering 
Neural cords have been suggested as a successful neural recovery matrix that 
supports and helps neuron cells utilize tissue engineering strategies in the therapies 
of peripheral nerve and spine injuries. Bioprinting is a newer technique for 
fabricating manageable 3D scaffolds for neural tissues with various cellular 
categories and complex micro/nanoscopic functions. The main considerations for 
the layout of nerve guide conduits are ensuring mechanical strength while also 
optimizing the proximal and distal nerve ends and restricting nerve compression. 
Extrusion printing is one of the most widely used printing processes in nerve conduit



designing because gels can be deposited quickly and easily. Nevertheless, laser-
based bioprinting, like stereolithography and inkjet printing, enables higher print 
resolution, which is important for imitating the anisotropic design of nerve tissue. 
Because neural cells are comparatively more susceptible to their extracellular envi-
ronment, the choice of bioink has a substantial influence on neural recovery. 
Generally, collagen is preferred in nerve regeneration. In collagen hydrogels pro-
duced with moderately concentrated collagen solutions, neurite outgrowth is much 
more noticeable. Furthermore, Hsieh et al. (2015) have bioprinted thermoresponsive 
polyurethane (PU) (37 °C) hydrogel with adjustable gelling ability and hardness 
without any cross-linker. In the study, neural stem-cell-loaded bioink has been 
found to benefit neural injuries. Interestingly, the bioink recovered the function of 
the damaged nervous system in less than 1 week. Some researchers found that 
alginate bioinks with the use of cell adhesion factors enhanced cell compatibility. 
In a study on this, the efficacy of RGD or YIGSR peptide in alginate increased 
cytocompatibility (Sarker et al. 2019). The scaffolds designed via an extrusion-based 
3D bioink method had more cells than pure alginate scaffolds after 9 days in culture 
media (Sarker et al. 2019; Yilmaz et al. 2019). To assess biocompatibility for 
in vitro/in vivo tests, gelatin-alginate-based 3D biostructures were created by Wu 
et al. (2020). More than 90% of Schwann cells lived after 24 h and remained viable 
for 7 days (Yu et al. 2020). Meanwhile, rat PC-12 cells were investigated by Ngo 
et al. (2020), who found that by adjusting important characteristics of the bioink 
design, 3D-printed hydrogels based on hyaluronic acid methacrylate (HAMA) might 
increase cell survival and aid in peripheral nerve repair (Fig. 9.9). 
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Fig. 9.8 Construction of a bone defect model and demonstration of the scaffold implant operation 
process. (a) 5 mm diameter implanted bioprinted scaffolds. (b) 5 mm diameter defective cranial 
tissue. (c) Isolating surrounding soft tissue to expose the skull and creating a 5 mm diameter defect 
in rat critical-size calvarial model. (d) Inserting scaffolds into a calvarial defect. (e) and (f) Suturing 
subcutaneous tissue and skin wounds (Shen et al. 2022)
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Hyaluronic Acid Bioinks for Extrusion-based Bioprinting to Create Neural Test Beds 

Competitive Stimuli Test Bed 
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Fig. 9.9 A schematic of the 3D-bioprinted in vitro test bed design, consisting of a base printing 
with the main bioink and two chambers that can be loaded with different growth factors (Ngo et al. 
2020). (Copyright 2020, American Chemical Society (Ding et al. 2022)) 

9.3.3.3 Vascular Tissue Engineering 
Artificial blood vessels play a crucial role in linking metabolically demanding 
organs, allowing nutrients to be delivered while separating waste (Yu et al. 2020). 
Nutrients and oxygen are easygoing in a 2D cell culture with a cell population 
thickness of around 20–30 μm (Gu et al. 2018; Colton 1995). Various bioprinting 
methodologies, including extrusion, droplet, and laser-based bioprinting, have been 
used to design vascular tissue (Ozbolat et al. 2016). Accordingly, 3D bioprinting 
methodologies which design objects of the preferred shape utilizing various bioinks 
and kinds of cells have occurred as intelligent techniques to for designing vessels 
with small diameters (Gu et al. 2018). Cui and Boland (2009) designed fibrin 
microchannels via an inkjet-based bioprinting technique. They revealed that when 
they bioprinted human microvascular endothelial cells (HMVEC) laden with fibrin 
hydrogel, the cells tailored themselves inside these fibrin networks and reproduced. 
Consequently, bioprinting both cells and the scaffold at the same time promotes 
HMVEC proliferation and microvessel generation. Consequently, bioprinting both 
cells and the scaffold at the same time promotes HMVEC proliferation and 
microvessel generation was supported by the cells. Human neonatal dermal 
fibroblasts and human umbilical vein endothelial cells (HUVEC) grew significantly 
with time, according to the researchers (Gu et al. 2018).
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9.3.3.4 Skin Tissue Engineering 
Skin is the largest, most complex and outermost organ that acts as a barrier to 
infections and irritants, antioxidants, environmental factors, and any other externally 
harmful agents (Askari et al. 2021). In terms of wound size, extent, and depth, 
researchers have developed a variety of wound dressings or natural-based skin 
substitutes (Yilmaz et al. 2019; Sheridan 2009). Chronic, nonhealing wounds caused 
by burns, trauma, or diseases are clinically significant since they place a great deal of 
pressure on both the patient and the medical system. Biocompatible wound 
dressings, designed skin grafts, and split-thickness skin grafting from autologous 
skin are currently used to treat chronic wounds. Though quite efficient, these skin 
substitutes are generally expensive, have poor adhesiveness, are susceptible to 
infection, or rely on skin health donation presence. Furthermore, the majority of 
present clinical practice-utilized skin substitutes are made entirely of dermal 
fibroblasts and keratinocytes and do not enhance vasculature (Gu et al. 2018; 
Church et al. 2006). 

Consequently, skin damage is a significant issue having in-depth impacts on other 
tissues (Jean et al. 2011; Metcalfe and Ferguson 2007). During skin damage, 
autologous grafts sourced from a patient are frequently utilized to prevent immune 
reactions and regulate skin activity and wound repair. However, autologous grafts do 
not properly mend skin damage injuries encompassing a big region or having a 
serious depth (Andreassi et al. 2005). Therefore, there is an urgent need to develop 
artificial skin replacements employing methodologies for tissue repair. The studies 
have resulted in complex tissue regeneration that connects with body tissue after-
ward in vitro regeneration and transplantation (Gu et al. 2018). Bioprinting allows 
the simultaneous accumulation of multiple kinds of skin cells. Also, 3D bioprinting 
enables the accurate placement of various types of cells and extremities within a 
structure (Yilmaz et al. 2019; Ng et al. 2016). 

Chronic ulcers can be caused by skin damage, infections, or other genetic or 
physical conditions. Electrospinning, solvent casting, and freeze-drying are mem-
brane preparation techniques that have long been used for skin graft development. 
Skin bioprinting is gaining popularity, owing to its intelligent and managed 
manufacturing qualities, which are difficult to attain with the traditional skin graft 
manufacturing process (Yilmaz et al. 2019). Droplet-based and laser-based 
bioprinting techniques are used for skin tissue substitution biofabrication. 
Bioprinting of skin tissue with a bioprinter with an eight-channel valve, in which a 
13-layer tissue is bioprinted using collagen, was performed by Lee et al. (2013). Kim 
et al. (2019) explored a perfusable and preferable vascularized full-thickness skin 
equal made up of epidermis, dermis, and hypodermis for enhanced vascularization 
and effective epidermal progress. The printed HUVECs were found to be covered on 
the exterior of the vascular stream, forming endothelium that resembled tissue. In 
another study, Koch et al. (2012) used laser-assisted bioprinting to deposit 20 layers 
of fibroblasts (mouse NIH-3T3) and 20 layers of keratinocytes (human HaCaT) 
integrated into collagen gel onto a layer of decellularized dermal matrix to design 
dermis and epidermis layers, respectively (Yilmaz et al. 2019). Gholami et al. (2017) 
developed patches for wound healing, which include a 16% alginate solution (w/v)



and 4% (w/v) gelatin (Yilmaz et al. 2019). In addition, Michael et al. (2013) used 
3D-laser-based bioprinting to generate artificial skin. In this study, fibroblasts and 
keratinocytes were used to construct the skin substitutes. According to the in vivo 
test, the bioprinted keratinocytes obtained a multilayered epidermis with initial 
differentiation and stratum corneum at the end of 11 days in culture media. 
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Fig. 9.10 Fabrication of a bilayer cell-laden skin-like structure model (Zhou et al. 2021). (Copy-
right 2022, IOP Publishing (Ding et al. 2022)) 

Currently, nanoparticles are increasing in popularity in the field of transdermal 
delivery systems. Surface chemistry and form determine how well they penetrate 
skin tissue. In this regard, Hou et al. created an easy artificial skin model for the rapid 
screening of nanoparticles in terms of their transdermal penetration ability with 3D 
bioprinting methods. Fibroblasts were printed on the structure with collagen hydro-
gel and silica nanoparticles. The obtained 3D scaffolds were investigated via 
penetrating ability. As a result, positively charged nanoparticles penetrated deeper 
(Gu et al. 2018; Cubo et al. 2017). 3D bioink hydrogels consisting of two different 
layers of catechol-hyaluronic acid (HACA)/alginate and gelatin/horseradish peroxi-
dase (HRP) were produced to mimic the structure of the skin in full thickness 
(Fig. 9.10). 

9.3.3.5 Cartilage Tissue Engineering 
Cartilaginous tissue is an avascular and aneural structure with low chondrogenic 
density and high water content (70%) (Askari et al. 2021; Sophia Fox et al. 2009). It 
has a functional and heterogeneous texture designed to provide a low-friction, wear-
resistant, load-bearing surface for effective joint movement (Askari et al. 2021; You 
et al. 2017). Even if it is just a few millimeters thick, it prevents friction between the 
joints and provides excessive load stresses during body activities (Gu et al. 2018;



Arkel and Amis 2013). Many researches have been performed try to convey bone 
marrow stromal cells in alginate hydrogels for extrusion bioprinting bone and 
cartilage regeneration (Tan et al. 2021; Fedorovich et al. 2008). 
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Gruene et al. (2010) designed laser-based bioprinting of stem-cell-differentiated 
chondrocytes, employing a computer-aided fabrication method with the aid of LIFT. 
The designed material skillfully printed porcine-bone-marrow-derived mesenchymal 
stem cells (MSCs) with high availability. The cells retained their features and ability 
to differentiate into osteogenic and chondrogenic bloodlines (Ozbolat et al. 2016). 
To restore cartilage deficiencies, cartilage tissue has been created through inkjet-
based bioprinting. The human chondrocytes integrated into PEGDMA hydrogel was 
bioprinted an adjusted HP desktop printer (Cui et al. 2012a, b). The mechanical and 
biochemical composition of the created structures were almost similar to native 
cartilage (Ozbolat et al. 2016). Sodium alginate has been broadly utilized to create 
bioprinted cartilage tissue. The hybrid bioprinting of chondrocytes loaded on printed 
alginate filaments in combination with the bioprinting of chondrocyte spheroids to 
enhance cell density are demonstrated by Ozbolat et al. (2016) and Ozbolat 
et al. (2014). 

9.3.4 Other Requirements for Effective Scaffold Design 

The achievement of the manufactured scaffold is strongly affected by the bioink 
used and the 3D bioprinting technique (Salah et al. 2020). It also is dependent on 
other variables to ensure the scaffold’s achievement, which is as described in the 
following. 

9.3.4.1 Pore Size 
Porosity, pore size, and interconnected pore morphology represent critical 
parameters for scaffold production. All three properties allow cellular penetration, 
vascularization, adequate diffusion of nutrients and oxygen into the cells within the 
structure, and the new-formed extracellular matrix that ensures cell viability. In 
particular, pore size is an essential parameter for scaffold efficiency (Bružauskaitė 
et al. 2016). Actually, the pores must be large enough to allow cells to penetrate and 
migrate within the scaffold structure but small enough to allow a critical number of 
cells to connect (Izbudak 2021; Hutmacher 2000). A pore size that ranges from 
100 m to more than 300 m is required for bone tissue engineering because it offers a 
hypoxic situation that improves both osteogenesis and angiogenesis for proper bone 
growth (Salah et al. 2020; Karageorgiou and Kaplan 2005). The effect of scaffold 
pore sizes on MSC differentiation by creating a gradient of oxygen required and 
more in the periphery and hypoxic in the center was studied by Di Luca et al. (2016). 
All scaffolds used for tissue engineering as a function of the host tissue type must 
have a specific pore size. In particular, a pore size of 20 μm is required for hepatocyte 
and fibroblast growth, while a pore size of around 20–150 μm is needed for soft-
tissue healing. The researchers also propose a pore size between 200 and 400 μm for 
bone tissue engineering (Yu et al. 2015). Materials with pore sizes of 250 μm  or



higher are appropriate for forming blood vessels, as compared to those of smaller 
size (Yu et al. 2015; Babensee et al. 1998; An et al. 2015; Mukherjee et al. 2018). 
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A porous structure is required due to the tissue formation, vascularization, and 
tissue joining after implantation in an ideal tissue scaffold. In this case, the obtained 
scaffold must have an optimal pore structure for the intercellular nutrient and 
metabolic transmission to occur without adversely affecting its mechanical 
properties and stability. The scaffold should have pores that connect to permit cell 
and nutrient infiltration and waste removal (Bružauskaitė et al. 2016). The size of the 
pores influences cellular proliferation and attachment along the scaffold to substitute 
it. Small pore sizes inhibit waste removal and nutrient diffusion, whereas larger pore 
sizes inhibit intercellular ligand formation, which is required for cellular prolifera-
tion (Salah et al. 2020). 

9.3.4.2 Surface Area 
The surface area is important for cell reinforcement and proliferation. It is clearly 
regarded that a larger and more available surface area promotes cell and tissue 
connection in scaffolds. It is critical in the context of tissue or organ function 
restoration or replacement because a high surface-to-volume ratio allows more 
cells to be compensated (Mukherjee et al. 2018; Dhandayuthapani et al. 2011; 
Boyan et al. 1996). 

9.3.4.3 Mechanical Properties 
Mechanical property is also an important element in polymers as it affects the 
regeneration potential of hard tissues (Mukherjee et al. 2018; Dhandayuthapani 
et al. 2011). The structural stability of the resulting 3D shapes is influenced by the 
mechanical properties of the bioink. Because the scaffold must endure load and 
stress for new tissues to grow successfully, the rheological properties of polymers, 
such as maximum strain, elastic modulus, and tensile strength, are critical. Pore 
connectedness, orientation, form, size, and density are related elements that affect 
the scaffold’s mechanical behavior and structural stability (Mukherjee et al. 2018). 

The shape stability of the resulting 3D structures is influenced by the mechanical 
properties of the bioink. Natural-based bioinks have poor mechanical properties. To 
solve this drawback, nanoparticle reinforcement, cross-linking, and hybrid 
biomultiplies produced by combining synthetic bioinks are commonly used 
approaches (Yüce Erarslan 2021). The biostability of many scaffolds depends on 
factors such as strength, elasticity, absorption, and chemical degradation at the 
material interface (Nair and Laurencin 2007). Besides, the mechanical properties 
of bioinks are related to their chemical structure and molecular design (Yüce 
Erarslan 2021). 

9.3.4.4 Biodegradability 
The biodegradability of a polymer is critical because it enables the degradation of the 
scaffold after a particular period and substituting itself with new tissues. Separating 
the polymer’s sensitive hydrolytic or enzymatic bonds promotes polymer biodegra-
dation (Katti et al. 2002; Bružauskaitė et al. 2016; Mukherjee et al. 2018). The



biodegradability of polymers is an intrinsic property that is affected by chemical 
composition, molecular weight, crystalline structure, glass transition temperature 
(Tg), and the spectrum of wettability (Mukherjee et al. 2018; Ye et al. 1997). 
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The degradation of 3D structures obtained by printing bioinks during cell culture 
is necessary for ideal cell differentiation. Although the shape stability of 3D 
structures is required for printing, controlled degradation of the structure is also 
vital for tissue regeneration. Microvasculature networks develop alongside tissue to 
form patient-specific organs through cell differentiation. However, sufficient oxygen 
and nutrients must be transported between cells, and metabolic waste must be 
removed from the structure. To successfully manage this process/issue, the cell 
growth rate and the degradation rate of the 3D structure must be compatible (Yüce 
Erarslan 2021). 

9.3.4.5 Biocompatibility 
Biocompatibility refers to the compatibility of a biomaterial with the body (Zhang 
and Zhang 2015). Biomaterials are substances that do not interfere with the expected 
changes in the tissues surrounding them, do not cause undesirable reactions in the 
tissue (inflammation, coagulation, etc.), and do not form. Biocompatibility is 
categorized into structural and surface compatibility. Surface compatibility refers 
to a biomaterial’s physical, chemical, and biological suitability to body tissues. On 
the other hand, structural suitability refers to the material’s optimal compatibility 
with the mechanical behavior of body tissues (Chen et al. 2016). Synthetic polymers 
and some natural polymers, which lack cell-binding structures, can inhibit cell 
adhesion and proliferation. This may cause cell death. To prevent this issue, cell-
binding structures can be introduced to the matrix by blending synthetic polymers 
with natural polymers (Yüce Erarslan 2021). 

9.3.4.6 Viscosity 
Bioink viscosity has been studied extensively in 3D bioprinting and is one of the 
essential factors to consider when developing bioprinting methodologies (Tirella 
et al. 2009). Ceramics, beta-tricalcium phosphate, poly(caprolactone) (PCL), and 
polylactic acid (PLA) have high viscosity and high concentration, which are used in 
general in bone tissue engineering (bioprinting) (Theus et al. 2020). Nevertheless, 
because most thermoplastic materials necessitate an extreme melting temperature 
and do not encourage viable cell printing, hydrogel-based bioinks have become a 
favorable option in recent studies. For bone bioinks produced from hydrogels, 
gelatin methacrylate (GelMA), alginate methacrylate (AlgMA), and hyaluronic 
acid are utilized and supported by some osteogenic minerals and growth factors 
(Theus et al. 2020; Huang et al. 2019; Jakus et al. 2016a, b). In extrusion-based 
bioprinting systems, hydrogel viscosity varies between 30 and 60 × 107 mPa/s, with 
the concentration of the hydrogel affecting the viscosity level (Iordache 2019). 
Natural polymer alginate has low viscosity, and therefore, it is not a suitable 
biomaterial for extrusion-based bioprinters. Its viscosity can be enhanced by blend-
ing with materials such as cellulose, gelatin, and PVA (Iordache 2019).
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Hydrogels used in inkjet-based bioprinting should be of low viscosity because, 
then, they can accurately flow through the piping system and nozzle without 
blockage. Bioink hydrogels must have rheological features that enable viscosity to 
rise once shear is applied. Viscosity ranges between 3.5 and 12 mPa/s based on the 
bioink concentration in the inkjet-based bioprinting system (Iordache 2019; 
Mandrycky et al. 2016). Hydrogel viscosity varies from 1 to 300 mPa/s in 
laser-based bioprinting. To ensure cell stability and mechanical strength, the hydro-
gel must be gelation capable (Iordache 2019). 

In laser-assisted 3D bioprinting, the viscosity should be 1–300 mPa s. 
(Hospodiuk et al. 2017). It is critical that the 3D structure be sufficiently cross-
linked after printing to strengthen mechanical integrity, owing to low viscosity 
values. Photosensitive bioinks are used in stereolithographic processes. The main 
advantage of this printing technique is that it reduces mechanical stresses on more 
viscous hydrogels containing encapsulated cells while maintaining high cell viability 
and functionality (Theus et al. 2020; Li et al. 2016a, b). 

9.3.5 Types of 3D Bioprinting 

3D bioprinting techniques are examined in detail in the following sections. 

9.3.5.1 Inkjet 3D Bioprinting 
Researchers have started 3D bioprinting by modifying standard 2D inkjet printers to 
print bioink in successive layers. Inkjet printers operate by collecting ink droplets at 
specific regions on a substrate. Thermal, piezoelectric, or electromagnetic forces can 
be used to expel droplets from the reservoir nozzle (Xu et al. 2005). Despite the fact 
that these forces produce severe regional conditions, the transient nature of the 
pressure permits the cells to remain viable with low stress. Clogging can occur 
even when using the best bioink for an inkjet printer (Seyedmahmoud et al. 2020; 
Ong et al. 2018). Inkjet bioprinting is one of the oldest printing methods. This 
method, which is based on the noncontact accumulation of biofunctional ink 
droplets, is divided into thermal, piezoelectric, and mechanical. This technique is 
generally preferred due to its compatibility with cells and materials, high printing 
speed, high cell viability, and low cost. High-viscosity materials restrict its applica-
tion (Akkuş et al. 2020; Hacıoglu et al. 2018; Noh et al. 2017). 

Thermal-inkjet-based bioprinters spray the bioink drop by drop from the nozzle 
by electrically heating the bioink cartridge. In many studies, it has been reported that 
this local heating has no significant negative effect on the biological molecules in the 
bioink. On the other hand, inkjet 3D bioprinters with piezoelectric systems have a 
piezoelectric crystal in the bioprinter card slot to periodically separate the bioink into 
droplets. When a voltage is applied to this crystal, acoustic waves form, and pressure 
is applied to the cartridge. The biomarker in the cartridge is sprayed from the nozzle 
with this pressure (Vurat 2021).
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9.3.5.2 Microextrusion 3D Bioprinting 
Fused deposition modeling (FDM), also defined as microextrusion-based 3D 
bioprinting, is an additive manufacturing process that rotates from around the 
accumulation of a substance in successive layers to form the ideal three-dimensional 
structure. In comparison to inkjet and laser-assisted bioprinters, microextrusion 
bioprinters can work with a broader range of viscous bioinks (Seyedmahmoud 
et al. 2020; Cui et al. 2012a, b; Chang et al. 2011). 

The most common and low-cost printing techniques, especially nonbiological 
ones, are based on the principle of microextrusion. Microextrusion-based systems 
usually consist of one or more pulley systems that can move along the x, y, and 
z axes; a temperature-controlled material processing and dispensing system; and a 
light (UV) source to illuminate the deposition area or activate the photoinitiator 
(Vurat 2021). Microextrusion bioprinting technology is based on printing ink by 
mechanical force or pneumatically (with gas or pressure). In addition to being 
compatible with high-viscosity materials, this method provides the advantage of 
printing with high cell density. It is low cost and allows easy printing. As the 
viscosity decreases, the increased pressure negatively affects cell viability (Akkuş 
et al. 2020; Hacıoglu et al. 2018). Material cross-linking strategies used in extrusion 
printing are generally classified into three categories: (1) chemical cross-linking, 
such as sodium alga acid and chitosan; (2) photo-cross-linking, such as GelMA; and 
(3) physical cross-linking, such as agarose (Du 2018). 

9.3.5.3 Laser-Assisted 3D Bioprinting 
Laser-assisted bioprinting, simply identified as laser-induced forward transfer, is a 
droplet-based system (LIFT). Laser-based 3D bioprinters (LTB), based on the 
principle of laser excitation, were developed primarily for transferring metals. 
However, peptides have been successfully applied to biological materials, such as 
deoxyribonucleic acid (DNA) and cells in later times. Although LTB is less common 
than inkjet or microextrusion-based bioprinting, it is used increasingly for tissue and 
organ engineering applications. A typical LTB contains a laser-energy-absorbing 
layer, a pulsed laser beam, and a focusing system (Murphy and Atala 2014). Further, 
many factors influence the resolution of the structures produced in LTB, including 
laser fluence (transmitted energy per unit area), the surface tension of the bioink, the 
air gap between the slide and the substrate, and the viscosity of the biological 
substance (Yilmaz et al. 2019; Vurat 2021). 

In LTB-based 3D bioprinters, the principle of operation entails applying a high-
energy pulsed laser to a donor slide coated with the bioink to be printed to ensure the 
local spraying of small droplets. The laser light is mainly focused on a transparent 
laser substrate (such as glass or quartz), which is coated with a thin metal layer, such 
as gold or titanium, that absorbs light energy and promotes bioink transfer. Pressure 
is created at this step, and a small droplet is pushed toward the lower platform. Cells 
are printed using a laser beam, which vibrates at controlled speeds in laser-assisted 
bioprinting (Noh et al. 2017). Unlike inkjet bioprinting, this method can print 
materials with various viscosities. Since there is no nozzle in this method, there is 
no possibility of nozzle blockage, which is one of the problems encountered in other



techniques (Akkuş et al. 2020). As a result, the viscosity on a broad scale, such as 1 
to 300 MPa/s is suitable for printing biomaterials with their values (Vurat 2021; 
Murphy and Atala 2014). Moreover, the systems can also print bioinks with a cell 
density of 108 cells/mL at high resolutions and speeds of up to 1.6 mm/s using a laser 
pulse repetition rate of 5 kHz (Vurat 2021). The disadvantages of this method are 
that it is quite expensive and the gelling speed must be high for high resolution 
(Akkuş et al. 2020). 
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9.3.5.4 Stereolithography (SLA) 
To develop 3D shapes from computer-aided design (CAD) data, a stereolithography 
machine (SLA-250; 3D Systems, Valencia, CA) was developed in the early 1980s. 
Nowadays, many 3D printers and current bioprinters accept STL files as input. Using 
the 3D Systems software, this file is first examined and, if necessary, modified. The 
device utilizes a moving helium-cadmium (HeCd) laser to produce a 250 μm UV  
light spot on top of the polymer vat. An optical scanning system is applied to manage 
the movement of this spot. The laser is permitted to finish 8–10 tracks per layer with 
an intensity of 14–16 mW/cm2 at a wavelength of 365 nm, which allows the 
polymerization of its solution (Dhariwala et al. 2004; Yilmaz et al. 2019). The 
system’s main components are a reservoir filled with a photosensitive polymer 
solution or resin, an x-y-axis controlled laser, and a fabrication stage with z-axis 
control. In summary, stereolithography is a laser-assisted production that 
photopolymerizes the surface of a photosensitive polymer bath using an ultraviolet 
(UV) laser (Yilmaz et al. 2019). 

9.4 Transition from 3D Printing to 4D Printing 

Four-dimensional bioprinting is a cutting-edge additive processing technique that 
has the inherent potential of manufacturing de novo living tissue structures that can 
be designed to alter different mechanical properties (Esworthy et al. 2019). To 
design a range of biological constructs, including bone, blood vessels, liver, and 
also heart tissue, many 3D bioprinting techniques are used. But, 3D bioprinting has a 
key disadvantage in that it just assesses the starting status a printed object and 
regards it to be artificial and immobile. Natural restoration entails complex 3D 
structures, microarchitectures, extracellular matrix compositions, and the formation 
of tissue with specific features obtained due to variations in tissue orientation. The 
majority of orientational formation is attributed to built-in strategies that reply to 
inherent stimuli so that 3D bioprinting cannot simulate (Wan et al. 2020; Arslan-
Yildiz et al. 2016; Yu et al. 2019; Cui et al. 2016). 

The first four-dimensional (4D) printing, capability of multi-material prints with 
over time, was developed at the Massachusetts Institute of Technology (MIT) in 
2014 (Tibbits 2014). The technique has rapidly been practiced in the tissue engi-
neering field, and the theory of time can be incorporated as the fourth dimension 
within 3D bioprinting technology, which led to the invention of 4D bioprinting. 
Four-dimensional bioprinting can be utilized to produce numerous 3D designed



biologically active structures having the capability of robust orientational changes to 
adapt to new favored stimulation over time by using stimuli-responsive materials, 
describing the drawbacks of 3D bioprinting (Wan et al. 2020; Gao et al. 2016; Li  
et al. 2016a, b). The 4D-printed structures can alter over time in response to different 
stimuli and adjust to the native niches of fault fields, opening up new ways for tissue 
engineering, especially bone. To identify existing problems in bone tissue engineer-
ing, a sequence of accelerated 4D approaches has been suggested. In bone tissue 
engineering, shape recovery polymers that respond to different stimuli have been 
extensively researched as potential injectable hydrogels and appropriate scaffolds 
(Saravanan et al. 2019; Senatov et al. 2016; Graham et al. 2019; Wan et al. 2020). 
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The shape-conversion capability of 4D-printed bone tissue structures could 
satisfy the requirement for individualized bone healing, especially in the context of 
random bone fractures. The tensile performance of 4D-printed structures can also be 
regulated via a conditioned cross-linking of stimuli-responsive components (Wan 
et al. 2020; Suo et al. 2018). In bone tissue engineering, different cells, growth 
factors, or inorganic nanoparticles (hydroxyapatite and bioactive glass cement, such 
as calcium phosphate) can serve as support, and a heat-sensitive polysaccharide-
based hydrogel that can be injected has been improved. Hydroxypropyl guar-graft-
poly (N-vinylcaprolactam), hydroxybutyl chitosan, hydroxypropyl methylcellulose, 
such that the modified bio-based polymers, have a lower critical solution temperature 
among optimal room temperature and room temperature and can return into a gel 
state at skin temperature. Poly(N-isopropylacrylamide) (pNIPAM) (a conventional 
thermoresponsive material) has been combined with hyaluronic acid and chitosan to 
construct an injectable hydrogel for bone healing (Wan et al. 2020; Yang et al. 2014; 
Chen et al. 2013). The mechanical properties of injectable hydrogels were enhanced 
by the addition of mineral components like nano-hydroxyapatite, bioactive glass, 
and tricalcium phosphate. Inorganic-organic injectable hydrogels have appropriate 
rheological and in vivo properties and enhanced alkaline enzymatic activity and 
calcium formation in osteoblast cells for support (Wan et al. 2020; Azevedo et al. 
2014; Dessi et al. 2013). PLA/hydroxyapatite porous scaffolds with increased rates 
of shape recovery potential could be employed as self-fitting implantable devices to 
restore minor bone flaws. 

Renewable bio-smart scaffolds have positive shape memory effects and shape 
recovery at body temperature and they have has been prepared by Miao et al. (2014). 
In the study, PCL and cross-linkers containing predetermined amounts of castor oil 
were used. Meanwhile, the researchers utilized 3D laser printing to produce a 
biomaterial temperature-responsive shape-memory scaffold made of epoxidized 
acrylate materials based on renewable soybean oil. The produced biomaterials 
showed good mechanical strength, shape-memory effect, and biodegradable 
properties (Wan et al. 2020). Magneto-responsive polymer structures are polymer 
networks that have been physically or chemically modified with magnetic 
nanoparticles (MNP) made of nickel (Ni), cobalt (Co), and iron (Fe), and/or their 
oxides, as well. Magneto-responsive materials’ possibilities in the biomedical field 
have been indicated in a variety of specific target pharmaceutical applications, where 
they provide minimally intrusive, regionally efficient, and controlled treatment



activity. In this regard, iron(III)oxide (Fe3O4) nanoparticles involving mesoporous 
bioactive glass/poly(ε-caprolactone (Fe3O4/MBG/PCL) are examples of 3D-printed 
polymeric magneto-responsive structures used in tissue engineering applications 
(Zhang et al. 2014). In addition, PCL/iron-doped hydroxyapatite (PCL/FeHA) 
nanocomposite scaffolds and iron(III)oxide/poly(ethylene glycol diacrylate) 
(PEGDA) magneto scaffolds can also be given as examples (Tamay et al. 2019; 
D’Amora et al. 2017; De Santis et al. 2015). 
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Fig. 9.11 Four-dimensional PED-cell-laden bilayered scaffolds, which transformed into saddle-
like architecture upon NIR stimulation. The scaffolds were fabricated through cell-laden GelMA/ 
alginate-based and PDA/alginate-based layers, and PDA/alginate instigated a shape morphing 
effect upon NIR stimulus (Luo et al. 2019). (Adapted with permission) (Arif et al. 2022) 

Polymers of alkaline monomers act as cationic polymers in pH-responsive 
systems at acidic conditions, while polymers of acidic monomers act as anionic 
polymers at alkaline conditions. Synthetic pH-responsive polymers that are biocom-
patible and biodegradable involve poly(histidine) (PHIS), poly(acrylic acid) (PAA), 
poly(L-glutamic acid) (PGA), and poly(aspartic acid) (PASA), whereas natural 
pH-responsive polymers involve dextran, hyaluronic acid, alginic acid, chitosan, 
and gelatin (Tamay et al. 2019; Dutta and Cohn 2017; Kocak et al. 2017). Humidity 
responsiveness is a natural event with countless examples. Systems made of these 
substances can convert moisture sorption or desorption into driving forces for 
mobility. Some humidity-responsive materials that have been investigated include 
poly(ethylene glycol) diacrylate (PEGDA) cellulose (Mulakkal et al. 2018) and 
polyurethane copolymers (Tamay et al. 2019). A study with GelMA/alginate-
based and poly (dopamine) (PDA)/alginate-based bioinks to create cell-laden 
scaffolds that change shape in response to near-infrared (NIR) stimuli was performed 
(Fig. 9.11). The overview of publications related to 3D and 4D between 2008–2019 
is shown by years in Fig. 9.12.
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Fig. 9.12 Overview of current publications on 4D bioprinting. (a) The search strategy for viewing 
current publications on 4D bioprinting on PubMed, MEDLINE, and Web of Science databases 
(until 30 September 2019). (b) Statistics on the number of publications in recent years (Wan et al. 
2020) 

9.5 Challenges, Future Directions, and Conclusions 

Bioprinting is still in its early stages, but there have been some notable successes in 
the formation of transplanted conceptual structures for a wide range of tissues. One 
of the most challenging aspects of 3D bioprinting is developing bioinks that are 
appropriate for every type of tissue and have adequate physiological, biological, and 
also mechanical features. The advancement and engineering of novel bioinks or 
bio-derived material compositions continue to be significant areas of concern and 
research. Further studies should be performed in developing new matrices and 
designs to assess and monitor the properties and processes of various bioink 
materials for this purpose. Bioprinting endeavors toward improved resolution, 
speed, and biocompatibility. Bioprinting has become popular the variety of suitable 
materials and methods for material accumulation with higher precision 
(Seyedmahmoud et al. 2020; Leberfinger et al. 2017). Vascularization is another 
important limitation in tissue engineering and bioprinting 3D tissues with proper 
functionalities. The presence of proper vascularization in bioprinted structures is 
essential for the long-term functionality of 3D-bioprinted tissues. Cells could die of 
hypoxia and exhibit stagnant growth attributable to waste and contaminant forma-
tion if sufficient cellular perfusion is not provided. The ability to effectively build a 
multiscale perfused vascular network and then promote its vascularization via 
mechanical or chemical activation is the foundation for biofabricating quite bulky 
tissues (Gu et al. 2019; Seyedmahmoud et al. 2020). Classical 3D bioprinting 
systems have mainly been used to develop, engineer 3D bioprinted structures in 
vitro pre—and implantation of the structure into the body. However, in vitro 
bioprinting methodologies could confront some logistical problems in terms of 
clinical applicability, such as the following: (1) 3D bioprinted structures are



frequently sensitive, and inner micro-features could be damaged throughout trans-
port from the fabrication condition to the operating condition; (2) extreme sanitized 
condition is needed; and (3) the bioprinted structure must be modified and trimmed 
before being implanted. This last problem exists when the configuration of the 
bioprinted structure differs from the real size of the defect due to the limited 
resolution ability of the CT and MRI scans used to develop the structure 
(Seyedmahmoud et al. 2020; Campbell and Weiss 2007; Li et al. 2015). Over the 
past decades, substantial development has been made in adjusting 3D bioprinting 
(Osidak et al. 2020). A comprehensive understanding of the effects of system 
parameters, bioink properties, and cellular structures on printing results offers a 
significant aid for the creation of new therapeutic bioinks (Ng et al. 2017; Chua et al. 
2021). Despite considerable advances, bioprinting has many major challenges, such 
as the flexibility and function facilitates of printed biomaterials, and the ideal cell 
sources for innervation, vascularization, and development of printable structures. 
Materials with cell compatibility and appropriate mechanical properties, such as 
suitable modifications, the utilization of reinforced biomaterials, and protein-based 
and other functional group conjugation, must be specifically chosen to enable cell 
seeding and growth. Decellularized ECM could also be a favorable bioprinting 
scaffold. Various perspectives on 3D bioprinting have benefits and drawbacks. To 
resolve the troubles of bioprinting tissues with different properties, bioprinting 
methods with various mechanisms must be integrated. Moreover, appropriate stem 
cells, basic or mature cells, must be seriously evaluated in bioprinting to deliver 
proper functioning of the printable tissue (Huang et al. 2017). 
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Even though 3D printing has been a hot topic for many years, bioprinting is much 
more recent, and this field is growing rapidly. The system shows the ability and 
flexibility to create a variety of living systems with limited or no negative effects. 
This process is adaptable for the fabrication of both vascular and vascular tissues 
with 2D and 3D structures for tissue engineering. Nonetheless, in vivo evaluations of 
the process are now in their early stages, with an incredible deficiency in biological 
and mechanical characteristics to incorporate between printable structures and native 
tissue. But nevertheless, owing to its fast accuracy and continuous repeatability, 
bioprinting has displayed numerous opportunities in pharmaceutical research and 
clinical trials (Huang et al. 2017). Despite all the difficulties, however, bioprinting 
has a significant impact on the industry. To overcome all of the obstacles in this 
strongly interdisciplinary discipline, it is required to hire specialists from diverse 
areas such as material and biological sciences, computer engineering, and 
pharmaceutics. The advancement of bioink-based material applications is changed 
stem cell transplantation, polymer science, and fast manufacturing capabilities 
(Hacıoglu et al. 2018). As a result, 3D bioprinting provides the potential of 
manufacturing organs and, eventually, resolves the emergency of organ donor 
shortfall for transplantation (Huang et al. 2017).
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Abstract 

Any implant intended for tissue engineering application should be blood compat-
ible. Since nanofibers are used as suitable candidates for applications where they 
are directly exposed to blood, the fabrication of nanofibers with excellent blood 
compatibility has been an unmet challenge for all tissue engineering applications. 
In this regard, various nanofibers have been fabricated through electrospinning
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while incorporating different factors for enhancing blood compatibility. Recent 
studies have demonstrated the use of various contrasting agents for modifying the 
properties of tissue scaffolds. In this chapter, natural and synthetic polymers that 
are fabricated into nanofibers are discussed for their role in blood compatibility. 
The choice of polymer used, that is, natural or synthetic; the use of drugs, such as 
aspirin; the growth factors incorporated in it, like vascular endothelial growth 
factor; and the topography of scaffolds, for example, smooth and rough, have a 
significant impact on blood compatibility. This chapter focuses on the 
characteristics of scaffolds, the methods of preparation, and the factors 
incorporated in these nanofibers that influence hemocompatibility. A detailed 
account of different assays employed in analyzing blood compatibility has also 
been discussed, such as the determination of the hemolysis rate, platelet adhesion, 
plasma recalcification time, free hemoglobin estimation, the attachment and 
release of red blood cells, and the adsorption of plasma proteins.
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10.1 Introduction 

Nanofibrous scaffolds are highly porous with a large surface area and have excellent 
permeability. Henceforth, nanofibers are considered potential candidates for adsorp-
tion applications (Sahay et al. 2012). Electrospinning is one of the most robust 
methods of nanofiber fabrication compared to other techniques. It is easy, economi-
cal, and highly versatile in forming nanofibers using various polymers. These 
nanofibers can act as scaffolds, which are supposed to closely mimic the components 
of the extracellular matrix (ECM) (Pham et al. 2006; Sell et al. 2007). The setup for 
the process of electrospinning is shown in Fig. 10.1. Synthetic polymers, such as

Fig. 10.1 The pictorial presentation of polymer electrospinning. The polymers can be synthetic or 
natural, which should be completely soluble in solvents. This polymer solution can be filled in a 
syringe, which, under the influence of a high voltage, is ejected into nanofibers that are collected on 
the metal collector



polyurethane, which has excellent biocompatibility (Lluch et al. 2013); polyvinyl 
alcohol, which has high mechanical strength and elasticity (Xu et al. 2008); 
polyether sulfone, which has good mechanical properties and high thermal stability 
(Hou et al. 2008); poly(vinyl pyrrolidone), having the property of amphiphilicity, 
inertness, and chemical stability (Kurakula and Koteswara Rao 2020); and poly 
(lactic acid), being thermoplastic with high biocompatibility and biodegradability, 
are widely used in the preparation of nanofibers through electrospinning, are sought 
after in biomedical applications. On the other hand, natural polymers, such as 
chitosan (Dash et al. 2011), silk fibroin (Nguyen et al. 2019), cellulose (Seddiqi 
et al. 2021), etc., are also widely used in bioengineering applications due to their 
biocompatible and biodegradable character. Chitosan is the only primary polysac-
charide with good biocompatibility and biodegradability; additionally, it possesses 
antifungal properties (Li et al. 1992).
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Fig. 10.2 Schematic showing the processes of platelet activation and thrombus formation 

As aforementioned, these synthetic or natural polymers can be fabricated into 
nanofibers using the electrospinning technique for various applications. However, 
the fabrication of nanofibers with robust blood compatibility remains an unmet goal 
in the biomedical field (Soundararajan et al. 2018). On the contact of blood with 
foreign material (which can be undesired nanofibers), a cascade of lethal effects can 
occur, for instance, adsorption of plasma proteins, platelet accumulation, and, 
finally, thrombus or clot formation (Fig. 10.2) (Gorbet and Sefton 2006). Contrary 
to this, it has been observed that the plasma proteins and platelets present in the 
blood are readily adsorbed on these polymeric nanofiber surfaces (Gorbet and Sefton 
2006; Ren et al. 2013). For example, the positively charged chitosan readily 
adsorbed negatively charged proteins, which caused platelet activation and thrombus 
formation. However, at the same time, it preferably bound human serum albumin, 
reducing platelet attachment and activation (Lv et al. 2017; Balan and Verestiuc 
2014). Various efforts have been put forward to modify the blood compatibility of 
polymeric nanofibers, such as polyurethane, through the introduction of surface 
additives (Hsiao et al. 2015; Chen et al. 2011). To improve compatibility with 
blood, the electrospun mats have been functionalized by adsorbing certain moieties, 
like those of antithrombogenic factors (Freitas et al. 2010), moieties of bioinert and 
inorganic materials, (Hauert 2005), and organic coatings (Kim and Kim 2002)  or  by  
preparing cell-friendly surfaces (Qi et al. 2013). Similarly, chitosan, its composites,



and derivatives modified with different functional groups are fabricated (Balan and 
Verestiuc 2014; Yang et al. 2007). The negative -SO3

- or -COO- groups in 
functionalized chitosan have good blood compatibility because of negative charges, 
which lower the attachment of plasma proteins that have negative charges on their 
surfaces (Sagnella and Mai-Ngam 2005). Silk fibroin is another natural polymer 
widely used in biomaterials fabrication due to its excellent biocompatibility and 
biodegradability (Naskar et al. 2017a, b). The hemolysis of blood is a significant 
parameter for checking compatibility with biomaterials. If the material has excellent 
hemocompatibility, there is no hemolytic phenomenon or platelet adsorption on 
the surface. Upon hemolysis, hemoglobin is released into the plasma following the 
damage of membranes of red blood cells, which is directly associated with the 
compatibility of material (Song et al. 2016). There are several methods for deter-
mining the blood compatibility of samples in a laboratory, including measuring the 
hemolysis rate. The hemolysis rate measures the extent of lysed red blood cells 
(RBCs) upon the contact of the sample with blood. The lesser the hemolytic rate is, 
the greater is the blood compatibility of samples. An ideal biomaterial should have a 
hemolysis rate of less than 5% (Song et al. 2016). Another method includes the 
proliferation of platelets on the nanofiber surface. The spreading of platelets and their 
aggregation are major confirmatory indications of platelet activation and are taken as 
the chief pathway of thrombosis. The attachment of blood platelets is a spontaneous 
approach to measuring the compatibility of materials (He et al. 2011). The 
thrombogenicity indicator of a material in a blood compatibility experiment is 
given by the number of platelets that attach on the surface and the altered shape of 
those platelets on coming in contact of the material with the blood. Upon contact of 
foreign material with blood, the first response is the adsorption of serum proteins and 
the subsequent platelet adhesion and activation of coagulation pathways, which 
finally result in thrombus formation (Huang et al. 2011). The Vroman effect is the 
consequence of the hydrophilicity and topography of material surfaces (De Mel et al. 
2012). Moreover, the adsorption of plasma proteins is an indispensable parameter in 
evaluating the thrombogenicity of materials. The blood plasma consists of several 
proteins, such as albumin (45 mg/mL), immunoglobulin G (10 mg/mL), fibrinogen 
(3 mg/mL), transferrin (3 mg/mL), and immunoglobulin A (1 mg/mL) (Vogler 
2012). Upon the contact of blood with the biomaterial, initially, the proteins adsorb 
onto the surface, which leads to the recruitment of platelet, white blood cells 
(WBCs), and red blood cells (RBCs). Finally, adhesion on the plasma protein 
layer occurs, leading to the formation of thrombin (Vogler 2012). The adsorption 
of protein in blood plasma increases with the hydrophilicity and causes unwanted 
thrombus formation events. Furthermore, the stress on the cells is dependent on the 
roughness of the substrate, which later increases hemolysis (Leszczak et al. 2013). 
Different strategies have been used to prevent protein and platelet attachment on the 
biomaterials to attain hemocompatibility and anticoagulation (Weber et al. 2002). 
Another method involves the assessment of the anticoagulant characteristics of the 
substrate by recording free hemoglobin in the blood (Soundararajan et al. 2018). In 
this method, coagulation is initiated, which leads to the formation of a stabilized 
fibrin clot formed by RBCs, WBCs, and platelets. Then the release of hemoglobin 
from the clot is measured, which determines the anticoagulant property.
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Furthermore, how much the given biomaterial sample causes a delay in the clotting 
of platelet-poor plasma (PPP) is measured by plasma recalcification time (PRT), 
which causes the activation of prothrombin (factor II) on the addition of Ca2+ . PRT 
gives the point of delay in the coagulation process (Soundararajan et al. 2018). In this 
method, the time taken by the sample in showing the first signs of fibrin thread 
formation is observed. When the sample contacts with PPP, it can signal the intrinsic 
coagulation pathway, given that coagulation factors are present. Blood compatibility 
is also determined by the adsorption of blood proteins on biomaterials (Wei et al. 
2009; Denis et al. 2002; Scopelliti et al. 2010). In this chapter, we discuss the impact 
of different electrospun nanofibers with different modifications on checking blood 
compatibility. This chapter will provide readers an insight into the different 
strategies for modifying nanofibers and their evaluation by different 
hemocompatibility assays for use in biological applications. 
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10.2 Effect of Drug-Loaded Nanofibers on Blood Compatibility 

Poly(lactic acid) and silk fibroin nanofiber mats of different mass compositions 
loaded with aspirin for their anticoagulant property have been prepared by 
electrospinning (Qin et al. 2013). In designing the solutions for electrospinning, 
the solvent used was trifluoroacetic acid and dichloromethane in the proportion of 
70 parts:30 parts. Poly(lactic acid) was used due to its potential for the controlled 
release of drugs in the form of fibroin scaffolds, electrospun mats, microspheres, and 
films (Dev et al. 2010; Kim et al. 2010; Nagarwal et al. 2011). However, due to its 
low biological activity and hydrophobicity, cell attachment is cumbersome. There-
fore, they incorporated poly(lactic acid) in fibrous protein (i.e., silk fibroin), which is 
hydrophilic, inducing low to no immunogenic response. In addition, it exhibits 
flexible degradation rates, fluctuating from days to months in vivo due to enhanced 
crystallinity (Fei et al. 2011). However, regenerated silk fibroin has low mechanical 
properties because of the modifications in conformations and the distortion of 
molecules (Li et al. 2011). This led the researchers to blend poly(lactic acid) and 
silk fibroin into a composite nanofiber mat for the fabrication of biomaterial with the 
required properties. After degumming and dialysis, the silk fibroin solution was 
filtered and freeze-dried to get silk fibroin sponges. Then different solutions 
containing different compositions of poly(lactic acid)/silk fibroin (8/1, 8/3, and 
8/5) and aspirin (0.7%, 0.9%, and 1.1%) were prepared. It was observed that when 
silk fibroin concentration was increased, the degree of compatibility in poly(lactic 
acid) and silk fibroin was reduced and resulted in increased diameters in the 
nanofibers. With the increase in aspirin concentration, the fiber diameter decreased 
to 80 nm from 210 nm because the charge on the surface of the jet flow increased. 
The aspirin that was released from fibers was observed spectrophotometrically at 
270 nm. In vitro drug release studies illustrated that the highest concentration of poly 
(lactic acid)/silk fibroin gave the highest amount of drug release due to the bulging of 
fibers. When the effect on the release of aspirin content was observed, it was seen 
that with the increase in aspirin concentration, the amount of released drug also 
increased. This was due to the effect of aspirin on the diameter of the fiber mats. The



thinner are the nanofibers, the larger is the surface area and the more release of the 
drug from the nanofibers. The morphology of 0.7% aspirin-incorporated mats before 
and after its release was observed by scanning electron microscopy (SEM). Prior to the 
release of the drug, the morphology of nanofibers was even and drug particles were 
imperceptible because of their incorporation inside the nanofibers. Following drug 
release after 72 h, the mats swelled as a result of insolubilization (Muthumanickkam 
et al. 2013). The appearance of the mats became rough and ruptured upon the release 
of aspirin, and small particles uniformly distributed on the fibers could be seen. It was 
concluded that after swelling, degradation of the polymer may occur and the drug may 
be released by diffusion and matrix erosion’ (Song et al. 2012). 
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To check the in vitro blood compatibility of these composite aspirin-loaded 
nanofibers, a platelet adhesion experiment was carried out. The 2 × 2 cm samples 
were fitted to the bottom of a 96-well plate and equilibrated with physiological saline 
for 1 h. Also, fresh human blood was added to trisodium citrate dehydrate to prevent 
coagulation in the ratio anticoagulant: blood of 1:9 v/v was centrifuged at 800 rpm 
for 10 min to get platelet-rich plasma (PRP). Following this, the nanofiber samples 
were incubated with 0.2 mL of PRP for 1 h at 37 °C. The samples were rinsed with 
phosphate-buffered saline (PBS) to eliminate loosely bound or unbound platelets. 
Then to prepare samples for SEM, they were fixed with 2.5% glutaraldehyde 
solution. After dehydration with ethanol, they were permuted with tertiary butanol 
and incubated in a refrigerator at 4 °C for 24 h. Lastly, the attached platelets were 
examined by SEM. Many adherent platelets were found attached to the pristine poly 
(lactic acid) nanofiber membrane. The platelets were seen to aggregate, adhere, and 
cover the nanofibers. Moreover, they deformed and exhibited pseudopodia. This 
showed the noncompatibility of pristine poly(lactic acid) nanofiber mats. On the 
other hand, the surface of poly(lactic acid)/silk fibroin (8/3) showed a smaller 
number of adhered platelets, and also fewer platelets were deformed and activated. 
The rationale behind the platelet adhesion on these mats was the equal proportion of 
hydrophilic/hydrophobic regions and the micro-phase separation in the material. 
Given the strong hydrophobicity of poly(lactic acid) nanofibers, poly(lactic acid)/ 
silk fibroin nanofibers had excellent hydrophilicity/hydrophobicity balance and a 
good microphase separation structure. Therefore, poly(lactic acid)/silk fibroin 
composites had better blood compatibility. Also, some platelets attached and did 
not change their discoid shape on a poly(lactic acid)/silk fibroin composite having 
0.9 wt.% aspirin, indicating an inactivated state. This concludes that aspirin 
prevented platelet stimulation and attachment and clot forming by poly(lactic 
acid)/silk fibroin composites. 

10.3 Effect of Surface Topography of Nanofibers on Blood 
Compatibility 

Smooth, porous, and rough nanofibers of poly(lactic acid) were fabricated in a study 
by electrospinning to see the effect of the topography of these nanofibers on 
hemocompatibility (Soundararajan et al. 2018). To prepare nanofibers with porous 
topography, 7% (w/v) poly(lactic acid) was dissolved in dichloromethane/acetone in



a 7:3 ratio to prepare the spinning solution. The spinning solution for smooth 
nanofibers was prepared by using dimethyl formamide in place of acetone in the 
binary solvent. Other constraints, like the concentration of polymer solutions, the 
magnitude of voltage, the diameter of the needle, the tip-to-collector distance, and 
the flow rate, were constant in both cases. To prepare nanofibers having rough 
topography, hydrophobic superparamagnetic iron oxide nanoparticles (SPION) 
were produced by coprecipitation. This SPION was complexed with curcumin to 
form the Cur-SPION complex. This complex (5 mg/mL) was dispersed in poly(lactic 
acid) polymeric solution dissolved in dichloromethane/dimethyl formamide to pro-
duce curcumin-incorporated magnetic fibers with rough topography. The water 
contact angle was found to be lowered in porous and rough mats as compared to 
the mats with smooth surfaces. The electrospun nanofibers were then analyzed for 
hemolysis properties. The integrity of the red blood cell membrane was analyzed by 
exposing the cells to different topographies of nanofibers. The human blood was 
incubated in 0.5 mL of 0.1 M ethylenediaminetetraacetic acid (EDTA). After 
centrifugation at 1500 rpm for 15 min, the pellet containing RBCs was obtained. It 
was followed by washing with PBS three times, and the volume was made up to 
3.5 mL. Next, 0.2 mL of this suspension was pipetted out and added to 0.8 mL of 
distilled water set as a positive control or PBS set as a negative control. Mats were 
incubated in the positive control at 37 °C for 2 h, followed by centrifugation at 
1500 rpm for 15 min. Then the optical density of the supernatant was measured at 
540 nm, and the hemoglobin released was calculated. Following this, the hemolysis 
percentage was calculated. To categorize the biomaterials as hemolytic or nonhemo-
lytic, hemolysis percentage values over 5% are taken as hemolytic. The results of the 
hemolysis experiment showed haptoglobin (HP) of less than 2% in smooth 
nanofibers (1.17%), which established the nonhemolytic behavior of smooth fibers. 
On the other hand, porous and rough mats showed an increased hemolysis percent-
age of 3.80% and 4.94%, respectively. However, this was smaller than the threshold 
value (hemolysis percentage >5%) (Soundararajan et al. 2018). Slight hemolysis on 
smooth mats can be attributed to the delicateness of RBCs on attaching to nonuni-
form surfaces compared to smoother surfaces. The increase in hemolysis percentage 
in rough nanofibers was due to the impact of surface chemistry and the rough 
structure on hemolysis. The efficiency of scaffolds to bind and release RBCs with 
no deformation was evaluated through the capture and release of RBCs. For this, 
80 μL diluted RBC suspension was taken and dropped on nanofiber mats, followed 
by incubation for 30 min at 37 °C. To capture the cells, 2.5% glutaraldehyde was 
used. To release RBCs, fibers cultured with cells were first fixed with 2.5% glutaral-
dehyde for 1 h at 37 °C and then dehydrated with ethanol, and the fibers were imaged 
under FE-SEM. It was seen that porous nanofibers retained more cells than smooth 
nanofibers. The biconcave morphology of RBCs was also retained in both scaffolds, 
and adhered cells were released with 100% efficiency. In contrast, rough nanofibers 
(with Cur-SPION) did not have many cells attached as compared to the other two 
combinations. Furthermore, the anticoagulant assay was carried out to confirm the 
clot-inhibition properties of samples via the kinetic clotting time method. Next, 
20 μL of anticoagulated blood was dispensed onto the samples and glass slabs, 
with the latter being taken as a positive control. Then 10 μL of CaCl2 solution
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(0.2 mol/L) was mixed homogeneously to induce coagulation. The samples were 
incubated for different time intervals of up to 60 min. Lastly, 5 mL water was added 
to all solutions and incubated for 5 min. Following this, the free hemoglobin in water 
was recorded at 540 nm. It was observed that mats with smooth, porous, and rough 
topographies had higher absorbance than coverslips, indicating a higher concentra-
tion of free hemoglobin and a slower rate of clotting. Furthermore, stimulated 
platelets were confirmed by their morphological change after adhesion to the sample 
surfaces from a discoid to a spread structure. Smooth fibers showed a higher number 
of platelets attached and had an elongated appearance with no pseudopodia forma-
tion. In contrast, porous nanofibers showed lower adhesion of platelets and retained 
discoidal morphology due to the hydrophilicity of fibers. The cells on Cur-SPION-
modified fibers had an original discoidal shape, referring to inactivated platelets. 
PRT was done to assess the sample-induced time of delay in the coagulation process. 
Centrifugation of whole blood at 3000 rpm was performed to obtain PPP. Thereafter, 
tubes were incubated with nanofibers and glass coverslips (positive control) and 
added with 0.1–0.5 mL of PPP. From these combinations, 0.1 mL of PPP was added 
to 0.1 mL of CaCl2. The time of coagulation was measured by a steel hook, which 
was immersed in the solution to sense fibrin threads. It was observed that the positive 
control activated the coagulation cascade by adsorbing the clotting proteins. On the 
other hand, fibers took more time for thread development than the positive control. 
The porous and rough nanofibers showed improved clot-inhibiting activity (234 s) 
compared to smooth nanofibers as they exhibited longer clotting times of 277 s and 
279 s, respectively. The researchers also investigated the adsorbed serum proteins 
using sodium dodecyl sulfate-polyacrylamide gel electrophoresis. Samples were 
incubated in PRP and were allowed to adsorb for 2 h at 37 °C. The proteins that 
did not attach or that attached loosely were eliminated by rinsing with PBS. Then the 
proteins that attached to the sample surfaces were eluted using SDS. The samples 
were mixed with loading buffer and boiled at 95 °C for 10 min, then loaded into 
wells of acrylamide gel following cooling at room temperature. Electrophoresis was 
carried out at a voltage of 80 V in a Tris-glycine-SDS buffer. Coomassie brilliant 
blue dye was used to stain the adsorbed proteins after electrophoresis. It was 
observed that the smooth nanofibers showed high adsorption of fibronectin 
(200–220 kDa), prothrombin (72 kDa), and albumin (66 kDa). 
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10.4 Effect of Synthetic Nanofibers on Blood Compatibility 

Nanofibers of polyurethane were fabricated with polyhedral oligomeric 
silsesquioxanes (POSS) to impart viscoelastic properties (Song et al. 2016). POSS 
was used due to the hollow cage assembly of silicon (Wang et al. 2009). Further-
more, it has excellent biocompatibility (Le et al. 2013; Raghunath et al. 2009). 
Because the hydrophobic surface with low surface energy prevent the adsorption of 
plasma proteins and platelets (Hasebe et al. 2013; Bhatt et al. 2011). It was assumed 
that incorporating POSS into polyurethane would cause a reduction in platelets and 
protein attachment on polyurethane mats because of lowered surface tension (Kanna



et al. 2006; Kidane et al. 2009). POSS-polyurethane spinning solutions (12%) 
having different concentrations of POSS (0%, 1%, and 2%) were prepared in 
dimethyl formamide/tetrahydrofuran (1:2). The hydrophilicity results showed that 
nanofibers with 2% POSS concentration had the highest water contact angle among 
all concentrations. The lowest contact angle was found in the case of pristine 
polyurethane without POSS. The reason for the increased hydrophobicity can be 
attributed to weak polarity due to the presence of hydrophobic POSS molecules in 
the polymer (Kidane et al. 2009; Teng et al. 2014). The hemolysis analysis showed 
that the hemolysis rate in POSS-incorporated polyurethane nanofibers reduced 
significantly with the increase in POSS concentration. The plasma protein adsorption 
assay showed a decrease in the amount of bovine serum albumin protein adsorption 
upon increasing POSS in the nanofibers. The adsorption amount of pristine polyure-
thane was 3336.36 μg/cm2 and 159.50 μg/cm2 , and 115.70 μg/cm2 for the lowest and 
highest concentrations of POSS, respectively. Platelet adhesion was studied to 
analyze the hemocompatibility of nanofibers. The SEM images showed that the 
platelets attached more to pristine polyurethane nanofibers than to POSS-
incorporated nanofibers. Furthermore, with the increase in the concentration of 
POSS, a smaller number of platelets got attached to the nanofiber samples. This 
showed the improved compatibility of samples on the incorporation of POSS. The 
above results of decreasing protein and platelet adsorption on POSS-incorporated 
polyurethane nanofibers may be ascribed to the lessening of the amount of urethanes 
in polyurethane on the incorporation of POSS (Groth et al. 1995). POSS also lowers 
the surface tension of polyurethane nanofibers, which is an advantage in inhibiting 
protein and platelet attachment, and lowers the binding of platelets to the nanofibers 
(Silver et al. 1999). After microbial culturing for 12 h, the number of E. coli on 
pristine polyurethane surfaces was the highest compared to POSS-incorporated 
fibers, and absolutely no growth was seen on the surface with the highest content 
of POSS. This indicated that the presence of POSS macromolecules could suppress 
bacterial growth. The reason behind the antibacterial activity of these fibers may be 
attributed to the lower surface tension caused by incorporating POSS in polyure-
thane nanofibers (Knorr et al. 2005). Also, the lotus effect of hydrophobic substrates 
can prevent bacterial growth due to the formation of self-cleaning surfaces (Knorr 
et al. 2005; Page et al. 2009; Meng et al. 2015). Furthermore, hydrophobic POSS 
molecule decreases the free energy of membrane and because bacteria tend to adhere 
to a high-energy surface (Teng et al. 2014), thereby, contributing to resist the 
adherence of bacteria. 
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A wearable artificial kidney is a new intervention for renal failure patients, 
replacing dialysis (Moon et al. 2017; Crews et al. 2019; Voinova et al. 2019). 
Studies are aiming to fabricate dialyzers by modifying membranes for blood purifi-
cation through convection, diffusion, or adsorption (Castro et al. 2018; Mohammadi 
et al. 2018; Sultan et al. 2019). Studies have proven that zeolite is a potential material 
for the selective adsorption of toxins in an artificial kidney (Narasimhan et al. 2013; 
Arstad et al. 2008). The powder form of zeolite is unfit for use in dialysis due to its 
loose powder-like appearance. Therefore, some hydrophilic and biocompatible 
materials need to be used as substrates. Poly(vinyl pyrrolidone) due to its excellent



biocompatibility, and solubility in organic and inorganic solvents. This polymer has 
good spinnability when the electric field is applied and has been used in engineering 
materials (Huang et al. 2016). It is potentially apt to use along with zeolites and acts 
as an adhesive for binding zeolite nanoparticles. However, due to the poor mechani-
cal strength of poly(vinyl pyrrolidone), polyether sulfone polymers are the better 
choice for dialysis membranes because of their desirable characteristics (Qu et al. 
2010). So, in this regard, a wearable blood purification system was proposed 
(Haghdoost et al. 2021). In this study, polyether sulfone/poly(vinyl pyrrolidone)-
zeolite was fabricated by single-step electrospinning. Core spinning was employed 
with polyether sulfone solution and shell spinning with poly(vinyl pyrrolidone)-
incorporated zeolites. Poly(vinyl pyrrolidone) prevented zeolites from discharging 
into circulation. Two types of zeolites were used in their study, viz., CP8C11 (beta) 
and ZSM-5 zeolites, due to their ability to attach creatinine from the solution. 
Polyether sulfone spinning solution (25% v/v) was prepared in dimethyl formamide. 
Poly(vinyl pyrrolidone)/zeolite solution was prepared by dissolving (10% v/v) in 
binary solvent dimethyl formamide: acetone. Following this, ZSM-5 and other beta 
zeolites (10% and 20%) were added to the poly(vinyl pyrrolidone) solution. It was 
observed that the beta zeolites adsorbed the creatinine more than the ZSM-5 zeolites. 
Also, the silicon/aluminum ratio is an aspect of creatinine adherence (Lu et al. 2017; 
Namekawa et al. 2014). It is shown in Fig. 10.3 that the adsorption capacity of beta 
zeolite decreases with an increase in its concentration due to zeolite aggregation at 
high concentrations, which in turn lowers the surface area for adsorption. 
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The cytotoxicity of polyether sulfone/poly(vinyl pyrrolidone)-zeolite nanofibers 
was investigated. Figure 10.4 shows the cell viability results of commercial 
polyether sulfone, the core-shell nanofiber of polyether sulfone/poly(vinyl 
pyrrolidone), and zeolite-incorporated polyether sulfone/poly(vinyl pyrrolidone) 
nanofiber. The growth of fibroblasts on the core-shell nanofibers was as desired till 
24 h. This study suggested the efficient use of core-shell nanofibers (viability of over 
90%) for blood purification in dialysis approaches. Moreover, the optical micro-
scope images are shown in Fig. 10.5 to observe the viability of fibroblasts after 
24 and 48 h of cell culture with samples. 

Figure 10.6 shows the platelet adhesion results of the samples. No pseudopod 
morphology was acquired by cells on the samples, which indicates no platelet 
stimulation and good compatibility of zeolites. These images (Fig. 10.6) illustrate 
none of the adsorbed platelets on zeolite-incorporated nanofibers. However, there 
was a significant number of platelets attached to pure nanofibers. 

10.5 Effect of Natural Nanofibers on Blood Compatibility 

Carboxymethyl chitosan is a widely used derivative of chitosan used in biomaterial 
fabrication. Its compatibility with the blood system has been reported in the literature 
(Fu et al. 2011). Moreover, it is used in modifying other polymers also to improve 
blood compatibility (Aiping and Tian 2006). Electrospun carboxymethyl chitosan 
and poly(lactic acid) nanofibers were prepared to test their compatibility with blood



(Lv et al. 2017). Carboxymethyl chitosan nanopowder was prepared by ball milling 
from 400 mg carboxymethyl chitosan powder. Carboxymethyl chitosan was 
downsized by two steel balls with a 5 mm radius for 4 h at 20 Hz, and carboxymethyl 
chitosan nanopowder was obtained. To prepare the spinning solution, 8% poly(lactic 
acid) prepared in binary solvent dimethyl formamide and dichloromethane (v/v= 7/3) 
was mixed with 400 mg carboxymethyl chitosan nanopowder under constant mag-
netic stirring. The carboxymethyl chitosan/poly(lactic acid) membranes were linked 
in 50% glutaraldehyde solution at 80 °C for 12 h, followed by 0.1 mol/L glycine 
treatment to block unreacted aldehyde groups. 
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Fig. 10.3 (a) Solution adsorption capacity of creatinine using zeolite (powder type), (b) creatinine 
adsorption by core-shell nanofiber (membrane type), (c) micrographs of creatinine solution adsorp-
tion of ZSM-5 zeolite 20% incorporated polyether sulfone/poly(vinyl pyrrolidone) nanofibers, and 
(d) micrographs of creatinine solution adsorption of beta zeolite 20% incorporated polyether 
sulfone/poly(vinyl pyrrolidone) nanofibers. (Reproduced with permission from Haghdoost et al. 
2021) 

Multilayered silk fibroin was obtained from tussah cocoons incorporated in poly 
(lactic acid) nanofibers by electrospinning (Shao et al. 2017). The silk fibroin sponge 
was prepared following the treatment of cocoons, viz., degumming, dissolving, 
dialysis, and lyophilization. Next, the silk fibroin sponge and poly(lactic acid) 
were dissolved in 1,1,1,3,3,3-hexafluoro-2-propanol in different proportions to



make the final concentration of the spinning solution 8%. To prepare the nanofiber 
mats, the nanofiber yarns were electrospun, and a fiber web was formed by rotating 
them in a funnel. To fabricate multilayer fibers, parallel twisted and weft strands of 
these yarns were intertwined longitudinally to produce a fabric sheet. Three layers
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Fig. 10.4 Cell viability results at 540 nm absorbance of nanofibers with different zeolite 
concentrations, where control is the tissue culture plate, PES is pristine polyether sulfone nanofiber, 
N0 is pristine polyether sulfone/poly(vinyl pyrrolidone) nanofiber, NB20 is 20% beta zeolite, and 
NZ20 is 20% ZSM-5 zeolite. (Reproduced from Haghdoost et al. 2021) 

Fig. 10.5 Optical microscope images showing the proliferation of fibroblasts (a) and (f) tissue 
culture plate; (b) and (g) polyether sulfone; (c) and (h) pure; (d) and (i) NZ20; (e) and (j) NB20. Top 
(after 24 h) and bottom (after 48 h). (Reproduced with permission from Haghdoost et al. 2021)



were later combined with seriatim, and a multilayered nanofiber fabric membrane 
was formed. To test for biomineralization, simulated body fluid was prepared, and 
1% of aspartic acid (a polymer that dissolves in aqueous solvents) was mixed to 
bring about mineralization. The electrospun nanofiber mats were soaked in 
simulated body fluid and kept at 37 °C for 72 h, and the medium was replaced 
every day. Following this, samples were washed with distilled water and deposited 
on coverslips after freeze-drying. Following mineralization, the samples were 
observed under SEM after 6, 12, 24, and 72 h (Fig. 10.7). At 6 h, the surface of 
the samples showed little mineralization in addition to discontinuous mineral 
clusters; at some points, these particles were observed until mineralization time of 
24 h. The reason may be the hydrophobic nature of the poly(lactic acid) surface, 
which cannot easily constrain the calcium present in simulated body fluid in the form 
of ions and nucleation points. The surface of multilayer poly(lactic acid)/silk fibroin 
nanofibers showed a higher number of spherical particles at 6 h as compared to pure 
poly(lactic acid). After 12 h, the mineral particles covered about all of the nanofibers,
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Fig. 10.6 SEM micrographs of platelet attachment on (a) commercial polyether sulfone, (b) pure 
polyether sulfone/poly(vinyl pyrrolidone), (c) beta-zeolite-incorporated nanofibers, (d) 
Z20-incorporated nanofibers. (Reproduced with permission from Haghdoost et al. 2021)



with a decrease in their diameter. At 24 h of mineralization, the particles further 
reduced in diameter and got compressed together to cover all nanofibers.
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Fig. 10.7 SEM micrographs of silk fibroin and poly(lactic acid) nanofibers after biomineralization 
for different time intervals: (a, b) 6 h; (c, d) 12 h;  (e, f) 24  h; (g, h) 72 h. (Reproduced with 
permission from Shao et al. 2017) 

Nanofiber mats were placed in a 24-well tissue culture plate, treated with PBS for 
2 h, and then added with 75% ethanol for sterilization. Following this, the fibers were 
incubated for 24 h at 37 °C in the presence of 1 mL of 10% fetal bovine serum. The 
absorbance was measured at 280 nm to check the concentration of fetal bovine 
serum proteins prior to and after adsorption. The blood compatibility was quantified 
by hemolysis assay, and the hemolysis rate was measured in all cases. The poly 
(lactic acid)/silk fibroin mats had a hemolysis rate of 0.9%, indicating their good 
blood compatibility. The proliferation of cells cultured on poly(lactic acid)/silk 
fibroin/hyaluronic acid multilayered mats was found to be enormously higher than 
on poly(lactic acid)/silk fibroin. It was also found that the proliferation on reference 
coverslips was low, pointing out that the mineral crystals on the nanofibers promote 
proliferation. Both nanofiber mats and nanofiber fabrics showed the same value on 
day 4 of cell culture. On the other hand, the proliferation on fabrics was a bit 
increased compared to the fiber mats on day 7. The morphology of mesenchymal 
stem cells (MSCs) was determined by confocal laser scanning microscopy 
(Fig. 10.8). A directional growth of cells was seen on the nanofiber fabric along 
the axial direction of the yarn; however, the cells on nanofiber mats showed a 
random arrangement. This phenomenon might arise due to the contact guidance of 
the underlying substrate, such as nanopatterned material and nanofiber (Laco et al. 
2013). Also, the fluorescence intensity on the fabric group was higher compared to 
mats with multilayered nanofiber fabrics, which offer a much optimal environment 
for the proliferation of cells.
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Fig. 10.8 The confocal microscope images of MSCs grown on (a and b) poly(lactic acid)/silk 
fibroin fabric, (c and d) poly(lactic acid)/silk fibroin/hyaluronic acid fabric, and (e and f) poly(lactic 
acid)/silk fibroin/hyaluronic acid mats at 4 and 7 days of culture. (Reproduced with permission from 
Shao et al. 2017) 

The expression of marker genes on cells attached to the mats for different times 
(7, 14, and 21 days) was analyzed. After culture, the cells were washed with PBS and 
suspended in a cold TRIzol reagent. cDNA was produced using the first-strand 
synthesis system, which was later on followed by quantitative PCR using SYBR 
Green. The marker genes for osteocytes that were used were those for alkaline 
phosphatase (ALP), osteocalcin (OCN), osteopontin (OPN), and collagen type I 
(Col I). After 14 days, ALP and type I collagen expression levels were much higher 
in all nanofiber groups (Fig. 10.9a, b). The mineralization of nanofibers increased the 
osteogenic differentiation of MSCs. After 21 days of culture, the OCN gene 
(a marker for the late expression of osteogenesis) expression in cells increased by 
threefolds on poly(lactic acid)/silk fibroin/hyaluronic acid nanofiber mats than on the 
poly(lactic acid)/silk fibroin group, which indicated that hyaluronic acid accelerated 
the differentiation of osteoblasts (Fig. 10.9c). In addition to this, OPN gene expres-
sion in cells cultured on fabric scaffolds had higher levels of expression than on 
nanofiber scaffolds after 7 days of culture (Fig. 10.9d), indicating that the arrange-
ment of nanofibers can promote the differentiation of MSCs into osteoblasts. 

10.6 Effect of Growth-Factor-Incorporated Nanofibers on Blood 
Compatibility 

Vascular grafts made from polymeric nanofibers have been used in treating vascular 
diseases (Desai et al. 2011). However, these grafts should prevent platelet aggrega-
tion and promote endothelialization on the surface of the graft. To achieve this goal, 
many bioactive molecules have been merged in the grafts to modify their characters.



For instance, anticoagulant heparin has been routinely introduced into tissue 
materials to inhibit thrombogenesis (Hoshi et al. 2013; Yao et al. 2014; Seib et al. 
2014). Furthermore, vascular endothelial growth factor (VEGF) is also an effective 
molecule for endothelialization (Coultas et al. 2005; Asahara et al. 1999). Despite 
the benefits of VEGF in endothelial progenitor cell (EPC) proliferation (Asahara 
et al. 1999), it has a rapid half-life in the biological system (Takeshita et al. 1994). 
Therefore, any delivery agent used for VEGF should preserve its activity and release 
it at a precise rate. Given this, diverse quantities of heparin were encapsulated into a 
poly(L-lactic acid-co-ε-caprolactone) nanofiber through emulsion electrospinning, 
followed by hemocompatibility analysis (Chen et al. 2015). Furthermore, the opti-
mal concentration of heparin was selected and encapsulated, along with VEGF, to 
form nanofibers. For spinning solutions, aqueous solutions of heparin in distilled 
water with varying concentrations (5%, 10%, and 15%) were prepared. The internal 
structure of the nanofibers was examined with transmission electron microscopy 
(TEM). For this, the samples were prepared by directly depositing fibers on copper 
grids. The TEM images showed that the composite poly(L-lactic acid-
co-ε-caprolactone) scaffolds presumed a uniform core-shell morphology 
(Fig. 10.10a, b). However, the fibers with heparin and those with or without 
VEGF had a no-uniform multicore shell conformation, and the incorporated factors
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Fig. 10.9 The expression of genes obtained from RT-PCR: (a) alkaline phosphatase, (b) collagen 
type I, (c) osteocalcin, (d) osteopontin. (Reproduced with permission from Shao et al. 2017)



showed a zonal distribution inside the fibers. The reason for this is that heparin, 
because of its strong negative charge, increased interdroplet repulsion, leading to the 
discontinuous core-shell morphology at the time of stretching and evaporation.
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Fig. 10.10 TEM images of different electrospun poly(L-lactic acid-co-ε-caprolactone) nanofibers, 
(a) Poly(L-lactic acid-co-ε-caprolactone) incorporated heparin; (b) Poly(L-lactic acid-
co-ε-caprolactone) incorporated heparin and VEGF. (Reproduced with permission from Chen 
et al. 2015) 

The optimum release of heparin and VEGF from the nanofibers was recorded. 
The poly(L-lactic acid-co-ε-caprolactone) scaffolds containing varied concentrations 
of heparin and VEGF were immersed in 5 mL of PBS solution and incubated. At 
different time intervals, 1 mL of the supernatant was pipetted out, and 1 mL of fresh 
medium was added. To measure the release of heparin from nanofibers, a toluidine 
blue test was conducted, and to measure VEGF release, an enzyme-linked immuno-
sorbent assay kit was used. The release profiles of heparin and VEGF showed two 
stages. There was a constant release of heparin for 6 days; after this, a slow release 
was observed for 29 days. However, there was no perceptible change between the 
scheme for the release of heparin in the two different concentrations of composite 
nanofibers, which indicated that VEGF has no role in the release of heparin. On the 
other hand, the release profile of VEGF was different compared to that of heparin. 
Due to the higher amount of heparin than of VEGF, the release of VEGF was 
significantly affected. VEGF release was higher from both types of scaffolds until 
day 4, which was followed by a slow and constant release. In the scaffold with a 
higher concentration of VEGF (20%), more VEGF was released compared to the 
scaffold with 15% VEGF. The results indicate that the amount of VEGF release 
significantly depends on the loading amount of heparin and that both the growth 
factors loaded in fibers can be released in a tuned style (Fig. 10.11). 

The hemolysis assay revealed hemolysis rates of less than 5%, indicating good 
blood compatibility of all mats. The hemolysis rate for poly(L-lactic acid-
co-ε-caprolactone) with 10% heparin and 15% heparin were less than 0, indicating



very few ruptured RBCs than the negative control. The reason for this may be 
attributed to the anticoagulant properties of heparin and also because it acts as a 
regulator of the complement system (Ninomiya et al. 2000). It has also been studied 
that heparin has an important role in the regulation of complement-system-induced 
hemolysis (Mannari et al. 2008). The platelet adhesion studies showed that the 
number of platelets that adhered to the nanofibers with loaded heparin was lesser 
as compared to the pure poly(L-lactic acid-co-ε-caprolactone). For the biocompati-
bility assay, bone marrow cells were produced from the bones of Sprague-Dawley 
rats (weight = 200–250 g). The mononuclear cells having low density were 
separated by density gradient centrifugation in a medium exclusive for lymphocytes. 
The detached cells were resuspended in a culture medium (EGM-2), having the 
optimal composition for the lymphocytes to grow. Lastly, mononuclear cells were 
seeded on fibronectin-coated plates and incubated with ample CO2 supply at a 
temperature of 37 °C. Fluorescence microscopy confirmed the presence of endothe-
lial progenitor cells (EPCs) by imaging double-positive cells. Furthermore, 
fluorescence-activated cell sorting (FACS) confirmed the EPCs characteristics of 
cells by confirming the presence of CD34 and VEGFR-2(KDR) in cells. Cell growth 
was recorded by a cell counting kit-8 (CCK-8) assay. The samples were placed at the 
bottom of 24-well plates, and cells were seeded and grown for different time 
intervals for 7 days. CCk-8 solution was added to the wells already containing the 
culture medium at a concentration of 10 μL/100 μL, and the samples were raised for 
2 h in this solution. Following this, absorbance was measured at 490 nm. Cell 
viability was determined by correlating the amount of absorbance with the number 
of viable cells. In addition to this, two more plates were cultured for 7 days. One 
plate was set for the fluorescent staining to determine the morphology and quantity 
of cells and the other for SEM to see the cell attachment on the surface of scaffolds. 
Absorbance was noticeably higher in VEGF-incorporated fibers than in pure fibers 
(Fig. 10.12). The results suggest that EPCs multiply faster on VEGF-incorporated 
fibers than those without VEGF, and this effect was concentration and time-
dependent. 
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Fig. 10.11 Release profiles of heparin (a) and VEGF (b) from different poly(L-lactic acid-
co-ε-caprolactone) (PLCL) mats. (Reproduced with permission from Chen et al. 2015)
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Fig. 10.13 (a) Immunofluorescent images of EPCs cultured on composite poly(L-lactic acid-
co-ε-caprolactone) nanofibers. (b) SEM images of the EPCs attached on nanofibers show prolifera-
tion. (Reproduced with permission from Chen et al. 2015) 

The structure and number of cells were revealed by immunofluorescence staining. 
shown in Fig. 10.13a, b. The morphology of cells and their interaction with 
nanofibers were analyzed by SEM. After 7 days of culture, the cells spread well 
on the nanofiber surfaces incorporated with VEGF. 

10.7 Conclusion 

In this chapter, the impact of different agents when incorporated into nanofiber has 
been discussed, which in turn reflects blood compatibility. The different assays for 
testing hemocompatibility have also been discussed in detail. We also discussed how 
different topographies of the nanofibers could impact the blood compatibility of a 
nanofiber sample. It was also seen that the introduction of growth factors and drugs 
causes variation in blood compatibility. For example, aspirin loading showed an 
enhanced effect of the anticoagulation of the poly(lactic acid)/silk fibroin nanofibers. 
Furthermore, the method of fabrication of nanofibers and the choice of polymer can 
significantly influence hemocompatibility. In conclusion, the chapter gives informa-
tion on the biocompatible properties of different nanofibers and their use in other 
biomedical applications. 
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Abstract 

Nanofibers fabricated by electrospinning as drug-delivery systems provide high 
therapeutic efficiency at a lower dose. The literature discussed in this chapter 
sheds light on the research innovations for developing multifunctional polyure-
thane nanofibers for the triggered delivery of drugs to treat various cancers. Being 
a hydrophobic polymer, it is easy to electrospun, and these nanofibers exhibit 
high tensile strength and elastic properties. Moreover, incorporating anticancer 
drugs into polyurethane and its derivatives may boost the anticancer agents’ 
accessibility to tumor sites. This may further reduce cancer cells that the first 
dose of the medicines does not manage to kill and lessen the adverse side effects.
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This chapter will highlight general nanotechnological tools that can help to 
diagnose cancers, e.g., quantum dots, nanoshells, and gold nanoparticles. Partic-
ular emphasis is placed on using polyurethane nanofibers for targeted drug 
delivery and controlled release. Finally, we will learn how polyurethane 
nanofibers can be incorporated with various compounds to induce hyperthermia 
effectively for cancer treatment.
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11.1 Introduction 

Cancer is defined by uncontrolled multiplication and the absence of cell death, 
resulting in an abnormal mass or tumor (Bertolaso 2016). The main difference 
between cancer and a tumor is that the latter is localized; these cells grow in a 
specific location and can be removed surgically. In contrast, cancerous cells spread 
from one place to another and kill the host. Cancer is caused by a variety of factors, 
including genetic factors (mutations, translocations, and hereditary) and environ-
mental factors (UV, chemicals, viral infections) (Parsa 2012). All cells have 
protooncogenes; if these genes are transformed into oncogenes, the normal cell 
will be changed into a cancer cell (Bishop 1987). Furthermore, mutations in the 
tumor suppressor gene increase the risk of evolving a tumor or cancer. As a result, 
the growth-promoting protooncogene and the growth-restricting tumor suppressor 
genes must be appropriately balanced for cell growth control. 

Various treatments are available for curing cancer, such as surgery, radiation, 
chemotherapy, hormone therapy, immune therapy, etc. (Abbas et al. 2018). All the 
treatments aim to remove cancerous tissues altogether without harming healthy 
tissues, which is difficult to achieve. Among existing cancer treatments, chemother-
apy is the most employed form of intervention. However, this is associated with 
detrimental side effects caused by chemotherapeutic agents, such as drug resistance 
and high cost (Mitra et al. 2015). These treatments may cause kidney failure, nerve 
injury, nausea, cell toxicity, and death if high doses are administrated (Baudino 
2015). To address the limitations of current therapy, researchers are looking for new 
promising anticancer agents with higher efficacy and fewer side effects. 

Nanotechnology has improved drug-delivery routes in recent years by reducing 
the adverse effects of delivering a minute concentration of drugs (Patra et al. 2018). 
In general, a nano-drug-delivery system allows for more controlled delivery (release 
rate and time) and the maintenance of drug concentration at a certain level within the 
valid therapeutic window. It is regarded that nanotechnology-based targeted drug-
delivery systems such as liposomes, hydrogels, nanoparticles (NPs), and nanofibers 
could provide anticancer drugs with sustained release (Kumar et al. 2012). However, 
in recent years, there has been a surge in interest in using electrospun nanofibers for 
drug delivery (Contreras-Cáceres et al. 2019). These nanofibers’ popularity can be



attributed to their high porosity, large surface area, tiny size, and interconnecting 
channels, which offer a valuable strategy for high loading and the release of drugs. 
These ID nanostructures, e.g., the nanofibers in current times, are mainly produced 
by the electrospinning technique. Electrospinning offers greater flexibility in 
selecting biodegradable or nonbiodegradable materials to form nanofibers resulting 
in remarkable properties such as more advanced control over drug release kinetics 
(Elsadek et al. 2022). Moreover, the site-specific delivery of drugs using a patch 
system in a particular area is the main benefit of the  fibrous carriers. Additionally, 
many drugs may be directly contained within the fibers and then released sustain-
ably. Because of their large surface area, these nanofibers can cause a water-
insoluble drug to decompose slowly and then release and protect it from corrosion 
by stomach acid and enzymes, improving drug stability (Castillo-Henríquez et al. 
2020). 
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Several anticancer drugs have been loaded into various electrospun nanofibers for 
cancer treatment, including paclitaxel (PTX) (Ma et al. 2011; Faraji Dizaji et al. 
2020), doxorubicin (DOX) (Abasian et al. 2019), 5-fluorouracil (5-FU) (Grant et al. 
2021), and camptothecin (Amna et al. 2020). The nanofibers’ high surface-to-
volume ratio is a unique structural feature; however, it causes undesirable initial 
burst release of drugs. The drug loading may require a different approach depending 
on the type of drug incorporated, such as small molecule drugs, proteins, and genes, 
to achieve a successful release profile. Medications can be simply mixed with the 
polymer solution (Hu et al. 2015), physically or chemically surface immobilized 
(Yoo et al. 2009), or indirectly loaded onto the nanofiber (Thakkar and Misra 2017). 
The simplest way to incorporate drugs into nanofibers is to dissolve the drugs and 
polymer in a single solvent and then co-electrospin them. Nanofibers have high 
drug-loading efficiency due to a high surface-to-volume ratio, which can further 
increase when combined with self-assembled NPs or microspheres that are evenly 
distributed within the nanofiber mats (Forouharshad and Ajalloueian 2022; Fan et al. 
2016). 

Drug-loaded nanofibers can be fabricated from both natural and synthetic 
polymers; particularly, biodegradable polymers are preferred. Biodegradable 
polymers are particularly interested in electrospinning because they eliminate the 
need for a second surgery to remove the implanted carrier (Tian et al. 2012). Various 
synthetic polymers such as polylactic acid (PLA) (Abasian et al. 2019; Dai et al. 
2017), polycaprolactone (PCL) (Yan et al. 2020), and polyethylene oxide (PEO) 
(Darbasizadeh et al. 2021; Rengifo et al. 2019) have been extensively studied to 
fabricate nanofibers with desired properties for drug-delivery applications. However, 
hydrophobic polymers are accessible to electrospin because of the highly volatile 
solvents available, and the nanofibers exhibit high tensile strength and elastic 
properties (Son et al. 2014). One of the most well-liked polymers is biodegradable 
polyurethane, in which each molecule comprises a hard segment, a soft segment, and 
a chain extender. It is inexpensive, highly biocompatible, and thus proper for drug 
administration systems (Bahadur et al. 2017). For instance, incorporating anticancer 
drugs into polyurethane and its derivatives may boost the anticancer agents’ acces-
sibility to tumor areas, reduce cancer cells that the first dose of the drugs did not



manage to kill, and lessen the adverse side effects (Krukiewicz and Zak 2016). 
However, polyurethane nanofibers for drug-delivery applications have received less 
focus. Therefore, this chapter aims to examine the uses of electrospun polyurethane 
nanofibers for cancer drug delivery. 

282 A. H. Rather et al.

11.2 Nanotechnology in Cancer Diagnosis 

Currently, we can diagnose cancer using imaging tools and the morphological 
examination of tissues or cells. Moreover, imaging procedures like endoscopy, 
ultrasonography, computed tomography, and magnetic resonance imaging are 
often employed (Frangioni 2008). However, these traditional approaches to cancer 
diagnosis have numerous drawbacks because they cannot identify cancer at a very 
early stage, lack specificity, and have severe side effects. By that time, innumerable 
tumors may have increased and even metastasized. The current monsterlike situation 
of cancer has forced researchers to create several methods for accurate diagnosis. As 
a result, researchers turn to a different technique: a nanotechnology-based diagnostic 
technique that is being developed as a potentially helpful tool for speedy, practical, 
and affordable cancer detection (Zhang et al. 2019). 

Nanotechnology involves creating and assembling NPs, which are submicro-
scopic objects with diameters between 1 and 100 nm. A subfield of nanotechnology 
known as nanomedicine has evolved as a cutting-edge technique for using NPs to 
detect and treat human disease (Lee et al. 2012). Nanomedicine enables early 
diagnosis, treatment with few side effects, and noninvasive evaluation of treatment 
effectiveness. Cancer nanotechnology aims for cellular and molecular elements to 
interact with nanoscale devices, specifically concerning cancer diagnosis and treat-
ment (Cuenca et al. 2006). The potential of cancer nanotechnology resides in the 
ability to create therapeutic vehicles with distinct features that, due to their small 
size, can profoundly and specifically enter tumors. One of the most critical steps in 
any diagnosing process is screening. Effective screening at the beginning of the 
disease can help to decrease its adverse effects. Nanotechnology makes it possible to 
swiftly and precisely detect cancer-related substances, allowing for observing molec-
ular changes even when they are only present in a small percentage of cells. NPs can 
bind cancer biomarkers, such as proteins, carbohydrates, and nucleic acids, which 
are expressly released by the cancer cells and thus help diagnose and target drug 
delivery to the tumor site (Wu and Qu 2015). This would make it possible to 
diagnose cancer early, which is essential for enhancing cancer treatment. Nanotech-
nology will also reduce screening tools, meaning many tests can be run on a single 
device. As a result, cancer screening is quicker and more economical. Quantum dots, 
nanoshells, and gold nanoparticles (Au NPs) are among the significant nanomaterials 
involved in cancer diagnosis that are covered here.
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11.2.1 Quantum Dots 

Quantum dots are highly fluorescent nanometer-size crystals of semiconductor 
materials that exhibit strong fluorescence emitting different colors concerning their 
size (Zhang et al. 2008). QDs are resistant to photobleaching, have a high detection 
intensity, and are thus frequently used for diagnostic applications (Smith et al. 2014). 
Depending on their size and composition, they have an intrinsic fluorescence 
emission spectrum with a wavelength ranging from 400 to 2000 nm and are made 
up of an inorganic elemental core (such as cadmium or mercury) and an outer layer 
of metal (Nikalaje and Shende 2018). The optical characteristics of NPs are strongly 
influenced by their structure, particularly the color (wavelength) and diameter of 
quantum dots. The quantum dots can be injected into a subject and then detected by 
exciting them to emit light. For instance, cadmium selenide NPs (also known as 
quantum dots) illuminate when exposed to UV light. They seep into cancerous 
tumors when injected. The glowing tumor is visible to the surgeon, who can utilize 
it as a reference point for more precise tumor excision. Nida et al. investigated the 
use of quantum dots conjugated to anti-epidermal growth factor receptor antibodies 
to detect precancerous biomarkers in vitro. They found illumination of SiHa cervical 
cancer cells due to epidermal growth factor receptor overexpression (Nida et al. 
2005). 

11.2.2 Nanoshells 

Nanoshells may be spherical in shape with a diameter of 10–300 nm, have a 
dielectric core often made of silica, and are encased in a thin metal shell made of 
gold (Zhao et al. 2014). Nanoshells have the ability to either absorb or scatter light. 
While scattering nanoshells are utilized as contrast agents, absorbing nanoshells are 
primarily used to induce hyperthermia (increase in body temperature) (Lal et al. 
2008). Hyperthermia, commonly referred to as thermal therapy, is one of the main 
techniques to eradicate tumors where tumor cells are killed by subjecting them to 
high temperatures using nanoshells. Hyperthermia involves heating tumor cells to a 
temperature of 40–45 °C to inhibit tumor cells by initiating a sequence of thermally 
induced metabolic processes, such as apoptosis (Beik et al. 2016). Compared to 
normal cells, malignant cells are more sensitive to high temperatures and, therefore, 
can be killed explicitly by hyperthermia using nanoshells. 

11.2.3 Gold (Au) NPs 

With their distinctive unusual optical and electrical properties and minimal toxicity, 
Au NPs are one of the most alluring families used in cancer diagnostics (Fan et al. 
2020). This is because Au can be easily synthesized and has been approved for use in 
the treatment of human disease due to its high biocompatibility. These NPs have 
been investigated as a delivery system for therapeutic agents, in photodynamic



therapy for cancer treatment, and as diagnostic tools to find disease-related 
biomarkers (Singh et al. 2018). These Au NPs act as contrast agents by scattering 
visible light in vitro. Au NPs can also be used in conjugation with antibodies for 
biopsies and identification of cervical and pancreatic cancers (Jain et al. 2007). 
Smilowitz et al. enhanced radiation and X-ray imaging in mice by using Au NPs 
(Hainfeld et al. 2004). They discovered that because the tumor’s vascular perme-
ability was higher, Au NPs aggregated there, and a higher contrast was visible. These 
findings demonstrate the potential of Au NPs to increase tumor diagnostic rates. 
Thus, Au NPs are expected to play a more critical role in X-ray scattering imaging. A 
different work by Lu et al. showed multifunctional oval-shaped Au NPs for the 
targeted detection of breast cancer using a straightforward colorimetric and highly 
sensitive two-photon scattering assay (Lu et al. 2010). Oval-shaped Au NPs caused a 
noticeable color change and a 13-fold increase in two-photon scattering intensity 
compared to the breast cancer SK-BR-3 cell line. The technique successfully 
identified cancerous and noncancerous cells and set them apart from other breast 
cancer cell lines that exhibit low levels of human epidermal growth factor receptor 
2. These discoveries have significant implications for early detection because the 
technology can detect malignancies inside the body that are only a few millimeters in 
diameter. As a result, Au NPs are a priority-based diagnostic tool for many 
malignancies. 
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11.3 Electrospinning 

A number of advanced techniques have been developed for the generation of 1D 
nanostructures, including electron beam or focused ion beam (Tseng 2005), hydro-
thermal synthesis (Hu et al. 2007), chemical vapor deposition (Zang et al. 2009), 
electrospinning (Shafi et al. 2023), etc. Among these methods, electrospinning is the 
simplest method to produce nanofibers with unique properties such as small diame-
ter, high surface area, adjustable porosity, and small fiber-to-fiber distance (Jeckson 
et al. 2021). This technique was demonstrated more than 90 years ago and was first 
patented in the 1930s (Subbiah et al. 2005). However, it did not receive much 
attention till the early 1990s. It has a low start-up cost and is compatible with 
other pre-/posttreatment methods. To date, the electrospinning technique has 
evolved as the ideal technique used to make nanofibers. Therefore, in this chapter’s 
coming text, we will elaborate the electrospinning technique that has been used to 
deliver anticancer drugs. Unlike other methods for forming nanostructures, 
electrospinning is based on the electric field force acting on the polymer solution 
(this solution can inherit anticancer drugs). In electrospinning, solidified fiber can be 
achieved by stretching the electrified jet for the electrostatic repulsions between the 
surface charges and the eventual evaporation of solvent (Li and Wang 2013). A basic 
setup of electrospinning is shown in Fig. 11.1. This mainly consists of syringe pump, 
a spinneret, a high-voltage power supply, and a collector (Long et al. 2019). During 
the process, the polymer solution is placed into a syringe, and then it is pushed to the 
tip of the spinneret by external pumping (desired flow rate) to provide a continuous



flow of solution. When a droplet is formed at the spinneret, and electrical voltage 
(typically 1–30 kV) is applied between the tip of the spinneret and the collector 
placed in front of it, the solvent quickly evaporates from the jets, and solid nanofibers 
are finely deposited on the collector. Typically, the diameters of the electrospun 
fibers can be controlled in the range of tens of nanometers to micrometers, and the 
fibers can be deposited as nonwoven mats or aligned into uniaxial arrays and further 
stacked into multilayered architectures. Here collector plate should be of good 
electric conductivity to neutralize the charge carried by the polymer nanofiber. 
This technique could be applied to synthetic and natural polymers, polymer alloys, 
and polymer-incorporated functional nanomaterials. These unique advantages of 
electrospinning impart multifunctional properties to nanofibers for diverse 
applications. To achieve the desired fiber diameter, bead-free fibers, as well as a 
porous and uniform fibrous mat, optimization of the electrospinning parameters is 
necessary (Ibrahim and Klingner 2020). These electrospinning parameters include 
three main components—solution, process, and ambient—as shown in Fig. 11.2. All

11 Polyurethane Nanofibers Fabricated by Electrospinning as Drug. . . 285

Fig. 11.1 A straightforward illustration of the electrospinning setup used to create nanofibers 
using a high-voltage power source and the Taylor cone’s creation



of these parameters are extremely important, and they have to be adjusted carefully 
for successful electrospinning.
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Fig. 11.2 Mentioned in this figure are the various parameters that influence the resulting 
nanofibers’ final morphology during electrospinning 

11.4 Polyurethane as a Polymer for Electrospinning 

Polyurethane is a synthetic polymer formed by the polycondensation of isocyanates 
and polyols (alcohol that has two or more hydroxyl groups within a molecule), with a 
third component acting as an extender in some cross-linked products, as shown in 
Fig. 11.3 (Akindoyo et al. 2016). Dr. Otto Bayer invented and studied polyurethane 
for the first time in 1937 (Joseph et al. 2018). It is one of the most adaptable 
macromolecular compounds, with soft and hard segments. The former is created 
through the isocyanate-polyol reaction, while the latter is created through the 
isocyanate-chain extender reaction (Das and Mahanwar 2020). Due to the versatility 
of this polymer, it has practically been used in every field of material engineering 
(e.g., coatings for aircraft to all types of shoes) (Sikdar et al. 2022). The main benefits 
of polyurethane are its durability, toughness, and chemical resistance. The urethane 
group is repeating unit in polyurethane and is formed by the reaction of alcohol and 
isocyanate; however, this polymer also contains ethers, esters, urea, and some 
aromatic compounds. The properties of a polyurethane are typically determined by 
the polyols and isocyanates from which they are derived. Generally, stretchy 
polymers can be obtained from long segments of polyols with low cross-linking, 
whereas rigid polymers can be obtained from shorter chains with high cross-linking. 
Moreover, another group of compounds that often play essential roles are chain 
extenders and cross-linkers (Bin Ying et al. 2020). These are highly beneficial in 
improving the morphology of polyurethane adhesives, elastomers, fibers, and a 
variety of other significant microcellular and skin foams. The hard segments,



which are made of isocyanate and chain extenders, are immobile and stiff, whereas 
the soft segments, which are made of polyols, can move freely and frequently appear 
in foil forms (Mohamad Sadeghi and Sayaf 2012). Covalent bonding between the 
hard and soft segments inhibits plastic flow within the polymer chains, resulting in 
elastomeric resilience (Prisacariu 2011). 
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Fig. 11.3 Traditional polyurethane synthesis method uses polyol, diisocyanate, and a low molec-
ular weight chain extender created using Bio Render 

11.5 Electrospun Polyurethane Nanofibers for Drug Delivery 
Against Cancer 

Compared to conventional drug-delivery strategies, such as using films and gels, the 
nanofibers have a large surface area to volume ratio and enough porosity, making it 
feasible to deliver homogeneous, significant, and regulated dosages of pharmaco-
logical preparation at the target site. Nanofibrous drug-delivery systems also provide 
high therapeutic efficiency at the lower dose, reduced toxicity (since the drug is 
delivered to the precise action site), accessibility to a broad application area, and a 
low incidence of side effects (Joshi et al. 2014). Polyurethane has been chosen as the 
preferred polymer for creating nanofibers due to several benefits, including good 
strength, chemical resistance, biocompatibility, and a high elastic memory for 
sustaining tension (Vaithylingam et al. 2017). Pertinently, it can also support 
patients in the sense of comfort due to its high moisture transmission rate, which is



important for breathability and softening at body temperature, both of which are 
required to retain their qualities if used as a patch system delivery. 
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To load and regulate the release of doxorubicin, Kilic et al. fabricated polyure-
thane nanofibers (Kiliç et al. 2018). When the kinetics of the release of 3 and 6 mg of 
doxorubicin was investigated at pH 4.5 and 7.5, it was found that the drug loaded to 
drug released was inverse. At pH 4.5, polyurethane nanofibers loaded with doxoru-
bicin exhibited immediate release behavior and more than 70% in the initial 10 min. 
In contrast, at pH 7.5, doxorubicin-loaded nanofibers exhibited slower release, and 
80% of the drug was released in 50 min. Most drugs are said to accumulate on the 
fiber surface during the electrospinning process, which is why the literature claims 
that the electrospun fibers typically exhibit an initial surge release (Yu et al. 2014). 
Drug release at pH 4.5 was seen to be in this situation, whereas pH 7.5 saw a more 
regulated release. However, the initial burst release of drugs from the nanofiber 
surfaces is the primary problem with drug-loaded nanofibrous systems. An easy, 
unique solution to these issues is the combination of drug-loaded NPs inside the 
nanofibers. The drug nanocarriers then incorporated into electrospun nanofibers can 
result in prolonged and sustained release. 

Shahrousvand et al. used a technique to create the poly (ε-caprolactone) (PCL)-
diol based (b)-polyurethane (Shahrousvand et al. 2016). In short, hexamethylene 
diisocyanate and 12 g PCL-diol were combined in a glass vial reactor and heated to 
85 °C for 3 h. The reaction was then continued for another 20 min after 1.08 g of 
1,4-butanediol was added to the reactor’s contents. The reactor’s contents were then 
dried for 24 h at 70 °C in a vacuum oven. A three-time deionized water wash was 
performed on the synthesized PCL-diol-b-polyurethane. Then, PCL-diol-b-polyure-
thane/Au composite nanofibers were made by electrospinning PCL-diol-b-polyure-
thane solutions, which were combined with Au NPs (Irani et al. 2017). The Au NPs 
were used to increase the anticancer activity of nanofibers against glioblastoma cells 
because of their small size, low toxicity, and high potential to pass the blood-brain 
barrier. Successful encapsulation of TMZ is one of the most effective treatments for 
glioblastoma because of its capacity to pass through the blood-brain barrier. 
A sustained delivery method of TMZ from nanofibers was observed, allowing for 
a continuous release for the treatment of glioblastoma (Fig. 11.4). Because TMZ has 
a short plasma half-life of 1.8 h, polymeric micro/NPs have been used to encapsulate 
it for controlled release. The cytotoxicity of the produced nanofibers against U-87 
human glioblastoma cells showed that, in contrast to free TMZ, which essentially 
does not affect the percentage of cell multiplication, the Au coating on the 
nanofibers’ surface improved the cytotoxicity of PCL-diol-b-polyurethane/ 
Au@TMZ nanofibers (Fig. 11.5). 

In another study, Seyyedi et al. used acrylated polyurethane/nanohydroxyapatite 
(n-Hap) nanocomposites to incorporate the anticancer drug PTX (Seyyedi and 
Molajou 2021). The results showed that the synthetic fibers are excellent candidates 
for drug loading as the loading efficiency was more than 90% for all manufactured 
nanofibers. However, the average fiber diameter increased from 290 to 360 nm by 
loading PTX into the nanofibers. Although the hydrophilic nature of n-Hap NPs 
could lead to a faster release of drug molecules, the filling of some nanofiber pores



with n-HAp NPs prevented PTX molecules from being released from the nanofibers, 
which neutralized the effect of hydrophilicity on the release rate of PTX and led to a 
gradually increasing drug release percentage. 
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Fig. 11.4 TMZ release from (a) PCL-diol-b-polyurethane/TMZ, (b) PCL-diol-b-polyurethane/ 
Au@TMZ, (c) Au-coated PCL-diol-b-polyurethane/Au@TMZ nanofibers, and fitting data with 
Korsmeyer-Peppas kinetic model. During the first 24 h, Au-coated PCL-diol-b-polyurethane/ 
Au@TMZ nanofibrous formulations showed lower burst release (24%) in comparison with 
PCL-diol-b-polyurethane/Au@TMZ (32%) and PCL-diol-b-polyurethane/TMZ (30%). PU poly-
urethane. (Reproduced from Irani et al. 2017 with copyright permission from Elsevier’s) 

For the prolonged release of DOX and folic acid (FA) against breast cancer, 
UiO-66 metal-organic framework (MOF) NPs loaded with carboxymethyl chitosan 
(CMC)/poly(ethylene oxide) (PEO)/polyurethane core-shell nanofibers were 
fabricated by Farboudi et al. (2020a). However, due to their hydrophilicity, 
CMC/PEO nanofibers could not release anticancer medications over an extended 
period. The hydrophobic polymer polyurethane was applied to the chitosan 
nanofibrous layer to increase the hydrophobicity of the nanofibers. FA and DOX 
had better than 95% drug-loading efficiency for the fabricated MOF-loaded 
nanofibers. Neither the DOX nor the FA drugs were released in a burst from the 
FA-DOX/UiO-66 loaded CMC/PEO nanofibers throughout 72 h. The co-delivery of 
DOX and FA from DOX-FA/UiO-66 nanofiber led to the cell death rise from



41 ± 1% to 54 ± 2%, as shown in Fig. 11.6. The DAPI staining also revealed nuclear 
fragmentation in the chromatin and apoptosis in MCF-7 cells as indicated by the 
reduction in the intensity of the dye. As a result, simultaneous administration of 
DOX and FA into the core-shell fibers may considerably improve the apoptotic 
nuclei (Fig. 11.7). 
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Fig. 11.5 In vitro cytotoxicity of TMZ and TMZ-loaded synthesized nanofibers. PCL-diol-b 
polyurethane/Au@TMZ and gold-coated PCL-diol-b-polyurethane/Au@TMZ nanofibers exhibited 
more cytotoxicity against U-87 cells than pure TMZ after 3, 5, and 7 days, which could be attributed 
to the slower release of TMZ from nanofibers. PU polyurethane. (Reproduced from Irani et al. 2017 
with copyrights permission of Elsevier’s) 

Moreover, the antitumor effectiveness of anticancer drug-delivery systems can be 
increased by including mixtures of cytotoxic drugs within the drug carriers. For 
instance, Farboudi et al. synthesized magnetic Au-coated PCL-b-polyurethane/poly 
(N-isopropylacrylamide)-grafted-chitosan core-shell nanofibers for controlled 
release of PTX and 5-FU toward 4T1 breast cancer cells (Farboudi et al. 2020b). 
Coating core-shell nanofibers with magnetic Au NPs caused a progressive rise in 
surface roughness. Therefore, the drug-loaded nanofibers coated with magnetic Au 
NPs were a good substrate for 4T1 cancer cell proliferation and treatment of breast 
cancer cells (Fig. 11.8). Tumor growth was continuously inhibited by the prolonged 
release of anticancer drugs from drug-loaded nanofibers and magnetic gold-coated 
nanofibers, respectively. After 20 days, the presence of drug-loaded nanofibers 
coated with magnetic Au NPs resulted in the least amount of tumor growth, as 
shown in Fig. 11.9. The outcomes demonstrated that the simultaneous insertion of 
PTX and 5-FU into the core-shell fibers and coating of nanofibers with magnetic Au



NPs were beneficial for boosting the anticancer activity of produced nanofibrous 
carrier toward 4T1 breast cancer cells (Fig. 11.10). During the G2-M phases, PTX 
encourages microtubule assembly and hinders the formation of mitotic spindles. 
These activities reduce the growth of tumor cells. 5-FU, on the other hand, can stop 
the growth of tumor cells by interfering with nucleic acid metabolism during the 
G1-S phase of the cell cycle. In order to prevent the dispersion of drug-loaded 
nanofibrous carriers onto normal cells, the external magnetic field can control the 
residence time of drug-loaded nanofibers coated with magnetic Au NPs on the 
surface of cancer cells. This could result in the presence of a high concentration of 
drugs in the target area. Therefore, in the presence of a magnetic Au NPs coated-
core-shell nanofibrous carrier, the external magnetic field causes the apoptosis of 
breast cancer cells. Thus, the localized delivery of anticancer drugs through the 
nanofibrous drug-delivery systems has more significant benefits in treating breast 
cancer. 
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Fig. 11.6 Flow cytometry analyses of MCF-7 cells treated with the (a) control group, (b) core-
shell nanofibers, (c) DOX/UiO-66 loaded core-shell fibers, and (d) DOX-FA/UiO-66 loaded core-
shell fibers after 24 h. PU polyurethane. (Reproduced from Farboudi et al. 2020a with copyright 
permission of Elsevier)
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Fig. 11.7 DAPI stained images of (a) untreated MCF-7 cells, (b) MCF-7 cells treated with core-
shell nanofiber, (c) MCF-7 cells treated with DOX/UiO-66 loaded core-shell fibers, and (d) MCF-7 
cells treated with DOX-FA/UiO-66 loaded core-shell fibers after 24 h. (Reproduced from Farboudi 
et al. 2020a with copyright permission of Elsevier’s) 

11.6 Thermo-Responsive Nanofibers 

The cancer cells are sensitive to body temperatures above normal (hyperthermia), 
making them susceptible to cell death. Given this, one of the main techniques for 
treating a cancer cell is hyperthermia. In order to provide simultaneous release of 
PTX and 5-FU, Erik et al. created poly-(N-isopropylacrylamide-co-N-
(hydroxymethyl)acrylamide) (p-NP-HM)/polyurethane core-shell nanofibers 
(Aguilar et al. 2017). Figure 11.11 demonstrates that the drug release profile of the 
composites has a temperature-sensitive response. The drug release was observed to 
be zero at 25 °C (room temperature) and 36.5 °C, corresponding to normal body 
temperature. However, the release of 28% and 29.5% PTX and 2.3% and 23.7%
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Fig. 11.8 AFM analysis of (a) pure nanofibers and (b) Au NP-coated nanofibers. The surface 
roughness of the core-shell nanofibers was less rough, as shown in figure; however, as the 
nanofibers were coated with magnetic Au NPs, the surface roughness increased. (Reproduced 
from Farboudi et al. 2020b with copyrights permission of Elsevier) 
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Fig. 11.9 The figure showed that in the presence of an external magnetic field, the PTX and 5-FU 
loaded nanofibers coated with magnetic Au NPs resulted in the most nominal tumor growth after 
20 days, whereas the pure nanofibers did not have obvious cytotoxicity toward 4T1 breast cancer 
cells and the tumor volume increased rapidly. (Reproduced from Farboudi et al. 2020b with 
copyright permission of the Elsevier’s)



5-FU drugs occurred when the medium temperature reached 40 and 50 °C, respec-
tively. This suggests that drug release increases as the temperature exceeds normal 
body temperature.
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Fig. 11.10 Cell viability testing revealed that incorporating PTX and 5-FU into the core-shell 
fibers and coating nanofibers with magnetic Au NPs resulted in the most remarkable cytotoxicity 
toward 4T1 breast cancer cells. (Reproduced from Farboudi et al. 2020b with copyright permission 
of the Elsevier’s) 

The primary mechanism for releasing the drugs was the component of p-NP-HM 
switching from a hydrophilic to a hydrophobic phase. The in vitro drug release 
investigation for PTX and 5-FU showed good controlled release profiles when the 
alternating magnetic field was applied. Cell staining experiments have been used to 
visually explore the live/dead ratio utilizing (Resazurin red, live cells, and Sytox 
green, dead/injured cells) for ESO26 (adenocarcinoma). The morphological studies 
for OE21 (squamous cell carcinoma) cancer cell lines using DAPI and rhodamine 
dyes are shown in Fig. 11.12. In the case of ESO26 cells, all treatment groups have a 
visibly larger distribution of dead cells than the control group. By using DAPI and 
rhodamine labeling, the morphological investigation of OE21 revealed nucleus 
blebbing, restricted cell spreading, and stunted actin expansion. This suggests 
cytotoxicity across all treatment groups. Favorable results can be achieved especially 
with HHRx-hyperthermia (45 °C) with dual drug release and LHRx-hyperthermia 
(40 °C) with single drug release treatment groups. Thus, it was shown that the drug-
loaded nanofibers were highly effective against the cancer cell lines ESO26 and



OE21, and they might be used as a promising material for cancer therapy by 
combining the effects of hyperthermia and chemotherapy. 

11 Polyurethane Nanofibers Fabricated by Electrospinning as Drug. . . 295

Fig. 11.11 In vitro drug release profiles of both PTX and 5-FU from the core-shell nanofiber 
composite mat at different temperatures, time points, and cycles. Each temperature point was 
maintained for 10 min. PU polyurethane. (Reproduced from Aguilar et al. 2017 with copyright 
permission of Elsevier’s) 

In a different study, superparamagnetic iron NPs (γ-Fe2O3) were coupled with 
polyurethane nanofibers to treat cancer by heating the body to a high temperature 
(Song et al. 2018). The composite fibrous membrane created by in situ 
electrospinning demonstrated effective heating ability and well-maintained cycle 
heating performance in the presence of an alternating magnetic field when using the 
auxiliary electrode. The magnetic composite fibrous membrane created in situ by the 
auxiliary electrode is a remarkable option for magnetic hyperthermia in cancer 
treatment. This encouraging result came about because of the inclusion of a conical 
auxiliary electrode made of aluminum. Superparamagnetic iron oxide NPs were 
enclosed in polyurethane nanofiber by Amarjargal et al. (2013). The amount of 
magnetic Fe3O4 NPs in/on the membranes increased along with a steady increase in 
the heating rate. This electrospun nanofiber may be a possible candidate for a novel 
heat-generating substrate for localized hyperthermia cancer therapy.
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Fig. 11.12 Confocal images of (a) ESO26 cell line live/dead staining and (b) OE21 cell line DAPI 
and rhodamine stains. Treatment group abbreviations: HHRx = hyperthermia (45 °C) with dual 
drug release, LHRx = hyperthermia (40 °C) with single drug release, H = hyperthermia (45 °C), 
HfreeRx = hyperthermia (45 °C) with free combination drugs, freeRx = free combination drugs. 
(Reproduced from Aguilar et al. 2017 with copyrights permission of Elsevier’s) 

11.7 Conclusion 

Nanotechnology enables early cancer diagnosis and prevention in the fight against 
the disease’s pain, suffering, and mortality. We may be able to prevent cancer even 
before it begins with nanomedicine. With such technology, nanomedicine has the 
potential to increase the life span of human beings. The literature included in this



chapter emphasizes the importance of electrospun polyurethane nanofibers as a drug-
delivery mechanism for cancer treatment. Different delivery carriers can be created 
by mixing and matching various polymers. The electrospun polyurethane nanofibers 
have a variety of benefits as drug-delivery vehicles. These polyurethane drug 
products can provide patients with a sensation of comfort because of their high 
moisture vapor transmission rate, which is crucial for breathability and softening at 
body temperature, both of which are necessary for maintaining their properties. 
Additionally, polyurethane has drawn attention among the numerous polymeric 
architectures for electrospinning because of its higher strength, chemical resistance, 
and biocompatibility. Drugs can be incorporated into the electrospun nanofibers by 
simply mixing with the polymer solution, physically or chemically (surface 
immobilized), or indirectly loaded onto the nanofiber. Although nanofibers possess 
high drug incorporation efficiency, it further increases when combined with self-
assembled NPs or microspheres that are evenly distributed within the nanofibers. 
Thus, polyurethane based drug-delivery devices in nanofibers are promising systems 
that can provide vast benefits and drug therapy for cancer. 
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Abstract 

The application of nanomaterials has been expanded in various medical fields. 
One of these important fields in the use of nanoparticles is cancer therapy and its 
diagnosis. Nanoparticles have unique properties due to their small size. There-
fore, nanoparticles are now widely used to treat or diagnose cancer. The key 
factor in efficient cancer treatment is the detection of it in its early stages. In 
addition to the usual methods, many methods have been found for the early 
detection of cancer in which nanoparticles have been used to increase efficiency.
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It is also known that nanoparticles have recently been used to treat different types 
of cancers. Accordingly, in this chapter, we focus on the applications and 
advantages of nanotechnology in cancer diagnosis and treatment. The goal of 
this chapter is the introduction of nanotechnology as a new approach for this 
purpose. Moreover, challenges in nanotechnology and future aspects will be 
discussed.
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12.1 Introduction 

The application of nanomaterials has been expanded in various fields such as drug 
and gene delivery, bio-detection of pathogens, protein detection, fluorescent 
biological labels, DNA structure probing, tissue engineering, tumor eradication 
through hyperthermia, separation and purification of cells and biological molecules, 
and improvement of MRI contrast (Bakhshandeh et al. 2017a, 2022). Growing 
attention is attracted to nanomaterials in cancer therapy and diagnosis (Salata 
2004). Nanomaterials possess inimitable characteristics such as small size, large 
surface area, versatility, targeted action, and stability that favor their use in biomedi-
cine. Their small size leads to their participation in physicochemical pathways owing 
to their comparable size with biological molecules. Nanomaterials can transfer a 
large amount of cargo due to the large surface area. They own high sensitivity, 
specificity, and affinity to target cells that cause the reduction of “off-target” effects 
of therapeutic agents and consequently decrease the toxicity of cargo. Their stability 
tailored them for systemic administration and optimized bio-distribution. In addition, 
nanomaterials can overcome drug resistance mechanisms (Barkalina et al. 2014). 

Cancer is a disease that can influence all tissues of the body. According to the 
World Health Organization, cancer has caused 7.4 million deaths in 2007, and it is 
expected this number will rise to 12 million in 2030 (Jahanafrooz et al. 2016). The 
main cause of cancer is an irregularity in the control of cell proliferation cycle. Once 
the cell size reaches 1–2 mm, the formation of new blood vessels occurs, called 
angiogenesis which is mediated by releasing of substances from the microenviron-
ment of tumor, such as the vascular endothelial growth factor. Angiogenesis is a 
result of pro and anti-angiogenic molecule imbalance. These new blood vessels have 
abnormal spaces between endothelial cells that facilitate substance entry and exit. 
These spaces are formed as a result of some proteolytic enzymes named matrix 
metalloprotease and plasminogen activator plasmid system. The higher permeability 
of tumor vessels compared to normal tissues and lower clearance of macromolecules 
from interstitial spaces is known as enhanced permeability and retention (EPR). All 
of the abovementioned factors lead to the accumulation of macromolecules and 
hydrogen ion in cancerous tissue at concentrations five to ten times higher than in 
normal tissues. Because of hydrogen ion reposition, the extracellular pH of tumor is



5.8–7.8. Another reason for the decrease in pH of tumor tissue is associated with the 
production of lactic acid and carbonic acid due to aerobic/anaerobic glycolysis and 
ATP synthesis. As the tumor cells grow, the inner cells deprive from nutrition and 
O2. Angiogenesis promotes their access to necessary substances and accelerates 
tumor growth (Barreto et al. 2011). There are several biological barriers in the way of 
drug delivery to cancerous tissues, including cellular membranes, the structure of 
blood vessels, the cancer microenvironment, the phagocytic system, and multi-drug 
resistant system. There are said to be more lactate release within tumor cells that 
derives the charge of cell surface to negative. Therefore, more nanomaterials uptake 
happens via their positive surface charge. Phagocytic cells only uptake the cationic 
nanomaterials that can affect their efficacy. In particle size below 200 nm, 
nanomaterials uptake is assisted by clathrin-mediated endocytosis, but once the 
particle size reaches above 200 nm then, caveolin-mediated endocytosis strikes 
out. Nanomaterials also bear some overexpressed receptors such as folate receptors, 
integrin, glucose transporters, transferrin receptors, and growth factor receptors. 
Extracellular matrix impedes the nanomaterials internalization because the existence 
of cross-linked structures prevents the formation of internalization process. On the 
other hand, hypoxia that occurs in cancerous tissues hinders chemotherapy and 
radiation process. Overexpression of chemokine-ligand 8 that takes place as a result 
of hypoxia forces angiogenesis and inhibits immune cells. After reaching 
nanomaterials to the systemic circulation, some proteins such as albumin, fibrinogen, 
and globulin attach to nanomaterials in order to form protein corona. These 
structures play a critical role in the determination of nanomaterials destination 
because they can alter the opsonization process and, consequently, desired drug 
delivery. ATP-binding cassettes are the most important family of multi-drug resis-
tant system. These efflux transporters excrete exogenous compounds such as che-
motherapeutic agents against the gradient of concentration which figures out drug 
resistance (Choudhury et al. 2019). 
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Key factor in efficient cancer treatment is detection of it in early stages. Mam-
mography for breast cancer (Nishikawa 2007), blood tests such as prostate-specific 
antigen measurement for prostate cancer (Salami et al. 2013), and stool test for 
colorectal cancer (Winawer 2007) are among traditional methods in cancer detec-
tion. Nowadays cancer diagnosis methods named histopathology, cytology, X-ray, 
computed tomography (CT), magnetic resonance imaging (MRI), ultrasound, and 
endoscopy are able to diagnose cancer in terminal stages when tissues underwent 
widespread changes. These methods cannot distinguish between benign and malig-
nant tumors as well. Therefore, it seems essential to find a method that enable us to 
detect cancer in primary stages. Nanotechnology is one of successful techniques that 
provide detection of cancer in early stages. The main feature of nanomaterials, as 
mentioned before, is high surface to volume ratio that appropriates them to recognize 
cancer biomarkers which include proteins, carbohydrates, and nucleic acids released 
by cancerous tissues. Various types of biosensors are employed in this field. Their 
function can be improved by nanomaterials. Quantum dots, gold nanoparticles, and 
polymer dots can be mentioned as these nanomaterials (Zhang et al. 2019a).
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History of chemotherapy goes back to the 1940s when observing of toxic effects 
of nitrogen mustard led to the use of this agent in lymphoma treatment. This drug 
acts through DNA alkalization. Other groups of cytotoxic drugs are antimetabolites 
such as methotrexate and 5-flurouracil. In the 1960s–1970s natural antibiotics named 
actinomycine D and vinca alkaloid emerged. Recent decades accompany with 
appearing taxanes and topoisomerase I inhibitors. Finally, to improve the efficacy 
liposomal form of some drugs was prepared. Chemotherapeutic agents are usually 
administrated via intravascular and oral route. However, for some tumors limited to 
specific region, their administration is carried out into that area. These drugs are used 
in combination with each other to overcome tumor resistance. These agents typically 
reduce cancer symptoms, but the complete tumor cure rate is only 20% with serious 
side effects. Resistance to cytotoxic agents originates from biological barriers that 
are present in the way of drug delivery system that was mentioned before. In order to 
optimize chemotherapy, there are some suggestions. Because of low selectivity of 
these agents, liposomal forms are prepared that are useful in some cancers. Prodrugs 
activated by enzymes specifically present in tumors site have led to enhance thera-
peutic index. Increasing of dose for drugs that possess positive dose-response 
relationship can improve efficiency in breast, testis, and hematological cancers. In 
order to increase dose with lower toxicity, employing of bone marrow stimulating 
growth factors has been suggested. Personalized medicine might be helpful as well. 
In this approach tumor cells of individuals are exposed to different cytotoxic agents, 
and in the end drugs that lack effect on tumor cells will be exploded. The milestone 
of the last approach is based on applying some agents such as cyclosporine A and 
calcium channel inhibitors that can confront with drug resistance (Nygren 2001). 

Radiotherapy is employed in two-third of cancer treatment regimen in western 
countries. Recently efficacy of radiotherapy has been increased from 30% to 80% in 
head and neck cancers. However, radiotherapy needs to be improved due to intrinsic 
and extrinsic resistance that are present in tumors. Mechanisms that radiotherapy 
works through are reactive oxygen species (ROS) targeting, hypoxia targeting, and 
DNA damage induction. In the first mechanism ionization radiation induces water 
hydrolysis that triggers ROS production from mitochondria that damage DNA. In 
the second mechanism hypoxic radiosensitizers such as hyperbaric oxygen and 
nitroimidazole lead to higher efficacy compared to alone radiotherapy. In the third 
mechanism induction of DNA damage takes place through several pathways (Chen 
and Kuo 2017). 

Excisional surgery is the first intervention in cancer treatment. Minimal residual 
disease (MDR) is a lesion that remains in situ after surgery. Progressed cancers are 
more influenced by tumor removal. One of these effects is absence of angiogenesis 
inhibition that causes intermediate effect when used alone. Various surgery methods 
such as open resection, laparotomy, and laparoscopy affect growth of residual 
tumors in different ways. After surgery, tumor manipulation leads to dissemination 
of cells, and in the next phase the patient is more susceptible to tumorigenesis and 
MRD expands as a result. Finally, surgery alters biological properties of neoplastic 
cells and leads to increase of cell proliferation and lessen the cell death. Considering



the above factors it needs to use chemotherapy agents after surgery (Coffey et al. 
2003). 
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Breast cancer in women and prostate cancer in men are the most prevalent cancers 
in both sexes. In each disease tumors express some hormone receptors that can be a 
target of endocrine therapy. However, most treatments cause decrease in bone 
density. One goal in breast cancer treatment is reduction of estrogen by ovaries 
through GnRH agonists. In addition, interaction of estrogen with receptor can be 
affected by selective estrogen receptor modulator. Another approach is employing of 
pure anti-estrogen that acts via down regulation of estrogen receptors. In prostate 
cancer the purpose is the reduction of androgen hormone levels. In this disease 
GnRH agonists can be used. Furthermore, GnRH antagonists can be applied that 
their effect is significantly higher than agonists. Another option is anti-androgen 
agents. All of these drugs are not able to reduce testosterone secretion from adrenal 
glands. To resolve this problem, inhibitors of cyp17 enzyme are useful as they block 
adrenal glands (Rachner et al. 2018). 

The aim of using of viral vectors is to increase chemotherapy efficacy as these 
vectors increase cytotoxic drug concentration in the site of malignant cells. In this 
approach, oncolytic viruses that grow specifically in tumor cells are utilized to 
activate immune response. Conventional drugs, unlike viruses, are not able to 
augment themselves, and it is essential to use higher concentration of them. Gener-
ally, RNA viruses have quicker replication rate compared to DNA viruses. Studies 
elicited that INF-sensitive viruses replicate in tumor cells; therefore some RNA 
viruses such as reovirus, paramyxovirus, and vesicular stomatitis virus possess 
natural propensity for tumor cells because of their sensitivity to INF. Some DNA 
viruses such as adenovirus reach to the nucleus and undertake cell cycle through 
inhibition of tumor suppressor genes. The main barriers against virotherapy are 
tumor stroma and immune system. Viruses can be considered as anticancer drugs 
when used in combination with other treatments (Urruticoechea et al. 2010). 

Gene therapy is based on insertion of normal gene into the cell of body in order to 
correct protein deficiency. In this method, normal gene can be inserted in presence of 
abnormal gene or can be replaced with it. One of gene therapy’s applications is in 
cancer treatment. Tumor cells express some oncogenes or are not able to express 
tumor suppressor genes (Gutierrez et al. 1992). In a new approach known as gene-
directed-enzyme prodrug therapy, a foreign gene that is specific to the tumor cells or 
has higher concentration within cancer cells is delivered to the tumor site. The next 
step includes prodrug administration that will be activated by produced enzyme to 
transform to cytotoxic drug (Greco and Dachs 2001). 

Studies showed a relationship between dysbiosis (disruption in human 
microbiome) with several diseases such as neurological, metabolic, cardiovascular 
diseases and cancers. Salmonella typhi and Helicobacter pylori play a part in biliary 
and gastric adenocarcinoma, respectively. Bacteria act through several mechanisms 
including production of proinflammatory factors, ROS production, and alteration in 
signaling pathways as a carcinogen agent. In addition to carcinogenicity, they affect 
cancer therapy process. Therefore, nowadays there is a focus on treatments that 
target microbiome. Fecal microbiota transplantation for diarrhea, employing



probiotics, and targeting of tumor microbiota in colorectal and pancreas cancers can 
be named as these treatments (Helmink et al. 2019). Small molecules target several 
pathways and some of them are summarized in Table 12.1 (van der Zanden et al. 
2020; Zhong et al. 2021). 
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Table 12.1 Small molecules and their mechanisms 

Small molecule Pathway 

Imiquimod, Resiquimod Toll-like receptor antagonist 

Indoximod, Epacadostat Indoleamine-2,3 dioxygenase 1 inhibitor 

Celexocib, Melafolone Prostaglandin pathway inhibition 

Cabozantinib Cellular-mesenchymal-epithelial transition factor inhibition 

Crizotinib Anaplastic lymphoma kinase inhibition 

Gefitinib, Erlotinib Epidermal growth factor receptor inhibition 

Metabolism alteration as a cancer indicator is a useful tool for diagnosis and 
treatment of cancer. These changes are upregulation of enzymes that play a role in 
pentose phosphate pathway, glutaminolysis, glycolysis and lipogenesis, and down 
regulation of mitochondrial proteins that their function is oxidative phosphorylation. 
Accordingly, targeting of mitochondrial metabolism is considered as a treatment 
option in cancer. Uses of glycolysis inhibitors such as 3-bromopyruvate and 
idoacetate in colon cancer and isoflavonoid genistein in hepatocellular carcinoma 
are examples of metabolic therapy. Metformin which inhibits ATP synthesis can be 
employed in pancreatic cancer. Another ATP synthesis inhibitor is gboxin that 
suppresses growth of glioblastoma (Torresano et al. 2020). 

The first monoclonal antibodies (mabs) that emerged are bevacizumab (anti-
vascular endothelial growth factor antibody) and cetuximab (anti-epidermal growth 
factor antibody). In addition, anti Her2/neu antibody such as trastazumab reduces 
mortality in breast cancer when used in combination with chemotherapy adjuvant. 
First generations of mabs have murine origin and because of immunogenicity have 
limited clinical application. Then next generations of mabs such as chimeric anti-
body and humanized antibody were introduced that bypass previous problems. 
There are several mechanisms that mabs work through including interaction with 
immune system via antibody-dependent cellular cytotoxicity, alteration of signal 
transduction, complement dependent cytotoxicity, and elimination of cell surface 
antigens. Furthermore, they can target payloads such as toxins, drugs, and 
radioisotopes. Similar to gene therapy there are systems known as antibody-directed 
enzyme prodrug therapy that leads to activation of prodrug in tumor site (Adams and 
Weiner 2005). 

Tumor-associated antigens (TATs) and tumor-specific antigens (TSAs) are 
proteins related to tumor that can be a target for vaccination. TSAs are molecules 
that specifically express in tumor cells while TAAs are molecules expressed in both 
normal and tumor cells but in different patterns. Cancer vaccines can be used to 
prevent (prophylactic) and cure cancer. When the purpose is prophylaxis, TAAs 
must be targeted. Vaccines used to prophylaxis such as hepatitis B virus vaccine and 
human papilloma virus vaccine can prevent from hepatic cancer and cervical



carcinoma in women, respectively. On the other hand, when the goal is cancer 
treatment, TSAs must be targeted. An ideal vaccine must distinguish between 
normal and cancer cells. They must be able to extirpate primary and residual tumors 
and create long memory with acceptable adverse effects (Aly 2012). Nanotechnol-
ogy has several advantages in cancer therapy including early diagnosis and predic-
tion, prevention of cancer, personalized medicine, overcome drug resistance, and 
improvement of cytotoxic drugs bioavailability, residency at target site, and stability 
(Lee et al. 2015; Gao et al. 2012; Misra et al. 2010). 
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In this chapter, we focus on application and advantages of nanotechnology in 
cancer diagnosis and treatment. The aim of this chapter is introduction of nanotech-
nology as a new approach for this purpose. Finally, challenges in nanotechnology 
and future aspects will be discussed. 

12.2 Types of Nanomaterials for Biological Application 

Several types of nanoparticles employed in biology with unique properties are 
discussed below. 

12.2.1 Polymeric Nanoparticles 

Polymeric nanoparticles (PNs) referred to sub-micron sized particles (below 
100 nm). Natural polymers such as heparin, chitosan, gelatin, albumin, collagen, 
and dextran and synthetic polymers including polyethylene glycon (PEG), 
polyglutamic acid, poly lactide, poly lactide-co-glycolide, polycaprolactone, and 
polyhydroxyalkanoate are widely used for biological applications (Ziraksaz et al. 
2013). PNs are categorized into nanocapsule and nanosphere. In the former type 
substance is surrounded in the core by a shell while in the second type drug is 
dispersed in polymer matrix (Barreto et al. 2011). There are several methods for PNs 
fabrication named emulsification, nanoprecipitation, salting out, solvent evapora-
tion/extraction, and supercritical antisolvent (Masood 2016). The main 
characteristics that should be considered in PNs design are particle size, distribution 
of size, morphology, loading and encapsulation efficiency, drug release, and stabil-
ity. PNs possess several biological applications in the following designs: 

1. Long-circulating stealth PNs: One of the limitations of PNs application is elimi-
nation from systemic blood circulation via mononuclear phagocyte system (MPS) 
uptake. To resolve this issue, they must be coated with PEG to become undetect-
able by MPS. 

2. Environment-sensitive PNs: Some PNs are sensitive to several factors such as pH, 
redox, temperature, light, ultrasound, and ionic strength. Drug release from PNs is 
assisted by alterations that take place in abnormal tissue. pH drop in cancer tissue 
leads to drug release from pH-sensitive polymers.
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3. Multifunctional PNs: These multifunctional polymers have several roles. Drug 
protection, tissue and cell targeting, and controlled release of drug tailor them for 
various biological applications like drug delivery, gene therapy, and disease 
diagnosis. The major point in these PNs’ design is interaction of functional 
groups with each other that might influence their action (Lu et al. 2011). 

12.2.2 Liposome 

Liposomes are spherical vesicles in size of 30 nm to several micrometers that 
comprise cholesterol and natural phospholipids. Size, hydrophobic and hydrophilic 
properties, and biocompatibility of liposomes offer biological applications of them. 
Components, size, preparation method, and surface charge determine fluidity and 
rigidity of liposomes. Liposomes increase drug efficacy and stability, and owing to 
their flexibility, biocompatibility, biodegradability, lack of toxicity, and immunoge-
nicity they are suitable for systemic and non-systemic administration. Liposomes 
lessen exposure of sensitive tissues to toxic drugs. In addition, they decrease toxicity 
of entrapped drugs. Binding to specific ligands, they play important role in active 
targeting. On the other hand, they possess several limitations as well. Low solubility 
and short half-life are of these limitations. Phospholipids of liposome are susceptible 
to oxidation and hydrolysis like reactions. There is possibility of drug leakage from 
their structure, and their production cost is high. Preparation methods of liposome 
can be divided into mechanical methods (such as sonication, french pressure cell 
(extrusion), freeze thawed liposomes, lipid film hydration by shaking or freeze 
drying, membrane extrusion, and micro-emulsification) and solvent dispersion 
methods including ethanol injection, ether injection, and reverse phase evaporation. 
Biological applications of liposome are anticancer therapy, parasitic disease and 
infection treatment, gene delivery, vaccine formulation, ophthalmology, and wound 
healing (Ahmed et al. 2019; Akbarzadeh et al. 2013). 

12.2.3 Magnetic Nanoparticles 

In the 1950s lymphatic node is treated by applying metallic nanoparticles heated via 
magnetic field. After that magnetic nanoparticles (MNPs) have been developed for 
drug delivery, enzyme immobilization, and other biological applications. 
Characteristics such as size uniformity, superparamagnetic, bioavailability, adsorp-
tion kinetic, magnetic moment, and large surface area that can be adjusted expand 
their applications. Among diverse MNPs types, iron oxide nanoparticles have been 
employed for diagnosis thanks to their lack of magnetic effect after magnetic field 
removal. MNPs could be designed in different shapes such as nanorods, nanowires, 
and nanocubes through various types of preparation methods known as wet chemis-
try approach. Hydrothermal, solvothermal, sol-gel, coprecipitation, electrochemical 
pyrolysis, laser pyrolysis, and flow injection synthesis can be mentioned as examples 
of wet chemistry approach. New methods named laser ablation, microbial method,



and evaporation synthesis could be applied for production of MNPs. Magnetic field 
parameters including frequency, duration, and amplitude affect MNPs toxicity. 
Particle size must be between 10 and 200 nm to be eliminated by hepatic filtration 
and are not influenced by renal filtration and finally leads to rapid penetration 
avoidance. Surface modification with biocompatible and biodegradable polymers 
such as polysaccharides and linoleic acid leads to MNPs properties improvement. 
These MNPs are able to bind to various receptors and therefore used for several 
goals including drug and bacterial attachment and imaging. Other applications of 
MNPs are hyperthermia, drug release, lab-on chip, immunoassay, and tissue engi-
neering. The major benefit of MNPs is no harmful effect for normal tissues due to 
their controlled localization and thermal activation by applying magnetic field. 
Cancer cells can be bound to their surface functional groups and eliminated from 
blood. In magnetic fluid hyperthermia, magnetic field causes nanoparticles move-
ment in diverse directions and heat releasing that can eradicate tumor cells (Materón 
et al. 2021). 
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12.2.4 Gold Nanoparticles 

The use of gold nanoparticles goes back to ancient time because of optical 
properties. To synthesize gold nanoparticles, salt is reduced in the presence of a 
reducing agent such as citric acid, and then nucleation leads to the conversion of gold 
ions into nanoparticles. Another component that is applied in gold nanoparticles 
synthesis is stabilizer. The mechanism of stabilizer is binding chemically or through 
adsorption to nanoparticle surface from one endpoint, and another point places 
toward solution and stabilizes the gold colloid. Gold nanoparticles can be found in 
spherical, rod, and hallow shape. The most applicable stabilizers are thiol-based 
surfactants with carboxylic acid functional groups that in addition to gold nanoparti-
cle stabilizing offer a surface for other biological molecules binding. Although gold 
nanoparticles are inert, they can accumulate inside the cell. Actin fiber can be 
damaged in presence of gold nanoparticles. Gold cluster can fit to DNA grooves 
and cause cytotoxicity. Gold nanoparticles have several applications including 
labeling and visualization (immunostaining, single particle tracking, contrast agent 
for X-ray, and transmission electron microscopy), vehicle for gene delivery, source 
of heat, opening of chemical bond, opening of container wall of drug, and as a sensor 
(Sperling et al. 2008). 

12.2.5 Polymeric Micelles 

Polymeric micelles (PMs) are comprised of self-assembled ampiphilic co-polymers 
(10–200 nm) that provide specific properties such as high molecular weight, low rate 
of dissociation, better drug encapsulation, proper stability, high accumulation in 
tumor site, low critical micellar concentration (CMC), better penetration to tissues, 
suitable biodegradability, pharmacokinetic (PK) and pharmacodynamics (PD), easy



preparation method, and reproducibility. In addition, thanks to their size they are 
invisible by MPM and therefore have high circulation time. PMs possess several 
applications such as nonomedicine, biotechnology, catalysis, and nano-patterning. 
Polymeric components of PMs determine toxicity, biodistribution, and clinical 
compatibility. Hydrophobic compartment of PMs (core) plays an important role in 
bioactive solubilizing and entrapment, controlled release, and stimuli responsive 
bioactive release. Furthermore, they determine PK and PD profiles. On the other 
hand, stealth properties and PK are affected by molecular weight and chemical 
structure of hydrophilic compartment (shell). Encapsulation efficiency relies on 
hydrophilic-lipophilic balance (HLB) and polymer-to-drug ratio. Corona functions 
include cell penetration function, antibody function, receptor-specific ligand, and 
stimuli sensitivity. Hydrophobic drug entrapment, SiRNA linkage, and imaging 
agent can be named as core functions. Traditional methods of PMs utilize organic 
solvents that impede clinical study because of toxic initiators and residual solvents. 
Radiation-induced copolymerization via gamma ray, UV, electron beam, micro-
wave, and plasma are other preparation methods with higher efficiency and the 
absence of toxic initiators. For bioactive encapsulation, physical entrapment or 
chemical conjugation can be employed. A poorly soluble drug, such as anticancer 
agents, can be entrapped by oil in water emulsion, solid dispersion method, dialysis, 
and emulsion solvent evaporation. For the characterization of PMs CMC, morphol-
ogy, size, molecular weight, and stability must be determined. Common toxicity of 
PMs includes inflammation response, increase of cell volume, apoptosis induction, 
and blood components alteration (Deshmukh et al. 2017). 
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12.2.6 Polymer-Drug Conjugates 

Polymer-drug conjugates were exerted in the 1950s and 1960s for the first time. This 
system demonstrates a long half-life, high water solubility and stability, low immu-
nogenicity and antigenicity, and specific targeting properties. This technology is 
employed to improve proteins, small molecules, peptide and oligonucleotide 
properties, and delivery of drugs, proteins, imaging agents, and targeting moieties. 
The most applicable polymers are N-(2-hydroxypropyl) methacrylamide, 
polyglutamic acid, poly lactide-co-glycolide, poly ethylene glycol. These polymers 
might have degradable or non-degradable bonds. The design must avoid steric 
hindrance caused by polymers. In addition, the structure-activity relationship must 
be illuminated for conjugated drugs because the mechanism and efficacy of them 
may vary (Khandare and Minko 2006; Pasut and Veronese 2007). 

12.2.7 Lipid-Drug Conjugates 

Lipid drug conjugates (LDC) are the system in which a bioactive compound is bound 
to a lipid moiety such as free acids, glycerides, and phospholipids in covalent or 
non-covalent manner. The lipid part of this system improves solubility, penetration,



and therefore bioavailability due to their similarity to biological lipids. This system is 
utilized for targeted drug delivery by exploiting of metabolic pathways. Selection of 
suitable lipid depends upon desired function and drug structure. As mentioned 
before, one of the lipid moieties employed to fabricate LDC is free acids. If the 
free acid length is sufficient, then it bypasses first-pass metabolism, and absorption 
happens via the lymphatic route. Therefore, it can be applied for lymphatic cancers. 
Drugs with carboxylate functional groups bind to diglyceride via an ester bond. For 
drugs without carboxylate, coupling with glyceride is carried out by spacers such as 
succinic acid. Nucleoside agents are suitable candidates for coupling to 
phospholipids. Majority of nucleoside agents are antiviral or antineoplastic agents. 
However, studies depicted that drugs formulated in this way have poor absorption 
and PK profile. The first step in LDC preparation is the fabrication of insoluble lipid 
conjugates through the salt formation with desired lipid or covalent binding with 
ester or ether. Then drug attachment to lipid conjugate takes place with one of these 
approaches: LDC with a covalent bond without a spacer, LDC with a spacer, or LDC 
with noncovalent bond. 
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The last step includes the processing of LDC to nanoparticles via various methods 
such as microemulsion technique, high-pressure homogenization, solvent-
emulsification evaporation, solvent injection, wet milling, and solvent-
emulsification diffusion. Mechanism of drug release from LDC accomplishes in 
two steps. The first step is releasing of LDC from nanoparticles through diffusion or 
erosion, and then physiologic enzymes lead to the cleavage of LDC and release of 
the drug to body fluid. Released lipids enter metabolic pathways or are consumed as 
a nutrient. 

For LDC characterization, attention must be drawn to identification, partition 
coefficient, successful conjugation, melting point and crystallinity, size and mor-
phology, particle size, entrapment efficacy, distribution, and in vitro drug release 
(Adhikari et al. 2017). 

12.3 Nanomaterials Used for Cancer Diagnosis 

Cancers are a group of diseases that include the abnormal growth of cells with the 
potential to invade or spread to other body parts. In summary, the steps of diagnosing 
cancer in an individual are such that if a person has a symptom or the result of a 
screening test that indicates cancer, the doctor must find out whether it is caused by 
cancer or another cause. These steps include: 

1. Medical examination: It is done by asking for personal and family medical 
history and a physical exam. 

2. Laboratory tests: Laboratory tests of blood, urine, or other body fluids measure 
high or low levels of some substances in the body as signs of cancers. 

3. Imaging tests visualize the areas inside the body that help the doctor see if there 
is a tumor or not. 

4. Biopsy is often the only way to diagnose cancer definitively.
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In most cancers, more than 60% have metastasized or remained hidden until 
cancer diagnosis. In the case of these patients, the diagnosis is so late, and generally, 
the treatment does not achieve a good response in them (Biller and Schrag 2021; 
Dass et al. 2021; Mottaghitalab et al. 2019). Therefore, the current formidable state 
of cancer has urged researchers to develop different techniques for accurate cancer 
diagnosis and treatment, so nano-oncology is one of the emerging treatment 
approaches that have the potential to contest cancer. Nanotechnology-assisted cellu-
lar and molecular detection has improved cancer biomarker detection; for example, 
nanobiosensors detect multiple protein biomarkers in seconds (Tran et al. 2017). 
Various approaches to nanomedicine, including dendrimers, polymeric/non-
polymeric nanoparticles, carbon nanotubes, quantum dots, lipid-based nanoparticles, 
and micelles, have been extensively investigated (Wang et al. 2010). 

On the other hand, recent imaging strategies are not very diverse to provide 
complete clinical information about different tumor types and their stages, which is 
why successful treatment and patient outcomes have become burdensome. Early 
detection of metastatic cancers is essential for treatment planning and treatment. It 
can be challenging due to the distance of metastases from the primary tumor site, 
undetectable primary size, and low vascularity (Kim et al. 2010a). Therefore, the 
most critical thing in cancer treatment is its early and accurate diagnosis, which is 
generally divided into four parts here, and each region has been examined. 

12.3.1 Nanotechnology-Assisted Cancer Imaging 

Recently the potential of nanoparticles in cancer detection and monitoring has led to 
developing different types of nanoparticles for cellular and molecular imaging. 
Among the valuable potentials that highlight nanoparticles in imaging for cancer 
detection, we can mention their biocompatibility, small size, and high atomic 
number (Nie et al. 2007). Quantum dots, semiconductors, and iron oxide 
nanocrystals have some properties that are less common in other molecules. The 
conjugation of nanoparticles with various biomolecules, such as antibodies, 
peptides, or other chemicals, as well as anti-cancer drugs, is utilized to label and 
detect cancer cells (Popescu et al. 2015; Singh 2019). Continued advances in 
combining MRI/PET/CT (standard-of-care imaging modalities for the diagnosis of 
cancers), along with NP imaging, have made significant contributions in early-stage 
cancer diagnosis. 

12.3.1.1 Magnetic Resonance Imaging (MRI) 
MRI uses strong magnetic fields and radio waves to visualize specific organs and 
tissues and produce 3D images, high accuracy, excellent spatial resolution, good 
contrast with soft tissue, excellent signal-to-noise ratio, and lack of harmful radiation 
(Cruz et al. 2016). However, it has disadvantages such as a large capacity of 
generated data and long processing time (Zhao et al. 2016). NPs can be used to 
identify and visualize metastatic cells that are very difficult to detect with conven-
tional imaging technology. Superparamagnetic iron oxide nanoparticles (SPIONs)



are targets in MRI imaging with cancer cell lines (Wan et al. 2016). The high 
specificity of SPIONs with no known side effects makes them suitable building 
blocks for aerosols in MRI imaging (Sherry and Woods 2008; Kim et al. 2010b; 
Jafari et al. 2015). To increase MRI contrast, multifunctional SPIO NP containing 
Gd or antibodies or other target ligands have been used to detect metastases in 
different organs (Kievit et al. 2012). 
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On the other hand, it has been found that SPIONs have been used to predict the 
presence of brain metastases in melanoma, specifically regarding cancer vessels and 
their heterogeneity (Sundstrøm et al. 2013). In diagnosing brain cancer metastasis, 
using a multifunctional nanotherapeutic system based on poly (methacrylic acid)-
polysorbate 80 grafted starch as surfactant coatings has enabled the delivery of MRI 
imaging and therapeutic agents (Li et al. 2014a; Patil et al. 2015). Additionally, in 
multimodal imaging, where MRI is integrated with another imaging modality 
towards vascular targeting to track brain, lung, and liver metastases of breast cancer, 
the absorption properties of iron oxide nanochain particles have been used for 
molecular fluorescence tomography (Peiris et al. 2012). In this regard, these 
advances in nanotechnology have created revolutionary development in cancer 
diagnosis and treatment. 

12.3.1.2 Positron Emission Tomography (PET) 
Positron emission tomography (PET) is a compassionate non-invasive technology 
suitable for imaging many cancers. Radiolabeled detectors are injected to obtain 3D 
images. The molecules to be evaluated are marked with an isotope capable of 
producing two gamma rays by emitting a positron from its nucleus (Gambhir 
2002). The currently used PET tracer [F18 ] fluorodeoxyglucose (FDG) provides a 
general approach to cancer imaging with 85% of sensitivity and specificity in 
different applications (Gambhir 2002). In a study, radionuclide imaging with [F18 ] 
tetrafluoroborate ([F18 ]BF4) (PET/CT) was performed on the model in a breast 
cancer model. The results showed that the PET radiotracer was sensitive and specific 
for detecting metastasis with excellent contrast (Diocou et al. 2017). The human 
sodium iodide marker was expressed as a reporter, and [F18 ] BF4 was found to be 
superior compared to the conventional [I123 ] iodide tracer. Also, PET/MRI agents 
with intrinsically multimodal and all-organic NPs have also been fabricated as 
“porphysomes” and directed to evaluate bone metastases of prostate cancer in vivo 
(Liu et al. 2013). 

12.3.1.3 Computed Tomography (CT) and Single-Photon Emission 
Computed Tomography (SPECT) 

CT is an X-ray-based method for creating detailed images of soft tissue, internal 
organs, blood vessels, and bones (Anderla et al. 2013). Computed tomography 
(CT) can be used to obtain three-dimensional imaging. In general, cross-sectional 
images using X-ray radiation contain larger doses of radiation than conventional 
X-ray imaging methods, which have the potential to be hazardous to public health. 
X-ray is one of the significant disadvantages of the CT method that is obtained 
(Power et al. 2016; Brenner and Hall 2007). Nanotechnology is effective in CT



quality, as it has been found that using Au NPs coated with 30 nm PEG for CT 
contrast material in vivo has increased the image contrast, which allows for the 
reduction of the required radiation dose. In this case, it overcomes the limitations of 
conventional contrast agents (such as iodine-based compounds), such as rapid renal 
clearance, nephrotoxicity, and vascular permeability (Kim et al. 2007). For weakness 
compensation, composite nanoparticles such as a superparamagnetic iron oxide/ 
silica core and a gold nanoshell are used in the body as dual contrast agents for 
CT and magnetic resonance imaging (MRI) (Kim et al. 2011). 
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SPECT is a nuclear medicine tomography imaging method that works with 
gamma rays which is similar to conventional CT imaging, except for using a 
gamma camera with nuclear energy detection (Spanoudaki and Ziegler 2008). In 
this regard, a gamma-emitting radioisotope material (usually gallium(III) isotope) in 
combination with a targeting ligand is injected into the bloodstream; the concentra-
tion of the ligand is detected by a gamma camera (Spanoudaki and Ziegler 2008; 
Bateman 2012). The use of imaging agents such as MNPs overcomes their 
limitations and can act as a contrast agent for the imaging process. Au nanoparticles 
doped with Au199 atoms (due to the stability of the radiolabel) are helpful for 
targeted cancer imaging by SPECT in the murine triple-negative breast cancer 
(TNBC) model (Zhao et al. 2016). Another study suggested that multifunctional 
polyethyleneimine-encapsulated gold nanoparticles (Au PENPs) were designed and 
valuable for targeted radionuclide SPECT/CT imaging of glioma cancer (Zhao et al. 
2019). As a result, it has been determined that the formed nanosystem has a 
significant potential to be used in the targeted diagnosis of cancers. 

12.3.1.4 Optical Fluorescence Imaging 
This optical method, defined as fluorescence imaging, differs from other imaging 
techniques using strong magnetic fields along with radio frequencies, such as gamma 
rays and ionized X-rays or MRI (Joshi and Wang 2018). These targeted probes 
consist of a carrier molecule (e.g., a peptide, antibody, or small molecule) with an 
attached fluorescent probe directed to a disease biomarker (Zhang et al. 2017). 
Optical fluorescence imaging techniques have been applied in various applications, 
including microscopy, endoscopy, and image-guided surgery (Schouw et al. 2021). 
Using multifunctional graphene oxide/iron oxide nanoparticles (Fe3O4 NPs) for 
magnetically targeted drug delivery has led to dual fluorescence/magnetic resonance 
imaging in cancer diagnosis (Gonzalez-Rodriguez et al. 2019). In another study, it 
has been shown that the presented AuNC/BSA-NPs formulation can serve as a 
potential platform for the diagnosis, light visualization, and treatment of colon 
cancer (Park et al. 2019). Therefore, optical imaging based on targeted fluorescence 
is rapidly evolving in diagnosing various cancers. However, this imaging method 
still needs further development and evolution to overcome some significant 
challenges to be considered part of the standard of care in the clinic. 

12.3.1.5 Ultrasound Imaging 
Ultrasound imaging uses high-frequency sound waves to view the inside of the 
body. Because ultrasound images are taken in real-time, blood flow in blood vessels



and the movement of internal organs could be recognized. Unlike some imaging that 
uses X-rays, ultrasound imaging does not expose patients to ionizing radiation. In the 
ultrasound method, a transducer is placed directly on the skin with a thin layer of gel 
so that the ultrasound waves are transferred from the transducer to the body through 
the gel (Zlitni and Gambhir 2018). The ultrasound image is produced based on the 
reflection of waves from body structures. This technique is used to detect cancers 
such as skin, breast, prostate, etc. (Dencks et al. 2018; Catalano et al. 2019). The 
limitations of ultrasound contrast agents include high background signal, short half-
life inside the body, and limited distribution in the blood circulation due to their 
micrometer dimensions (Borden et al. 2021). To overcome these problems, nano-
technology has helped a lot. It has been shown that the use of perfluorooctylbromide 
nanoparticles (PFOB) as a carrier has the potential advantage of selective delivery of 
cargo to the target site while improving site visualization using ultrasound imaging 
(Li et al. 2018a). Echogenic glycol chitosan nanoparticles containing iodine have 
been developed for cancer diagnosis in ultrasound imaging and X-ray computed 
tomography (CT). Using GC-DTA-PFP nanoparticles showed that dual CT/US 
X-ray imaging using echogenic iodinated nanoparticles provides more accurate 
diagnostic information for tumor diagnosis (Choi et al. 2018a). With the advance-
ment of nanotechnology, ultrasound imaging is also developing in the diagnosis of 
various types of cancer. 
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12.3.1.6 Photoacoustic Imaging 
Photoacoustic imaging or optoacoustic imaging is based on the use of laser-
generated ultrasound such that non-ionizing laser pulses are delivered to biological 
tissues, part of the energy being absorbed and is converted to heat, which leads to 
transient thermoelastic expansion, resulting in the emission of broadband (i.e., MHz) 
ultrasound waves. Finally, the ultrasonic waves generated by the detected ultrasonic 
transducers are analyzed in the images (Beard 2011). It has been suggested that 
photoacoustic imaging is well-suited for evaluating cancer and other specified 
pathologies. Among the potential applications of photoacoustic imaging, one can 
examine the imaging of breast cancer and skin abnormalities in the morphology and 
function of vessels, as well as the evaluation of superficial soft tissue injuries (such 
as microcirculation abnormalities and burns) in diabetic patients (Nyayapathi and 
Xia 2019; Stridh et al. 2022; Mennes et al. 2018). Like the methods mentioned, 
nanotechnology has aided this method in better-diagnosing cancers and other 
diseases. One of the nanoparticles used in this method is gold nanoparticles 
(Li and Chen 2015). For example, in a study to increase the sensitivity and contrast, 
gold nanoparticles were coated with Prussian blue dye, which increased the high 
optical stability and high molar extinction coefficient in the near-infrared region, 
which detected cancer in nude mice in the method photoacoustic/CT combination 
which has made bimodal imaging much more accurate (Jing et al. 2014). On the 
other hand, using Au-PLGA hybrid nanoparticles has increased the near-infrared 
photothermal activities and catalase-mimicking in guiding photoacoustic imaging 
for diagnosing and treating colon cancer (Xi et al. 2018). As a result, these



nanoparticles can help diagnose and treat cancers more effectively and may create 
opportunities for cancer treatment in the future. 
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12.3.1.7 Nanotechnology for In Vivo Imaging 
Fluorescent imaging provides a visual picture of dynamic processes in living animals 
and is widely used to detect and study molecular and biological processes (Guo and 
Cui 2021). It has been determined that many organic fluorescent materials show no 
emission or weak emission when accumulated or at high concentrations. The 
accumulation-induced quenching effect is an essential obstacle in fluorescence 
imaging, which is solved by the aggregation-induced emission (AIE) process. 
AIEs have butterfly-shaped rotor structures that give rise to more intense fluorescent 
emissions observed when they are in the aggregation state (Mei et al. 2014). Based 
on the specific fluorescence property of aggregation-induced emission (AIE) and 
nanoengineering optimization techniques, many AIE nanoparticles have been used 
for tumor-targeted bioimaging in vivo. In addition, in a study, BSA-coated AIE 
nanoparticles showed better efficacy than blank AIE nanoparticles in tumor targeting 
in mice due to the EPR effect, which indicated low cytotoxicity and very high 
fluorescence intensity (Qin et al. 2012). 

12.3.2 Nanotechnology Tools Used in Cancer Diagnosis 

Recent research has confirmed that nanotechnology can detect cancer imaging at the 
tissue in cellular and molecular levels (Garrigue et al. 2018). This approach is 
achieved by understanding the capacity of nanotechnology to explore the cancer 
environment. For example, a pH-responsive fluorescence nanoprobe can detect 
fibroblast activator protein-a on the membrane of cancer-associated fibroblasts 
(Kievit et al. 2012). In addition to the previously discussed NPs properties, there 
are three aspects of NPs-based cancer diagnostic systems that specifically affect 
cancer diagnosis, including signal enhancement, miniaturization, and multiple 
detections (Minelli et al. 2010). In the following, we will discuss some temporal 
and spatial techniques based on nanotechnology that can significantly help accu-
rately evaluate and track living cells. 

12.3.2.1 Near Infrared (NIR) Quantum Dots 
A new class of fluorescent labels with excellent bioimaging properties is near-
infrared (NIR) quantum dots, which have unique features such as sufficient electron 
density, good fluorescence stability, high fluorescence intensity, and strong tissue 
penetration ability (Brunetti et al. 2018). One of the limitations of visible spectrum 
imaging is the inability to penetrate objects. To overcome this challenge, quantum 
dots with fluorescence emission in the near-infrared spectrum (700–1000 nm range) 
have been developed, making them more suitable for imaging liver cancer, pancre-
atic cancer, colorectal cancer, and lymphomas (Parungo et al. 2004; Gao et al. 2004). 
On the other hand, the second NIR window (NIR-II, 900–1700 nm) with newer 
features, such as higher spatial and temporal resolution and higher tissue penetration



depth, has been developed and introduced to help cancer imaging. They have great 
potential for in vivo cancer imaging, cancer diagnosis, and high-resolution electron 
microscopy studies of cancer cells (Brunetti et al. 2018). A study has shown that 
using NIR-II silver sulfide (Ag2S) quantum dots synthesized directly in colon cancer 
cells led to the accurate diagnosis of colorectal cancer in vivo (Deng et al. 2019). So, 
with the advancement of nanotechnology in the future, we can see a change in the 
next-generation NIR quantum dots system, which can detect all types of cancers and 
malignancies with greater accuracy and speed. 
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12.3.2.2 Nanoshells 
Nanoshells or nanoshell plasmon are spherical nanoparticles with a dielectric core of 
10–300 nm and are made of silica covered by a thin gold shell (Loo et al. 2004). 
These nanoshells, which contain a quasi-particle called a plasmon, convert electrical 
energy into light. Its ability to regulate light with an absorption/emission array from 
UV to infrared light has made them unique (Grodzinski et al. 2019). Another 
characteristic of nanoshells is their lack of toxicity (heavy metals) in imaging 
(Grodzinski et al. 2019). Scientists widely use gold nanoshells as contrast agents 
in optical coherence tomography to evaluate and detect cancer cells. The widespread 
use of these nanoshells is that the optical resonance of gold nanoshells can be 
precisely tuned in a wide range, including the near-infrared, where tissue transmis-
sion is higher (Abbasi et al. 2017). Gold nanoshells are cost-effective, non-invasive, 
and safe, enabling high-resolution imaging (Helm 2010). 

12.3.2.3 Colloidal Gold Nanoparticles 
Gold nanoparticles are one of the most exciting classes facilitating cancer diagnosis. 
Colloidal nanoparticles have unique physicochemical properties of great interest for 
cancer diagnosis and treatment purposes (Mottram 2003). In the nanotechnology 
industry, they have been used as antennas for external light, X-rays, magnetic fields, 
or ultrasound to generate reactive oxygen species or heat, sensitizing target tissue to 
radiation (Feliu and Parak 2020). These nanoparticles act as a good contrast agent 
because they scatter visible light in the body. In addition, it has been found that gold 
nanoparticles, in combination with antibodies, have been used for the biopsy and 
detection of pancreatic and cervical cancers and photoacoustic tomography (Purohit 
and Singh 2018). In this way, gold nanoparticles are a beneficial factor in the 
diagnosis and monitoring of the treatment of various cancers. 

12.3.2.4 Detection of Circulating Tumor Cells 
One of the problems of solid tumors, which is the cause of death of about 90% of 
cancer patients, is the metastasis of cancer cells (Gupta and Massagué 2006). A 
cancer cell from the primary tumor attacks the surroundings and enters the lymphatic 
system and blood vessels. Finally, it is transferred through the bloodstream to small 
vessels in distant tissues (known as circulating tumor cells (CTCs)) (Priestley et al. 
2019). Liquid biopsy (CTCs as a part of liquid biopsy) enables the non-invasive and 
dynamic analysis of molecular or cellular biomarkers. It has a high potential for 
prognosis, diagnosis, understanding of the molecular organization of cancer,



monitoring cancer progression and treatment effectiveness, and ultimately 
identifying it as an anticancer drug (Li et al. 2019). The detection of CTC, due to 
the unique structural and functional characteristics of nanomaterials (high surface-to-
volume ratio), can overcome the challenges of insufficient absorption and low purity 
of CTCs and offers strong hope for the detection of CTCs (Bhana et al. 2015). 
Various types of nanomaterials, such as gold nanoparticles (Au NPs), quantum dots, 
magnetic nanoparticles (MNPs), nanopillars, nanowires, dendrimers, silicon 
nanopillars, and polymers, are developed for CTC detection (Huang et al. 2018). 
Among nanotechnology applications in the detection of CTCs, for example, MNPs 
attached to antibodies (immunomagnetic nanoparticles) for CTC detection; usually, 
CTCs that express EpCAM are identified explicitly by anti-EpCAM functionalized 
MNPs (Burinaru et al. 2019). Therefore, applications of liquid biopsy based on 
nanotechnology bring a new perspective on cancer diagnosis, monitoring, and 
treatment. 
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12.3.2.5 Detection Through Cell Surface Protein Recognition 
In this method, nanoparticle probes conjugated with antibodies, oligonucleotide 
aptamers, short peptides, or proteins connect to surface markers and thus detect 
cancer cells (Harris et al. 2019). The cell surface marker epithelial cell adhesion 
molecule (EpCAM) is highly expressed in CTCs of many cancers (colorectal, breast, 
head, and neck). Hence, nanoparticles attached to anti-EpCAM antibodies or 
aptamers are often used to screen CTCs (Schneck et al. 2015). Many cell surface 
markers, such as vimentin (gastrointestinal) (Li et al. 2018b), androgen receptor 
(metastatic breast cancer) (Zhang et al. 2019a), glycan (breast cancer) (Wang et al. 
2017), major cavity protein (MVP) (hepatocellular carcinomas) (Lee et al. 2017), 
and protein fibroblast activator α (FAPα) (non-small cell lung cancer) (Chen et al. 
2018), have been studied to detect CTCs. In this way, nanotechnology has helped to 
detect cancer cells. 

12.3.2.6 Detection Based on mRNA 
The only coding RNA in organisms is messenger RNA (mRNA). So, we can predict 
the expression of genes by detecting the mRNA level (Choi et al. 2018b). Due to 
their high proliferation, the number of mRNA changes in cancer cells can be used as 
a marker for cancer diagnosis. But the identification of sensitive mRNA is challeng-
ing due to its inherent characteristics, such as sequence similarities and low expres-
sion levels (Zheng et al. 2021). Therefore, nanoparticles have been developed to 
detect extracellular and intracellular nucleic acids. For example, gold nanoparticle 
probes modified by oligonucleotides hybridized to fluorophore-labeled 
complements can detect mRNA in living cells (Seferos et al. 2007). Au NPs were 
functionalized with 2–3 DNA detection strands and later hybridized with short 
complementary reporter strands to detect the desired gene (Choi et al. 2013). 
Another nanotechnology-based approach is a plasmonic nanoparticle network struc-
ture that produces a plasmon-coupled dimer capable of detecting mRNA types. This 
method was used to detect and quantify BRCA1 mRNA binding species in vitro and



in vivo. As a result, nanotechnology can make great strides in achieving many 
successes in the evaluation, identification, and treatment of cancers. 
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12.3.3 Nanotechnology for Detection of Extracellular Cancer 
Biomarkers 

Before the treatment of any cancer, it should be detected, and early detection 
improves the efficiency of therapy. Cancer detection relies on the specific features 
or component of cancer cell that cannot be found in normal cell (specificity), are 
measurable, and named biomarker. Cancer biomarkers provide the possibility of not 
only early detection but also monitoring of recurrence or efficiency of treatment 
which improve the achievable targeted therapy. Some cancer biomarkers can be 
distinguished in extracellular spaces such as cancer tissue and body fluids like blood, 
urine, and saliva. Although low concentration, timing, and heterogeneity in the 
abundance of cancer biomarkers limit the admissible detection, nanotechnology 
can propose high sensitivity, selectivity, and facility in simultaneous measurement 
of them. Even specific targeting can be carried out with NP/nanomaterial-based 
biosensors, because nanomaterials enhance the biosensors’ surface-to-volume ratio 
(Doria et al. 2012). The most common nanoparticle probes applied in cancer 
diagnosis are gold NPs, quantum (QD), and polymer dots (PDs). 

12.3.3.1 Protein Detection 
Proteins can be regarded as a biomarker. Extracellular protein biomarkers are 
secreted with cancer cells or body when cancer exists. CEA, CA-125, PSA, and 
AFP are a number of FDA-approved cancer-detection protein biomarkers. Their 
specific interplays with antibodies, antibody fragments, and aptamers can be calcu-
lated after being converted to quantifiable signals. Generally, a staining or fluores-
cence secondary antibody involved in a sandwich-type test as a general strategy 
produces measurable signals for the detection of protein biomarkers. Recently, 
QD-based biosensors in a sandwich assay have been used for this strategy in several 
studies. In a way that QDs are conjugated to antibodies to detect biomarkers like 
neuron-specific enolase (NSE) and carcinoembryonic antigen (CEA) biomarkers. 
These markers are secreted from cancer cells, and upon secretion, their concentration 
could reach over 15 ng/mL. CEA as a most general biomarker in cancer is extremely 
studied to improve the efficiency of monitoring and prediction of cancer recurrence 
after treatment or resection with surgery (Gold and Freedman 1965; Shitrit et al. 
2005). The elevation of NSE, an enzyme that converts 2-phosphoglycerate to 
phosphoenolpyruvate (Tapia et al. 1981), correlates with cancers such as small-
cell lung carcinoma (Harding et al. 1990) and islet cell cancer (Portela-Gomes et al. 
2004). In a homogeneous in-solution QD-based assay limit of detection (LOD) for 
both CEA and NSE reached 1.0 ng/mL (Li et al. 2011). Theses sandwich-type 
techniques are composed of some components such as capture antibody, biomarker 
(as an analyte), a second capture antibody, and a secondary-antibody which is 
frequently fluorescent probe tagged. These types of assays have great specificity



because of the great selectivity and affinity that a primary antibody provides for its 
analyte (Engvall 1980). Whenever a QD is applied to the fluorophore-label second-
ary-antibody, high sensitivity is generated as a consequence of QD-coupled 
antibodies’ intense signal (Chinen et al. 2015). Until now, many studies according 
to this assay have been designed in which some will be brought in the following. 
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One study, instead of streptavidin beads, immobilized the capture antibodies on 
polystyrene microspheres to develop this fluoroimmunoassay to decrease the LOD 
of each CEA and NSE biomarkers to 0.625 ng/mL (Cao et al. 2011). It is significant 
to improve the assay to a lower LOD and truthfully screen the patients’ biomarkers 
due to quite a low level of cancer biomarkers. 

Next, QD-based anti-PSA micro and nano-arrays were applied to determine 
prostate-specific antigen (PSA). It was fabricated with dip pen nanolithography 
and presented to PEGylated QDs coated with an antibody against PSA. The fluores-
cence signals were assessed with a microarray scanner. With micro- and nanoarrays 
many compounds can be rapidly monitored which is regarded as a desirable feature 
for clinical use (Gokarna et al. 2008). PSA as a glycoprotein is a member of the 
serine proteases family secreted from the prostate gland. It is found in various forms 
in the body (such as free and bound to serum proteins) (Kuriyama et al. 1981). PSA 
concentration needs long-time monitoring due to biodiversity in the population; its 
high level doesn’t permanently indicate prostate cancer (Thompson et al. 2004; 
Andriole et al. 2012), a point that was considered in the abovementioned assay. 
Thereafter, CdSe/ZnS core/shell QD-conjugated antibodies were used in a 
waveguide-based biosensor to detect and develop the sensitivity of CEA to less 
than 0.1 ng/mL. In the presence of CEA, immobilized anti-CEA monoclonal 
antibodies bind to CEA. Then, this complex sandwiches with CdSe/ZnS core/shell 
QD-conjugated monoclonal antibodies to generate a fluorescent signal (Mukundan 
et al. 2009a, 2009b). 

Another type of QD-probed anti-CEA or AFP (alpha-fetoprotein as a plasma 
protein produced by liver can be an indicator of liver cancer) antibodies assay was 
conducted to sandwich the immobilized capture CEA and AFP antibodies, respec-
tively, to generate a fluorescent signal which can be imaged through fluorescence 
microscopy. This assay was done on micro or nano biochips and named the lab-on-a-
chip technique that enable the detection of biomarkers on the small amount of patient 
sample and in turn the chance of performing laboratory experiments on minor scales. 
In these biochips the LOD for each analyte reached 0.25 nM (Yan et al. 2008;  Hu  
et al. 2010a). Another example of QD-based sandwich assay is for CEA and cancer 
antigen 125, which is a cell membrane glycoprotein upregulated in ovarian cancer 
patients and applied as a late-stage monitoring and prognosis marker (Canney et al. 
1984; Kenemans et al. 1993). In this method, on agarose bead immobilized capture 
antibodies are introduced to antigens which then sandwich with QD-probes 
antibodies and base on the analyte concentration led to the imaging of fluorescence 
signals by photomicrographs of the fluorophore-labeled beads. Actually, the 
microfluidic microporous agarose bead arrays were developed to lower the cancer 
analytes’ LOD that reached 20 pg/mL (0.11 pM) for CEA (Jokerst et al. 2009); 
nevertheless with an analogous assay, it achieved 50 fM (Hu et al. 2010b).
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In another study a QD-based immunochromatography test strip was set up to 
detect AFP rapidly, quantitatively, and sensitively (Yang et al. 2011). This device, 
with a capillary action, carries the sample through the strip (Li et al. 2010). Then, this 
test strip was developed for detecting C-reactive protein (CRP) with a LOD of 
0.63 U/mL (Cheng et al. 2014). CRP, as an inflammatory protein secreted from 
the liver, correlates with lung and colorectal cancer (Allin and Nordestgaard 2011). 
To improve the detection assay, FRET-based biosensors were thus generated. FRET 
is a mechanism extremely sensitive to small changes, transfers the energy from a 
donor to an acceptor fluorophore, and thereby is ideal for QD-based assays, which 
named in-solution sandwich fluoroimmunoassay (Wei et al. 2006). Hence, an 
advanced form of this assay with a luminescent terbium chelate-QD FRET pair 
was utilized to detect AFP with a LOD of 0.4 ng/mL (Chen et al. 2012). Following 
constructing an immunoassay with a terbium–QD FRET for cancer biomarkers, PSA 
was perceived at a concentration of 1.6 ng/L (Wegner et al. 2013). For more precise 
and sensitive detection, a QD-based sandwich immunoassay was sat on a glass 
substrate involving a ZnO nanowire array. A fluorescence microscopy is also used 
in this method to detect the enhanced fluorescence produced with FRET. This 
technique was utilized for CEA in a range from 0.001 to 100 ng/mL. In addition, a 
ZnO-QD-based anti-immunosensor coated with carbohydrate antigen 19-9 antibody 
has been applied for the detection of pancreatic ductal adenocarcinoma. In an 
electrochemical assay, the dynamic range was 0.1–180 U/mL with a LOD of 
0.04 U/mL, whereas in an optical spectral detection, the dynamic range was 
1–180 U/mL with a LOD of 0.25 U/mL (Kim et al. 2014). 

Subsequently, a paper-based immunosensor system using a QD-FRET was 
developed to detect CA 125, AFP, and CA 15-3 to determine the tumor recurrence 
in patients with breast cancer (Shitrit et al. 2005; Duffy et al. 2000). In this device, 
antibodies are captured on a paper sensor, and CuO-conjugated antibodies bind the 
analyte. In the presence of biomarkers, Cu2+ is released from CuO NPs to make 
fluorescence which can be then recovered. The LOD for CA 125, AFP, and CA 15-3 
were 6.1 × 10–5 U/mL, 0.3 pg/mL, and 2.9 × 10–4 U/L, respectively (Ge et al. 2013). 
As QDs can be applied as an oxidizing agent, this feature can be employed in a 
sandwich assay for the detection of cancer biomarkers. As a result, an immunosensor 
employing CuS QDs to oxidize a small molecule was used to detect PSA with a LOD 
of 0.1 pg/mL. In the presence of PSA, the small molecule becomes oxidized to 
produce fluorescent signals detected with fluorescence spectroscopy (Zhu et al. 
2014; Ward et al. 2001). These indicate that CuS-based fluorescent immunosensors 
are positively comparable with non-fluorescence-based immunosensors (Gao et al. 
2013). Lately, a gold NP-coated graphene nanosheet (Au NPs/GN) from CdS 
QD-functionalized mesoporous CdS-QDs/TiO2 for a sensitive photoelectrochemical 
PSA aptasensing over the exciton–plasmon interplay between CdS-QDs and Au NPs 
was developed. Accordingly, a sandwiched aptamer between CdS QDs/TiO2 and Au 
NPs/GN was carried out in the presence of PSA, which in turn led to the dissociation 
of Au NPs/GN from the CdS QDs/TiO2 to elevate the photocurrent and detect PSA 
with a LOD as low as 0.52 pg/mL (Cai et al. 2018a).
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Determining several cancer markers simultaneously in body fluid can be benefi-
cial for the detection of numerous targets in clinical applications. In this regard, an 
ultrasensitive multiplex electrochemical immunoassay utilizing biofunctionalized 
polyethylenimine-Au NPs tagged with metals as signal probes was developed to 
simultaneously detect CEA, PSA, AFP, and IL-8 with LOD of 1.6, 0.9, 1.7, and 
1.0 fg/mL, respectively (Putnin et al. 2019). Subsequently, an electrochemical 
immunosensor according to the sandwich method has been designed for the simul-
taneous detection of three cancer biomarkers. This multiplexed immunosensor 
determined PSA, AFP, and CA 125 with LOD of 86 fg/mL, 14 fg/mL, and 
0.0019 U/mL, respectively (Wang et al. 2021). Recently, a personal glucometer is 
proposed for detection of AFP at a lower concentration as 5.4 pg/mL. It is consistent 
with sandwich-type immunoassay antibody-invertase cross-linkage NPs as the sig-
nal producing-tags for routine use. Antibody-invertase cross-linkage NP-tags are 
generated through reverse micellar technique with glutaraldehyde. As it targets AFP, 
sucrose hydrolyses into fructose and glucose, which can be detected on a 
transportable personal glucometer (Li et al. 2022). 

Moreover, hydrogel nanoparticles (NPs) as an innovative sample preparation 
technology were applied to recognize early-stage biomarkers of breast cancer in 
serum. This NP-based protein capture technique was precisely handled to catch and 
detect low existing and low-molecular-weight proteins of the proteome in body fluid. 
Consequently, proteins, protein fragments, and peptides were identified as serum 
biomarkers in breast cancer (Fredolini et al. 2020). 

12.3.3.2 Circulating Tumor DNA (ctDNA) Detection 
ctDNA refers to DNA fragments of primary or circulating tumor cells, found in the 
blood stream as a result of cancer cells apoptosis, autophagy, and necrosis (Thierry 
et al. 2016). ctDNA can carry cancer particularly genetic and epigenetic alterations 
(Aravanis et al. 2017). Determination of this alteration can be helpful in early cancer 
detection. By using complementary nucleic acid sequences that are probed and can 
specifically be hybridized with DNA, ctDNA can be identified in liquid biopsy (Das 
et al. 2016). Because of low concentration and short half-life of ctDNAs, their rapid 
detection with ultrasensitive method is urgent. NP-conjugated fluorescent probes as 
a biosensor are developed in this field (Goon et al. 2010). DNA-conjugated silver 
nanocluster fluorescent probes were developed to identify a single exon of the 
BRCA1 gene in breast cancer. A high fluorescence intensity is produced with 
DNA-Ag nanoclusters and leads to the detection of a deletion with a LOD of 
6.4 × 10–11 M in optimized conditions (Borghei et al. 2017). Recently, a network 
of probe DNA improved gold-coated magnetic NPs (DNA-Au MNPs) in a new 
electrochemical sensing assay which has provided an accurate technique in short 
time (20 min) for cDNA detection with a LOD of 5 fM. This DNA-Au MNPs 
biosensor can be used for short as well as long strands DNA targets (Chen et al. 
2021). In addition, an improved DNA-rN1-DNA-regulated surface-enhanced 
Raman scattering (SERS) frequency shift experiment in ctDNA has enabled a 
sensitive diagnosis of one single-base pair-mutation in mutated KARS G12D gene 
of lung cancer in femtomolar concentration of ctDNA. In this assay a hairpin



DNA-rN1-DNA probe and an employed RNase HII enzyme for specific 
hydrolyzation the DNA-rN1-DNA/ctDNA hybrid has been designed to let ctDNA 
recycling in the method for quantifying signal magnification (Zhang et al. 2019b). 
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12.3.3.3 microRNA (miRNA) Detection 
miRNAs as circulating biomarkers can be applied for the detection and quantifica-
tion of multiple cancers using body fluids (Hafizi et al. 2013). Plasmonic origin, 
several metal NPs, QDs, and their composites in magnetic particles have been 
applied in miRNA-sensors. Gold NPs (Coutinho and Somoza 2019), Ag/Pt 
nanoclusters for sensing miRNA-21 in human urine samples (Fakhri et al. 2020), a 
newly advanced Au/Ag nanospheres via SERS as an extremely sensitive detection 
system for miRNA-133a (Sun and Li 2018), and Fe3O4@Au nanomaterials using a 
DNA four-way junction-based electrochemical determination of target miRNA are 
some examples (Pang et al. 2016). 

Recently, nanomaterial-based biosensors especially magnetic materials have been 
developed as the base for some highly efficient miRNA sensing methods in body 
fluids like serum and urine. In this regard, one study improved a device to increase 
the sensitivity of detecting miR-141 by employing the benefits of both FRET and 
chemiluminescence resonance energy transfer. FRET quencher was conjugated to 
nucleic acid functionalized CdSe/ZnS QDs. Upon miR-141 binding, the FRET was 
released and led to high fluorescence emotion to detect miR-141 with a LOD of 
1 pM. Then, QDs were presented to G-quadruplex-involving telomerase and dNTPs. 
To further improve the sensitivity, hemin was incorporated to G-quadruplexes on 
QD to accelerate the process of luminol oxidation by H2O2 and decrease the LOD to 
0.28 pM for miR-141 (Jou et al. 2015). miR-141 as a biomarker for ovarian, gastric, 
and prostate cancers is identified in the blood (Gao and Wu 2015; Zuo et al. 2015). 
Two-dimensional nano-structures and their composites in magnetic particles can 
also be used in miRNA sensors (Hizir et al. 2014; Cai et al. 2018b). 

12.3.3.4 DNA Methylation Detection 
DNA methylation can specifically alter in multiple cancers and play a significant role 
in the progression of cancers. These alterations are known as epigenetic markers; as a 
result, they can be employed as a biomarker for early detection, management of 
treatment, and prognosis monitoring (Jones 2002). Ultrasensitive biosensors have 
been developed to rapidly and selectively quantify DNA methylation in blood or 
saliva samples since it has been observed that cancer and normal genomes have 
different DNA solvation and DNA-gold affinity. These devices propose a simple, 
sensitive, rapid, and selective colorimetric or electrochemical one-step assay to 
diagnose DNA methylation in cancer (Sina et al. 2018). Therefore, an enzyme-free 
and label-free one-step quick colorimetric detection technique along with unmodi-
fied Au NPs has been suggested. In this method, the color of gold nanoparticle 
solution is changed to detect methylated DNA without any covalent modification of 
Au NPs. The LOD for DNA methylated was 8.47 nM, and it is particularly possible 
to distinguish methylated DNA with the naked eye at low concentration as 20 nM 
(Li et al. 2020). In another study, hybridization on a network of probe DNA-altered



Au-coated magnetic NPs (DNA-Au MNPs) and an enzymatic cleavage for differen-
tiation of methylated DNA strands from unmethylated ones in ovarian cancer have 
been used. The dynamic range in this biosensor for 110 nucleotide DNA sequences 
involving single-site methylation was from 2 aM to 20 nM, and the distinguished 
concentration was as low as 2 aM to quickly identify ovarian cancer in 35 min (Chen 
et al. 2022). Moreover, an ultrasensitive DNA methylation ratio detection has 
recently been applied according to target-induced NP-coupled and site-specific 
base oxidation damage in colorectal cancer. For this nanosensor, the sensitivity for 
diagnosing methylated DNA was lower as 32 × 10–17 M. Besides, a high specificity 
with this method was attained for identifying 0.001% methylation ratio without 
operating the amplification process (Luo et al. 2022). 
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12.3.3.5 Extracellular Vesicle Detection 
Extracellular vesicles (EVs) are nanoscale-sized particles released from normal and 
cancer cells. As EVs carry molecular information of mother cells like DNA, protein, 
miRNA, and mRNA, they have the potential to be used as a biomarker to detect the 
molecular state of cancer cells, which are problematic to achieve (Bakhshandeh et al. 
2017b). Compared with other biomarkers, EVs have more stability and high abun-
dance in body fluids (Dakubo 2016). During the past decades several biosensors 
with different sensitivities for EV detection have been applied. However, an 
extremely sensitive biosensor is significant for developing the sensitivity of cancer 
detection. The optical sensors such as fluorescent and spectral signals are utilized in 
EV detection. The fluorescent signals are sensed by conjugating the fluorescent 
probes with aptamers or antibodies. Multiple fluorescent signals’ providing modes 
like fluorescence quenching, fluorescence polarization, QDs, and molecular beacons 
have been developed to improve the LOD in EVs. Besides, spectral signal sensing 
containing surface plasmon resonance, near-infrared, and SERS is beneficial for EV 
detection (Min et al. 2021). A number of miRNA molecular beacons in combination 
with antibodies have been designed to simultaneously distinguish EV-derived 
miRNAs and surface proteins (Cho et al. 2019). Then, an antibody-coupled multi-
functional magneto-plasmonic nanorod has been used to amplify fluorescent signals 
with metal. In this method, EVs are captured with magnetic nanorods through 
antibody affinity, and molecular beacons bound to the nanorods detect the released 
miRNAs (Lee et al. 2019a). QDs have also been labeled to antibodies to quantify the 
multiplex EV surface proteins to detect pancreatic cancer with two correlated EV 
biomarkers (Rodrigues et al. 2019). 

Several machine learning and RNA-sequencing algorithms have revealed 
improved performance in EVs analysis toward a single biomarker. In this regard, a 
deep learning-based SERS has been suggested for exosome detection to accurately 
diagnose lung cancer in early-stage. This deep learning model was developed with 
SERS signals of exosomes from normal and lung cancer cell lines to differentiate 
them with a precision of 95%. In fact, CNN algorithms were applied in the device to 
improve the machine learning tool (Shin et al. 2020). Recently, a europium-NP-
based assay for the detection and characterization of various surface glycoconjugates



of EVs has been used for five different colorectal cancer cells and HEK cells (Vinod 
et al. 2021). 
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12.3.4 Nanoparticles-Based Biosensors for Cancer Biomarker 
Screening 

During cancer generation and progression, some cellular features and process alter. 
If these alterations become correctly and entirely identified, cancer can better be 
understood, and some stable, measurable, and detectable alterations can be regarded 
as indicators of cancer and help to verify cancer cells presence. DNA, proteins, and 
protein fragments, which are detected in body fluids, can be used as screening 
biomarkers, therefore, having the potential to be applied for screening people for 
cancer risk (Jin et al. 2020). Most of these biomarkers are low-molecular-weight 
proteins and may be removed during detection as a result of depletion of the high-
molecular-weight proteins such as albumin, which acts as a carrier for small 
molecules (Kuk et al. 2009). Nevertheless, some detection methods have been 
developed with NPs to highly detect biomarkers from biological liquids. In these 
assays, low molecular weight proteins are captured by NPs (Luchini et al. 2010). 
These NPs, such as hydrogel NPs, mesoporous silica particles, and carbon nanotubes 
by owning electric charge and functional biomolecules act as nanocarriers and 
reduce the chance of proteins binding to carrier proteins (Najam-ul-Haq et al. 
2007; Geho et al. 2006). 

Besides, screening-nanocarrier methods have also been improved to develop the 
sensitivity of mass spectrometry techniques. In this regard, carbon nanotubes have 
been applied to increase the energy transfer efficiency of the analyte and facilitate 
ionization (Najam-ul-Haq et al. 2007; Wang et al. 2007). In addition, lab-on-a-chip 
microfluidics tools have been developed using QDs like CdSe and ZnS which are 
conjugated to antibodies against CEA, AC 125, and Her-2/Neu to function as 
multiplexed protein detection devices (Jokerst et al. 2009). A platform on the surface 
of various sized nanometers has also been used to differentiate between multiple 
cancer cells and evaluate their cell growth (Hung et al. 2010). 

12.3.5 Clinical Trials of Nanotechnology-Based Applications 
in Cancer Diagnosis 

As mentioned above, many NP-based assays and methods have been designed and 
developed in multiple studies to quickly, sensitively, and selectively detect cancer 
biomarkers in the laboratory. Nevertheless, the final destination is the application of 
these techniques in clinics. In clinical application, we may face challenges which 
should be resolved. NP probes may be aggregated, have nonspecific binding or 
toxicity for systemic application in in vivo imaging, produce fluctuated signals due 
to body fluid composition, and are not reproducible. In addition, minimizing these 
NP-base devices to batch-to-batch volume for large-scale applications can be



challenging, which should be considered. Meanwhile, the point of care of 
nanomaterial-based tools should be developed to accelerate their clinical application. 
Nevertheless, several nanotechnology-based methods have achieved the clinical 
application for cancer diagnosis that are summarized in Table 12.2. 

330 B. Bakhshandeh et al.

12.4 Nanomaterials Used for Cancer Therapy 

Magnetic nanoparticles (MNPs) have the potential to be used in various biomedical 
fields. The focus on MNPs is rising due to significant physical assets, nanoscale size, 
and increasing surface/volume ratio (Sun et al. 2008; Shabestari Khiabani et al. 
2016; Torchilin 2006). Nanomaterial-based drug delivery systems can greatly 
enhance the efficacy of chemotherapeutics treatments. Cancers affect the quality of 
life and can be linked with short survival rates (Gellhorn 1958). In case of insoluble 
anti-cancer drugs, nanomaterials can improve both the solubility and the activity of 
the drug (Dean et al. 2005). A nano-sized drug can be formulated so it can fit 
different dosage methods such as injection, nasal, and oral consumption (Kipp 
2004). The other factor affecting chemotherapy is the method of delivering drugs 
into its target site (Kumar and Mohammad 2011). The combination of nanomaterials 
with anti-cancer drugs can enhance drug selectivity and reduce the toxicity level 
again in normal non-cancerous cells (Zhang et al. 2013). 

Drug delivery systems can be made with absorption or conjugation of the drug on 
the particle, encapsulation of the drug inside the lipid or polymer, and dissolving the 
drug within the matrix of the particle, in which an unfavorable drug can be masked, 
or the drug can be protected from a dangerous surrounding. 

Moreover, nanocarriers can be gathered favorably at tumor sites by the benefit  of  
the enhanced permeability and retention (EPR) effect. The EPR effect includes 
characteristics that cannot be seen in normal cells and are specific to the tumor, 
thus enhancing better target selection (Shenoy et al. 2005; Kingsley et al. 2006). A 
lot of effort has been made to improve the stability of the drug in action. One such 
effort is a surface modification by adding PEG (Papahadjopoulos et al. 1991; 
Bamrungsap et al. 2012). To make nanocarriers work well for drug delivery, they 
need to meet two basic requirements. First, there should be the least amount of 
volume loss and activity loss in the blood. Second, drugs should not target healthy 
cells of our body. They should target just the cancerous cells. There are two ways to 
meet these needs: drugs can be passively or actively targeted. Under certain 
conditions, like low oxygen, the endothelium layer of blood vessels becomes more 
penetrable. To deal with not getting enough oxygen, tumor cells tend to make more 
blood vessels or swallow up the ones that are already there. This process is called 
“neovascularization.” These blood vessels that were formed recently are leakier 
because they have large pores. Passive targeting is mostly based on how the tumor 
works and how the size and circulation time of carrier differs. The EPR effect 
depends a lot on basic tumor biology, such as (1) how much angiogenesis and 
lymph angiogenesis are going on, (2) how much perivascular tumor invasion is



(continued)
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Table 12.2 A list of some nanotechnology-based methods/materials with clinical applications for 
cancer diagnosis 

Composition Condition Target Status NCT number 

Carbon 
nanoparticle 
(CNP) 

Rectal cancer Lymph nodes Not 
applicable 

NCT03550001 

Iron oxide 
nanoparticle 

Head and neck cancer Imaging Early 
phase 1 

NCT01895829 

Sentinel™ PCC4 Prostate cancer Diagnostic 
test 

– NCT04661176 

CNP Breast cancer Tumor 
location and 
lymph nodes 

Not 
applicable 

NCT04482803 

CNP Colorectal cancer Tumor 
localization 
and lymph 
nodes 

Not 
applicable 

NCT03350945 

CNP Endometrial neoplasms Lymph nodes Not 
applicable 

NCT03778255 

CNP Uterine cervical 
neoplasms 

Lymph nodes Not 
applicable 

NCT03778268 

Indium-labeled 
PSMA 

Prostate cancer/lymph 
node metastases 

Imaging Phase 1/2 NCT04300673 

Magnetic 
nanoparticles 
coated with 
antibodies 

Leukemia Imaging – NCT04290923 

Fluorescent 
cRGDY-PEG-
Cy5.5-QD 

Head and neck cancer/ 
melanoma/breast cancer/ 
colorectal cancer 

Imaging Phase 1/2 NCT02106598 

Ferumoxtran-10 Prostate cancer Imaging Phase 3 NCT04261777 

Microfluidic and 
Raman spectrum 

Breast neoplasms/ 
circulating tumor cells 

Detection of 
circulating 
tumor cells 

– NCT04239105 

Immuno-tethered 
lipoplex 
nanoparticle 

Lymphoma Monitoring/ 
detection 

Not 
applicable 

NCT03656835 

64Cu-NOTA-
PSMAi-PEG-
Cy5.5-QD 

Prostate cancer PET/MRI Phase 1 NCT04167969 

Nanosensors Stomach diseases/gastric 
cancer 

Diagnostic 
test 

– NCT01420588 

Gold 
nanomaterials 

Solid tumors/benign 
disease/normal 

Diagnostic 
test 

– NCT03967652 

Iron oxide 
nanoparticle 

Head and neck squamous 
cell carcinoma 

Lymph nodes Not 
applicable 

NCT03817307 

124I-cRGDY-
PEG-dots 

Metastatic melanoma/ 
malignant brain tumors 

Localization Not 
applicable 

NCT01266096



going on, and (3) how much pressure is inside the tumor (Kubik et al. 2005; Pelicano 
et al. 2006).
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Table 12.2 (continued)

Composition Condition Target Status NCT number 

CNP Rectal cancer Lymph nodes Not 
applicable 

NCT03550001 

Ferumoxytol Rectal cancer Lymph nodes Early 
phase 1 

NCT03280277 

89Zr-DFO-
cRGDY-PEG-
Cy5-C′ dots 

Brain cancer PET imaging Phase 1 NCT03465618 

IRDye800CW Head and neck squamous 
cell carcinoma 

Imaging Phase 1/2 NCT03134846 

Ferumoxytol Esophageal cancer MRI Early 
phase 1 

NCT02857218 

USPIO Rectal neoplasms/breast 
neoplasms 

MRI Phase 3 NCT02751606 

Electrosensing 
antibody probing 
system 

Non-small cell lung 
cancer 

Device Not 
applicable 

NCT01359436 

Iron oxide NPs Leukemia Device Not 
applicable 

NCT01411904 

Active targeting or ligand-mediated targeting needs specific ligands or molecules, 
like transferrin, that bind to molecules or receptors that are expressed on the target 
cells. The active targeting mechanism uses interactions between the targeting ligand 
and specific cell surface markers to increase the number of cells that take up the drug 
and keep it in the tumor. Through conjugation, it is possible to control how many 
targeting ligands are on the surface of the nanoparticles. In general, small molecule 
ligands like sugars and peptides are more appealing than antibodies because they are 
more stable, pure, easy to make through synthetic methods, and don’t cause immune 
responses (Kingsley et al. 2006; Farokhzad and Langer 2009). 

12.4.1 Multifunctional Nanosystems for Cancer Therapy 

Nanotechnology (the study of particles and devices in the nanoscale, dimensions of 
1–100 nm) opens up new avenues for cancer therapy and diagnostics (theragnostic). 
Some major classifications are described as follows: 

12.4.1.1 Core-Shell Nanostructure 
Because of their inclination to agglomerate and their short blood half-life, they must 
be functionalized with the help of certain polymers. Core-shell NPs, which generally 
represent composite nanomaterials, are made up of shells that cover the exterior layer 
and cores as the inner core material. The notion of core-shell NPs has recently been 
modified to include a class of nanomaterials in which the inner particles are entirely



or partially covered by a layer with a defined boundary. Core-shell NPs have 
developed as an important class of nonstructural materials due to their extensive 
uses in biology, sensors and catalysis, as well as their appealing characteristics. A 
metal core surrounded by shells made of metal, nonmetal, and polymer could be 
utilized to build a variety of core-shell structures. Nonmetal or polymer shells can be 
used in polymer-core systems, and the two polymers are not the same (Lenin et al. 
2018; Sur et al. 2019). 
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12.4.1.2 Polymers 
Polymer nanoparticles are systems made of natural or synthetic polymers. They offer 
significant advantages over other nanocarriers, such as liposomes and micelles. 
Other remarkable aspects of polymeric nanoparticles include their outstanding 
durability in biological fluids, as well as the vast availability of diverse polymers, 
the ability to functionalize their surfaces, and adjust polymer degradation and 
leakage of the encapsulated compound(s) as a function of specific stimuli. To 
improve antitumor activity, suppress metastasis, and reduce effective dose and 
side effects, several cancer treatments have been encased in polymeric delivery 
methods. Polymers have the ability to encapsulate or adsorb active compounds 
within their structure (Guo et al. 2016). 

12.4.1.3 Liposome/Magnetic Nanoparticles Hybrid Nanoparticles 
When combined with liposomes, functional inorganic nanoparticles can be used in 
many different ways in biomedical research. Magnetoliposomes (MLs), which are 
liposomes with magnetic nanoparticles inside, are a promising platform for 
bioimaging, drug delivery, and controlling cell signaling. They are made of a 
mixture of organic and inorganic materials. MLs are often used in MRI as contrast 
agents and as drug carriers in chemotherapy. The size of MNPs is one of the most 
important things that affects how magnetic they are. Traditional ways to put inor-
ganic or metal nanoparticles into liposomes depend on hydrophobic interactions 
between the aliphatic hydrocarbons of the phospholipid bilayers and the lipid surface 
of the nanoparticles. When the lipid film gets wet, nanoparticles with hydrophobic 
coatings on their surfaces naturally embed themselves in the phospholipid bilayers of 
liposomes. 

12.4.1.4 Micelles 
Micelles are formed by the self-assembly of lipids or other amphiphilic molecules, 
such as polyamino acids or polymers, into small nanoparticles with a hydrophobic 
core. This structure has been established as a hydrophobic drug delivery carrier. 
Hydrophobic medicines are enclosed within the hydrophobic core of the micelle. 
These copolymers are biodegradable and biocompatible; also, they are cell-
specifically targetable (Choi et al. 2019). 

12.4.1.5 Photodynamic Therapy 
Photodynamic therapy (PDT) is an exciting way to treat cancer that uses a light 
source, a photosensitizer, and molecular oxygen. PDT is a way to treat cancer by



giving a PS and shining light on the tumor to cause photooxidative reactions in the 
PS. After tumor tissue takes in PS, a certain wavelength of light is needed to get PS 
excited and cause it to make highly cytotoxic reactive oxygen species (ROS). PDT 
has several clear advantages over other ways of treating cancer, such as not being 
invasive, having low side effects, being sure to work, and not causing drug resis-
tance. Because of this, PDT has been used in clinics to treat many types of tumors, 
such as bladder cancer, lung cancer, cancer of the head and neck, and skin cancer. 
So, targeted delivery systems are needed to get PSs to their destinations while 
causing as little damage as possible to normal cells and tissues. 
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These nanocarriers make it possible for PSs to be selectively gathered in tumors 
using passive targeting methods that depend on the increased permeability and 
retention (EPR) effect of nanocarriers in tumor tissues. Grafting targeted ligands 
onto the surface of nanocarriers is another common way to reduce side effects by 
reducing interactions between nanocarriers and healthy cells. Targeting ligands like 
antibodies, peptides, and folate can be grafted onto the surface of nanocarriers to 
make them more effective at finding and killing cancer cells. 

By putting the PS in nanocarriers that have been modified with targeted ligands, 
the PS builds up in tumors only. This is called tumor selectivity. When it comes to 
targeting, third-generation PSs do better on average than second-generation PSs 
(Sun et al. 2019). 

In the last 10 years, it has become more important for the drug delivery system to 
make smart materials that can respond to environmental changes. Some people think 
that being able to control how drug carriers act from afar could make drug delivery to 
target sites more effective and efficient. In many ways, liposomes are better than 
other drug carriers. Liposomes are made of two layers of lipids that are made in a lab. 
Their sizes range from a few hundred nanometers to a few hundred micrometers. 
Liposomes are biocompatible and biodegradable, and they can encapsulate both 
drugs that are water-loving and drugs that don’t like water. This keeps the drugs safe 
from the environment. Researchers have recently found a smart way to treat people 
with a new type of liposome. This makes it possible for the liposome to release its 
contents in response to things like temperature, pH, light, ultrasound, magnetic field, 
and so on (Zou et al. 2011). 

12.4.2 Magnetic Nanoparticles in Cancer Therapy 

Magnetic nanoparticles (MNPs) have been used in nanomedicine for some time 
now. MNPs particularly superparamagnetic iron oxide nanoparticles, Fe3O4/Fe2O3, 
are prominent among nanoparticles due to their unique physicochemical properties 
such as high magnetic saturation, biocompatibility, and excellent heating ability 
(when exposed to an Alternating Magnetic Field (AMF)). There is a controlled 
interaction between the external magnetic fields by permanent magnet MNPs. As a 
result, the position of an MNP could be used to pinpoint the exact location of a 
medical problem. An alternating magnetic field causes MNPs to heat up, making 
them useful in nuclear MRI and as a drug delivery vehicle (Mulens et al. 2013).
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12.4.2.1 Hyperthermia 
Hyperthermia, a therapy that raises the temperature of malignant areas of the body to 
40–43 °C, has indeed been found to trigger apoptosis in cancer cells by increasing 
the efficiency of radiotherapy and chemotherapy. Despite the ability of hyperthermia 
to improve radio- and chemotherapy treatments, toxicity due to the similar hyper-
thermia responses of malignant and healthy tissues remains a barrier to clinical 
application. Magnetic hyperthermia, a type of hyperthermia that is currently 
conducting clinical trials, is one promising method to overcome this barrier. 
Nanometer-sized (10–100 nm) ferrite nanoparticles, particularly magnetite (Fe3O4) 
or maghemite (–Fe2O3), are the most frequently used materials for magnetic hyper-
thermia. The properties of magnetic iron oxide nanoparticles (MIONs) are due to the 
presence of ions with different valencies in their crystalline structure (Chang et al. 
2018; Kirschning et al. 2012). 

MIONs may be delivered to the tumor via intra-peritoneal, intra-tumoral, intra-
arterial, intra-cavitary, or intravenous routes. MIONs cannot be administered orally 
because the majority of the nanoparticles will be excreted focally due to their large 
size. After intra-tumoral delivery MIONs successfully localized in the tumor, which 
can result in efficient heating of primary tumors. Malignancies that frequently spread 
to the peritoneum, including ovarian and gastric cancers, benefit from intra-
peritoneal administration. The intra-peritoneal route achieved a threefold greater 
intra-tumoral level compared to intravenous delivery. This was also capable of 
transporting chemotherapeutic drugs and inhibiting pancreatic tumors while causing 
no systemic toxicity (Chang et al. 2018; Gao et al. 2017). 

12.4.2.2 MNPs for Hyperthermia-Based Therapy 
MNPs used in hyperthermia therapeutics are made from a variety of materials, 
including Zn, Mn, Fe, Mg, Co, Ni, Gd, and their oxides. Pure metal applications 
in biomedical engineering have been limited due to their potential toxicity and 
instability in the human body. Metal oxides are more appealing for medical 
applications because they are more stable. Magnetite (Fe3O4) is a well-known 
magnetic material that can be stabilized by a variety of ligands like dextran (Farzin 
et al. 2020). The essential factors in determining MNP hyperthermic strength are the 
chemistry, particle size, NP dispersity, and magnetic moment. 

12.4.2.3 Delivery of MNPs to the Tumor Site 
It is possible to maintain MNPs in a consistent manner and to localize them in the 
cancerous site by exposing them to an external magnetic field close to the target 
tissue. The direct injection technique involves injecting cancerous tissue with mag-
netic fluid that has been formulated to contain a certain amount of MNPs (Ito et al. 
2003; Zhai et al. 2009). 

A further benefit of direct injection is that the concentration of MNPs at the tumor 
site can be controlled. However, this method is just effective when the tumor site is 
easily accessible (Huang and Hainfeld 2013). 

MNPs can be actively delivered to the tumor site for improved localization. By 
utilizing these interactions, higher NP concentrations and cellular uptake in targeted



tumor cells can be achieved. The development of ferric oxide nanoparticles with a 
dextran coating and a surface conjugation of a human epidermal growth factor 
receptor aptamer (HER2) is described. This was used as mediator of hyperthermia. 
The results demonstrated that NPs tagged with aptamers specifically targeted HER2-
expressing cells. By manipulating the external magnetic field, tumor MNP aggrega-
tion could be enhanced. Overall, active delivery of MNPs results in improved tumor 
particle distribution (Farzin et al. 2020). 
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12.4.2.4 Mechanism of Heat Generation Using MNPs 
Weiss domains are multi-magnetic domains that can generate heat during a magne-
tization cycle due to hysteresis loss. Applying alternating magnetic field (AMF) to 
ferromagnetic structures drives all magnetic domains to be in parallel with AMF 
direction, which locates them in a lower energy state. Two models can represent the 
heat generated in ferromagnetic materials subjected to an AMF: relaxation (which 
can be categorized into Néel and Brownian) and hysteresis loss. The Néel relaxation 
theory is the relaxing magnetism induced by rapidly altering magnetization orienta-
tion (internal dynamics). Brownian method refers to the friction that a particle 
rotational dispersion can cause in a medium. In this method, viscosity inhibits 
nanoparticles from freely rotating in the external medium (Shah et al. 2016; Wust 
et al. 2002). 

12.4.3 Drug Delivery Vehicles 

A sophisticated drug delivery vehicle is necessary for cancer. The drug delivery 
vehicles increase the therapeutic index of chemotherapeutic drugs and decrease the 
chemo-resistance state. Various materials, including polymers, inorganic carriers, 
hydrogels, lipids, peptides, and macromolecular scaffolds, have been used to design 
a drug delivery vehicle. Nanoparticles-derived nanoscale drug vehicles have even 
more demonstrated potential because of high selective accumulation in tumors. The 
large surface-area-to-volume ratio and small size of nanoscale vehicles allow them to 
bind, absorb, and carry anticancer agents with better efficiency. Both organic and 
inorganic nanoscale vehicles have been widely used in cancer therapy (Felice et al. 
2014). 

Figure 12.1 shows varieties of fabricated materials in sizes, shapes, architectures, 
chemical properties, and targeting strategies. To enhance the bioactivity of inorganic 
nanocarriers as well as water solubility, their surfaces can be coated with polar 
species along with mono- or multi-layer ligand shells. In addition to surface decora-
tion, shape, net surface charge, and size of the vehicle are an important parameter in 
its delivery efficacy. Moreover, various strategies can be used to increase vehicle-
targeted delivery, such as the application of specific antibodies, vitamins, aptamers, 
peptides, and proteins. In the following, an explanation of various nanoscale drug 
delivery vehicles has been provided (Senapati et al. 2018).
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12.4.3.1 Inorganic Nanocarriers 
Inorganic nanoscale vehicles have some advantages, including surface-area-to-vol-
ume ratio, higher bioavailability, higher capacity of drug loading, controlled drug 
release, lower side effects, and tolerance towards most organic solvents. Quantum 
dots (QDs), calcium phosphate nanoparticles (CPN), carbon nanotubes (CNTs), 
two-dimensional (2D) layered double hydroxides (LDHs), mesoporous silica 
nanoparticles (MSNs), and magnetic nanoparticles are frequently inorganic 
materials used in cancer treatment (Senapati et al. 2018; Mombini et al. 2019). 
QDs or semiconductor nanocrystals are nanoparticles which have great potential in 
drug delivery approaches. They increase the cellular uptake of the drug, leading to an 
increase in the anticancer efficacy of drugs (Pardo et al. 2018). CNTs, as a group of 
synthetic 1D nanomaterials, are made from carbon. In CNTs, sp2 hybridized carbon 
atoms into hollow tubes and built rolled sheets of graphene rings. Because of the 
unique optical properties of CNTs, they enable using photo-thermal ablation ther-
apy. In addition, the CNTs afford the real-time tracking of drug delivery efficacy 
in vivo (Abedi et al. 2021). Bioactive peptides, drugs, and nucleic acids can be 
applied for the functionalization of the CNTs to deliver their drug to specific cells. 
To reach the desirable dispersion and solubility of CNTs, non-covalent and covalent 
functionalization/modifications have been applied. Penetration of the plasma 
membranes is the main advantage of CNTs for using them as carriers to deliver 
therapeutic agents into the cytoplasm as well as into the nucleus (Zhang et al. 2011). 
LDHs have high biocompatibility, pH-responsive drug release, high drug loading 
efficacy, low cost, biodegradation in pH between 4 and 6 (the cellular cytoplasm) 
efficient endosomal escape, and controlled drug release rate capacity. LDHs consist 
of layers with a net positive charge; therefore, it has anion exchange capacity and 
anionic molecules (such as peptides, proteins, and genetic materials) and drugs can 
easily be inserted in the LDHs interlayer (Senapati et al. 2018). MSNs are another 
type of nanoscale vehicle with unique properties, such as large pore volume, easy 
functionalizing, large specific surface area, good biocompatibility, delivering 
membrane-impermeable hydrophobic drugs, and high protection of drugs from 
degeneration or denaturation. Magnetic nanoparticle-based drug delivery relies on 
external magnetic field guidance to reach their target cells, and their cellular uptake 
has not been dependent on nanoparticle size and surface charge. The enhanced 
efficacy of magnetic nanoparticle-based drug delivery is predominantly due to 
magnetic effects (Senapati et al. 2018). 

12.4.3.2 Organic Nanocarriers 
Organic nanocarriers are comprised of natural and synthetic polymers, liposomes, 
proteins, lipids, extracellular vesicles (EVs), dendrimers, emulsions, and hydrogels. 
Over the last decades, polymeric nanoparticles have been among the widely 
investigated nanoparticles in drug delivery issues. There are some FDA-approved 
biodegradable polymeric nanoparticles, such as poly lactic acid (PLA) and poly 
lactide-co-glycolide (PLGA) (Senapati et al. 2018). Liposomes are small, sphere-
shaped, self-closed structures with one or more phospholipid bilayers and an 
encapsulated hydrophilic phase in the center. To reduce the percentage of liposomal



uptake by macrophages, their surface has been decorated by polyethylene glycol 
(PEG). Hydrophobic drugs can be directly combined into liposomes, and hydro-
philic drugs can be encapsulated in their inner aqueous core. Niosomes are modified 
liposomes with nonionic surfactants instead of phospholipids and can have a longer 
circulation time than liposomes. Transfersomes are elastic liposomes with more 
penetration ability. Ethosomes are also modified liposomes that enhance the perme-
ation. Protein-based nanocarriers are biodegradable, biocompatible, and 
non-immunogenic. They have an efficient binding capacity for different drugs and 
a long half-life in circulating plasma. Albumin-based nanocarriers are a common 
type of protein-based nanoscale vehicles, and some of its derivations, such as 
paclitaxel-albumin-based nanoparticles, are FDA-approved. Polymersomes are hol-
low shell nanocarriers, and, similar to liposomes, consist of the internal and external 
hydrophilic context with a hydrophobic middle context. The thick external mem-
brane of polymersomes provides easy reaction with surface agents (Singhvi et al. 
2020). Polymeric micelles have sustained drug release, composed of an inner 
hydrophobic core and an outer hydrophilic shell formed by the self-assembly of 
block copolymers in an aqueous solution. Therefore, micelles-based nanoparticles 
can incorporate both hydrophobic and hydrophilic drugs. A hydrogel is a 3D 
polymer, flexible, and cross-linked hydrophilic polymer with a porous structure 
and high encapsulating efficiency. Drug delivery or controlled release is among 
the important therapeutic applications of the hydrogel. Both natural and synthetic 
hydrogels have been widely used in medicine. EVs are naturally liposome-like 
nanoscale nanoparticles, which play a crucial role in cell-cell communication. EVs 
include exosomes, microvesicles, and apoptotic bodies with tissue-specific contents. 
EVs transfer various macromolecules between cells, and various studies have 
mimicked their natural function to deliver their desired drug by them. As an 
example, mesenchymal stem cells-derived EVs containing miR-379 caused a signif-
icant decrease in tumor volume in mice model (O’Neill and Dwyer 2020). 
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12.4.3.3 Hybrid Materials for Drug Delivery 
Hybridization of multiple molecules can create a multifunctional carrier and improve 
the biodegradability, stability, biocompatibility, and other characteristics of the 
vehicle. Gold, silica, iron, copper, hydroxy apatite, and layered double hydroxide-
based nanohybrids are among the more applicable materials in drug delivery. For 
example, magnetic MSNs, as inorganic–inorganic nanohybrids, showed a 
pH-sensitive controlled release, which is beneficial for lower pH of the tumor 
microenvironment (TME) (Choi et al. 2021). Lipid-polymer hybrid nanoparticles 
are a type of common hybrid nanomaterials which have higher loading capacity as 
well as higher stability because of their lipid-polymer composition. As an example, a 
hybrid nano-hydrogels composed of carboxymethylcellulose–silver nanoparticles– 
DOX showed a controlled release of DOX against melanoma cancer cells (Choi et al. 
2021; Capanema et al. 2019).
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12.4.4 Types of Utilized Therapies Combined with Nanoscale 
Vehicles 

Anticancer molecules such as paclitaxel, vincristine, doxorubicin (DOX), nucleic 
acids, peptides, and antibodies have been the main cargoes of the drug delivery 
nanoscale vehicles. In the following, examples for delivering each type of drug have 
been provided. Therapeutic drugs have various inhibition mechanisms; DOX and 
cisplatin cause chemical damage to cellular DNA; paclitaxel disrupts spindle forma-
tion and thereby causes M phase cell cycle arrest. 5-fluorouracil (5-FU), methotrex-
ate, mercaptopurine, and cytarabine by inhibition of DNA synthesis caused S phase 
cell cycle arrest; vinblastine, vincristine, and etoposide cause M phase cell cycle 
arrest (Singhvi et al. 2020). 

12.4.4.1 Chemotherapeutics 
Cai et al. synthesized QDs (ultra-small ~3 nm) functionalized with poly (ethylene 
glycol) (PEG) and hyaluronic acid to target a high-expressed glycoprotein CD44 on 
cancer cells surface and DOX (Cai and Chen 2008). Chiu et al. developed a good 
stable, biocompatible and low toxic nanoscale vehicle based on carbon QDs (CQDs) 
doped with S, N, and Gd (GdNS@CQDs) with ~80% drug-loading capacity. To 
reach a dual mode fluorescence/magnetic resonance, they functionalized 
GdNS@CQDs with folic acid (FA) (as a ligand for frequently expressed receptors 
in cancer cells) through ECD/Sulfo-NHS reaction. This carrier showed the targeting 
capacity on HeLa and HepG2 cancerous cell lines (Chiu et al. 2016). Yang et al. 
synthesized quercetin (QE)-loaded CdSe@ZnS QDs and showed its increased 
anticancer capability to two- to sixfold compared to raw QE and CdSe QDs. In 
one study, Mn:ZnS QDs were encapsulated in chitosan and functionalized with FA 
and decreased tumor size and metastasis in the lung-tumor-bearing mice group 
compared to 5-FU treated group (Yang et al. 2017). Sui et al. showed that graphene 
QDs (GQDs) increased the anticancer activity of cisplatin (Sui et al. 2016). 

Cisplatin has been loaded into single-walled CNTs (SWCNTs), and showed a 
toxic effect on DU145 and PC3 human prostate cancer cell lines. Zhang et al. have 
synthesized DOX-loaded polysaccharide functionalized SWCNTs, with stimuli-
responsive drug release, biocompatible, water-dispersible multifunctional drug 
delivery system, and simultaneous targeting characteristics. They wrapped 
chitosan/alginate biopolymer chains around the SWCNTs by sonication and stirring 
of a chitosan/alginate solution containing SWCNTs. Therefore, pH < 7 of tumor 
tissues, the hydrophilicity of DOX is increased, and facilitates its release from the 
surface of SWCNT. To increase the nanoscale carrier’s targeting activity, they 
incorporated NH2 groups of chitosan with FA. It was reported that interacted 
raloxifene hydrochloride (RH), as an anticancer drug, with a series of magnesium 
aluminum LDHs with different interlayer exchangeable anions (NO3

-,  CO3 
2-, and 

PO4 
3-) released in a controlled manner (Zhang et al. 2016). MSNs have been used 

for loading various anticancer agents such as docetaxel, paclitaxel, and DOX. Large 
surface and tunable porous architecture is the main advantage of MSNs which can 
convert them to a controlled release carrier when the vehicle reaches the tumor.



Various gatekeepers or stimuli can be used to a controlled release of the drug. DOX 
conjugated with dextran and encapsulated in a hydrogel has fewer side effects and 
high efficacy in solid tumors therapy (Iturrioz-Rodríguez et al. 2019). Yang et al. 
showed that cell-penetrating peptide functionalized polymersomes caused efficient 
and controlled delivery of methotrexate disodium to A549 human lung cancer 
in vivo compared to non-functionalized polymersomes and free drugs (Yang et al. 
2018). Tamoxifen embedded PLGA nanoparticles exhibited higher DNA cleavage 
potential compared to the pure drug. Paclitaxel-loaded bovine serum albumin-based 
nanoparticles followed by FA decoration targeted the PC3 prostate cancer cell line 
effectively (Pandey et al. 2016). A micelle composed of encapsulated DOX into 
cationic 1,2-dioleoyl-3-trimethylammonium propane/methoxy PEG-(DPP) 
nanoparticles showed a cytotoxic effect against bladder cancer. The therapeutic 
effect of paclitaxel-loaded natural polysaccharide nanoscale hydrogel (nanogels) 
was higher than paclitaxel alone, in tumor mice breast cancer models (Kumari 
et al. 2017; Jang et al. 2020). 
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12.4.4.2 Radiotherapeutics 
Radiation therapy has a long history and uses radiation, usually X-rays, which can 
eradicate or control many tumors. However, its side effects need to be decreased, and 
its therapeutic effects need to be increased. Nanotechnology has reprogrammed 
radiotherapy, and it can increase radiosensitization. Nanoparticles have higher 
permeability and retention (EPR) effects; therefore, they increase the tumor-specific 
release of radiosensitizing drugs. Recently, radiopharmaceuticals have been devel-
oped that can deliver radiation directedly to tumor tissues. Nanoscale vehicles hold 
promising prospects, including liposomes, MSNs, bovine serum albumin- and 
polymeric-based nanocarriers that can incorporate radiosensitizers such as cisplatin, 
selenium (Se), DNA repair inhibitors, catalases, siRNA, and miRNA. For instance, 
cisplatin, by binding to the DNA of cancer cells, concentrates radiation in the 
nucleus of targeted tumor cells and contributes to DNA damage and cell death. 
Notably, the PLGA-PEG nanocarrier containing both the cisplatin and wortmannin 
(as a DNA repair inhibitor) has been approved by FDA for ovarian cancer therapy. 
Liposomal-based nanocarrier coated with cisplatin and catalase (as a decomposer of 
H2O2 into H2O and O2) enhanced the radiotherapy effect and impeded tumor 
growth. It is worth mentioning that O2 is essential for radiotherapy-induced DNA 
breaks. A combination of radiation and drug-loaded nanocarriers can especially 
control tumors with high numbers of macrophages, which are usually difficult to 
treat (Jin and Zhao 2020). 

High-atomic number of used nanoparticles causes an increase in the radio-
enhancement effect. According to studies, high-atomic number metallic 
nanoparticles such as gold (Au), hafnium (Hf), gadolinium (Gd), and bismuth 
(Bi) have higher radiosensitization potential. Over the past two decades, there has 
been extensive research on the benefits of nanotechnology application in clinical 
radiation oncology (Lin 2015).
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12.4.4.3 Immunotherapeutic 
Cancer immunotherapy helps the host immune system to find cancer cells and kill 
them. There have been various types of immunotherapy, including antibodies, 
immune checkpoint inhibitors, chimeric antigen receptor (CAR) T-cell therapy, 
and cancer vaccines. In cancer immunotherapy, antibodies act as therapeutic agents 
and do not target ligands. Immune checkpoint inhibitors are also antibodies against 
the immunosuppressing receptors either on cancer cells, such as programmed cell 
death protein-ligand 1 (PD-L1), or on immune cells, such as programmed cell death 
protein 1 (PD-1). CAR T-cell therapy modifies the patient’s own T cells ex vivo to 
act against the cancer cells. Cancer vaccines deliver the tumor antigens or their 
genetic information to the host, which then induces immune responses against 
cancer cells that express those antigens (Jahanafrooz et al. 2020). 

Despite the high efficiency of various types of immunotherapies, only a small 
portion of patients respond ideally to them. Immunotherapies combined with nano-
scale vehicles containing different drugs have shown to be promising candidates for 
cancer immune-combined therapy. For example, encapsulated MSN with DOX 
showed the ability to promote dendritic cells (DCs) maturation and higher tumor-
infiltrating cytotoxic T-cell anti-tumor cytokines release. Notably, DOX chemother-
apy alone stimulates immunosuppression response by INF-γ secretion. Indeed, 
cancer immunotherapy has been enhanced with nanomedicine; it was shown that 
liposomes decorated with anti-CD137 antibodies caused activation of cytotoxic T 
cells tenfold more than anti-CD137 antibodies in soluble form. According to one 
study, a combination of checkpoint inhibitors anti-PD-1 antibody with a polymer-
based nanocarrier containing DOX showed improved anticancer properties. As a 
side note, following the interaction of PD-1 is an immune checkpoint on immune 
cells that interact with PD-L1 on tumor cells, and immunosuppression happens (Gao 
et al. 2018). 

12.4.4.4 Peptides 
The common anticancer peptides include cell-penetrating peptides (CPPs), tumor-
targeting peptides (TTPs), and pore-forming proteins (PFPs) (Hafezi Ghahestani 
et al. 2017). CPPs are hydrophobic short lengths of amino acids with the ability to 
easily translocate through the plasma membrane. CPPs target many molecules 
involved in growth, survival, and proliferation signaling pathways. CPPs are an 
efficient approach for the intracellular delivery of anticancer drugs; for instance, 
trans-activator of transcription (Tat), obtained from human immunodeficiency virus 
(HIV), conjugated to DOX, and caused an increase in DOX uptake by the drug-
resistant cancer cells (Hafezi Ghahestani et al. 2017; Gui et al. 2020). TTPs bind the 
especially expressed molecules on cancer cell’s surface and internalize into the cells; 
there have been many reported TTPs-based drug deliveries. Various anticancer 
agents have been conjugated into TTPs to increase their efficacy and cellular uptake 
(Zhu et al. 2018). For example, in one study, the peptide NGR (Asn-Gly-Arg) was 
conjugated to a PEGylated liposome-polycation-DNA containing DOX or C-Myc 
siRNA and produced significant cytotoxic effects both in vitro and in a fibrosarcoma 
mouse model (Hafezi Ghahestani et al. 2017). PFPs are present in all living



creatures. PFPs are usually short cationic peptides that have a natural tendency to 
negative cell surfaces of cancer cells because of electrostatic interactions 
(Mokhtarzadeh et al. 2016). Pore formation, as the crucial mechanism in membrane 
permeabilization, is a commonly used manner by PFPs, and induces cell death in the 
target cells (Dissanayake et al. 2017). 
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12.4.4.5 Oligonucleotides 
Various types of oligonucleotides have been used as a drug. Small oligonucleotides 
such as siRNAs and miRNAs are the commonly used nucleic acids in cancer 
therapy. FDA approved siRNAs drugs in 2018. Both siRNAs and miRNAs prevent 
mRNA translation either by its degradation or translation inhibition, respectively. 
Xie et al. synthesized a hybrid anionic nanoparticle composed of PEGylated 
carboxymethyl chitosan/calcium phosphate (PEG-CMCS-CaP), which was an effec-
tive delivery vehicle for siRNA. It induced significant apoptosis in liver carcinoma 
HepG2 cells and in liver tumor-bearing mice model similar to commercial 
Lipofectamine 2000. Sometimes, to reach an effective therapy, a co-delivery of 
oligonucleotide along with an anticancer drug has been applied (Xie et al. 2014). 
In a study, Li et al. used an LDH nanocarrier encapsulated with 5-FU and conjugated 
with AllStars Cell Death siRNA on its surface. The co-delivery of the mentioned 
drugs showed more cytotoxicity on cancer cell lines (because of simultaneous effects 
on mitochondrial permeability) compared to separate treatment of 5-FU or 
CD-siRNA. In addition, PEGylated calcium phosphate hybrid micelles-based 
nanoparticles showed high efficiency in siRNA delivery to pancreatic-tumor-bearing 
transgenic mice model (Li et al. 2014b). 

Despite siRNAs, miRNA can target hundreds of mRNAs, and shut down so many 
genes. Chemical modification and encapsulation of miRNAs can both stabilize the 
miRNAs. In addition, nanoparticles can improve miRNAs delivery in the body. Our 
previous study showed that compared to dendrimer, liposome is a better delivery 
vehicle for miRNA transfection in T47D breast cancer cell line (Jahanafrooz et al. 
2022). Both natural and synthetic biomaterials have been used as a vehicle for 
miRNAs such as PLGA, gold, liposome, PEG-lipid, chitosan, hyaluronic acid, and 
silica. For example, hyaluronic acid-based nanoscale vehicle loaded with miR-145 
inhibited tumor growth in the colon cancer xenograft model (Lee et al. 2019b). 

12.4.5 Remote Controlled Pulsatile Drug Release 

This type of cancer therapy is a non-invasive and non-continuous therapy with an 
external controlling agent. Here, the smart drug delivery vehicles are the triggered 
drug-releasing vehicles that prompt a controlled drug release at a specific time or site 
in response to external or remote stimuli, including magnetic fields, temperature 
changes, light, ultrasound, and/or electric fields (Fig. 12.2). These vehicles are 
pulsatile drug delivery systems and could have the maximum drug toxicity and the 
minimum side effects. This type of drug release can overcome the drug resistance 
characteristic of cancer. It was shown that the addition of photodynamic and



photothermal therapies to the immobilized curcumin on silica-coated Fe3O4 

nanocomposite increased its anticancer effects and caused a significant decrease in 
tumor volume in the breast cancer mice model (Ashkbar et al. 2020). As well as 
pulsatile delivery of mitoxantrone (a chemotherapeutic) by magnetically responsive 
biphasic ferrogels is more effective at eliminating melanoma cells in vitro (Emi et al. 
2018). In addition to site-specific accumulation, magnetic nanocarrier could reach 
the hyperthermia temperature and provide the hyperthermia therapy. As an example, 
a high-frequency magnetic field created the hyperthermia state (approximately 42 ° 
C) in DOX-loaded magnetic liposomes and caused cytotoxic effects on L-929 
colorectal cancer cells (Hardiansyah et al. 2014). 
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Fig. 12.2 Graph illustrating the drug-releasing profile in a remotely controlled manner in response 
to remote stimuli such as magnetic fields, light, temperature changes, electric fields, or ultrasound 

12.4.6 Drug Targeting Approaches for Cancer Therapy 

There are two main approaches undertaken in drug delivery to specific target sites, 
including active and passive targeting strategies (Fig. 12.3). Active targeting relies 
on the binding of specific ligands to the cell surface receptor in target cells. Passive 
targeting is based solely on the EPR in pathological sites (Attia et al. 2019). 
Therefore, the preparation of active targeting nano-vehicle is relatively complex 
manufacturing. 

12.4.6.1 Active Targeting 
In active targeting cellular uptake is more than passive targeting because of specific 
homing as a result of the specific ligand-receptor interaction. These receptors are
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cancer-specific or overexpressed in cancer cells. Several nanocarriers formulations 
derived from active compounds have been developed. Numerous ligands have been 
used for nanoparticle platforms, including peptides, hyaluronic acid, folate or FA, 
antibodies or antibody fragments, aptamers, and carbohydrates or polysaccharides. 
For instance, the FA receptor is overexpressed in several cancers, and 
FA-conjugated PEG-PLGA nanoparticle delivering docetaxel induced more apopto-
tic and cytotoxic effects than the free drug on Hela cervical carcinoma cell line. Or 
receptor of hyaluronic acid (i.e., CD44 receptor) also showed a high expression on 
several cancer cells; hyaluronic acid conjugated with micelles delivering paclitaxel 
was shown a more cellular uptake in MCF-7 breast adenocarcinoma cells (Muhamad 
et al. 2018).
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12.4.6.2 Passive Targeting 
Hypoxic media, inflammation, low pH, absence of normal lymphatic drainage, and 
more permeable blood vessels are some common features of TME. The mentioned 
characteristics have been used to enhance the permeability and retention period of 
anticancer agents in tumor tissues. The leakage of the newly formed tumor vessels is 
even more used in passive targeting. Particle size, geometry, elasticity, and surface 
charge affect the retention and circulation time of the anticancer agents. PEGylated 
micelles delivering cisplatin and DOX are some examples of formulations derived 
from passive targeting (Torchilin 2010). PEGylated liposomal DOX was the first 
passive targeting approved nanoscale vehicle. Other approved ones include Doxil™, 
Abraxane™, Marqibo™, Vyxeos™, DaunoXome™, Onivyde™, Myocet™, 
Mepact™, Genexol-PM™, and SMANCS™ (Rosenblum et al. 2018). All the 
mentioned passive targeting approach demonstrated significantly more response 
rates compared to the free-related encapsulated drugs. Table 12.3 summarizes 
some of the passive targeting (approved by the FDA or European Medicines Agency 
(EMA)) nanoscale vehicles (Rosenblum et al. 2018; Rodríguez et al. 2022). Totally 
56% of the approved nano-pharmaceuticals for cancer therapy are lipid-based 
nanoparticles, and 38% of them are peptide-based, and 6% are metal-based 
(Rodríguez et al. 2022). The stimuli-responsive drug delivery vehicles are also 
classified in passive targeting, which presents the most efficient drug delivery 
vehicles that induce a controlled drug release in response to the physical stimuli 
provided by the target sites, such as local temperature, pH, and the presence of 
oxidative stress (Torchilin 2010; Said et al. 2019). 

12.4.7 Clinical Trials of Nanotechnology-Based Applications 
in Cancer Therapy 

At present, many nanoparticle-based chemotherapeutics are in various stages of 
preclinical or clinical studies, and several are clinically approved. Every year several 
new nano-pharmaceuticals enter phase I/II of clinical investigation for cancer ther-
apy. Their cargo is chemical drugs, plasmids, or siRNAs. Liposome-, polymeric-,
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Table 12.3 Some of the approved nano-pharmaceuticals for cancer therapy (Rosenblum et al. 
2018; Rodríguez et al. 2022) 

Product Company Vehicle Drug Indication 

FDA-approved 

Doxil Ortho Biotech PEGylated 
liposome 

DOX Kaposi’s sarcoma, 
ovarian cancer, 
multiple myeloma 

DaunoXome Galen Liposome Daunorubicin Kaposi’s sarcoma 

Marqibo Spectrum Vincristine Acute lymphoid 
leukemia 

Onivyde Merrimack Irinotecan Pancreatic and 
colorectal cancer 

Oncaspar Les 
Laboratoires 
Servier 

Protein-drug 
conjugates 

PEGylated L-
asparaginase 

Acute lymphoblastic 
leukemia 

Ontak Les 
Laboratoires 
Servier 

Denileukin 
Diftitox 

Cutaneous T-cell 
lymphoma 

Eligard Recordati 
Industria 
Chimica 
e Farmaceutica 

Leuprorelin 
acetate 

Prostate cancer 

Abraxane American 
Biosciences, 
Inc. 

Albumin-
based 
nanocarrier 

Paclitaxel Breast cancer, 
non-small lung cancer, 
pancreatic cancer 

Kadcyla Genentech Protein-drug 
conjugates 

Trastuzumab 
emtansine 

Metastatic breast 
cancer 

Genexol Samyang 
Holdings 

Polymeric 
micelle 

Paclitaxel Metastatic breast 
cancer, pancreatic 
cancer 

EMA-approved 

Caelyx Schering-
Plough 

PEGylated 
liposome 

DOX Metastatic breast 
cancer, ovarian cancer, 
Kaposi’s sarcoma, 
multiple myeloma 

Myocet Teva UK Liposome DOX Metastatic breast 

Mepact Millenium Liposome Mifamurtide Osteosarcoma 

Ameluz Biofrontera 
Bioscience 
GmbH 

Lipid-based 
nanocarrier 

5-
Aminolevulinic 
acid 

Superficial and/or 
nodular basal cell 
carcinoma 

Vyxeos Jazz 
Pharmaceuticals 

Liposome Daunorubicin 
Cytarabine 

Acute myeloid 
leukemia 

Pazenir Ratiopharm 
GmbH 

Albumin-
based 
nanocarrier 

Paclitaxel Metastatic breast 
cancer, metastatic 
adenocarcinoma of the 
pancreas, non-small 
cell lung cancer



and micelle-based vehicles are the commonly used nanoscale vehicle in clinical trials 
(Table 12.4) (Riggio et al. 2011).
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Table 12.3 (continued)

Product Company Vehicle Drug Indication 

NanoTherm Magforce Metallic 
nanoparticles 

Iron 
nanoparticles 
(Fe2O3) 

Glioblastoma, prostate, 
pancreatic cancer 

FDA-EMA-approved 

Kadcyla Roche 
Genentech 

Protein-drug 
conjugates 

DM1 
(or Emtansine) 

HER2+ breast cancer 

12.5 Consideration of Nanomaterial: Advantages 
and Challenges 

Over the past few decades (2000–2020), nanotechnology progress has provided a 
novel hope for next-generation cancer diagnosis and treatment. Using nanomaterial 
in cancer issues can overcome the drawbacks posed by conventional chemotherapy 
and have some advantages, including noninvasive, high bioavailability, low degra-
dation in the body fluids, the high solubility of the drug, high stability of drug, 
specific targeting, and requirement of lower drug dose. Therefore, they can yield a 
high therapeutic index with no/fewer side effects. In addition to therapeutic issues, 
nanomaterial-based strategies for cancer diagnosis have shown a rapid increase over 
the last few decades (Iturrioz-Rodríguez et al. 2019). Despite all of these promises, 
there are important concerns that reside in some drawbacks and challenges, which 
are mentioned in the following. Potential toxicity of nanoparticles (such as blood 
clots, nephrotoxicity, and hepatotoxicity) raises concerns about their safety, espe-
cially for long-term administration. Pre-mature release of drugs and barrier to 
delivery are the important remaining challenges for nano-pharmaceuticals. Enzy-
matic degradation, accumulation/aggregation of nanocarrier, and physical barrier of 
skin are some barriers to the delivery route (Singhvi et al. 2020). Moreover, the 
coating formed by serum proteins and opsonins or protein corona could affect the 
stability, size, and other physiochemical properties of nanocarrier (Rosenblum et al. 
2018; Sengupta and Balla 2018). Therefore, protein corona could compromise 
targeting delivery, cellular uptake, internalization of nanocarrier, and its pharmaco-
kinetics and toxicity (Rosenblum et al. 2018). It was shown that the first injection of 
PEGylated liposomes can cause the emergence of anti-PEG immunity in some 
patients which causes quick elimination and increased hepatic uptake of the next 
dose of PEGylated liposomes. It is worth mentioning that immunogenicity against 
the nanocarrier itself is another possible undesirable effect of nano-pharmaceuticals 
for cancer therapy (Kozma et al. 2020). 

A tumor is composed of a heterogeneous population of cancerous and noncan-
cerous cells. Therefore, a nanoscale vehicle with a specific ligand can destroy only a



few subpopulations of tumors. In addition, the permeability/penetration of the 
hypoxic core and periphery of tumors are different. The low efficiency of endosomal 
escape of nanocarriers also limits their therapeutic benefit (Jahanafrooz et al. 2020). 
To reach realistically translation of nano-pharmaceuticals in clinical applications,
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Table 12.4 Examples of anticancer nanoscale vehicles in clinical trials (Riggio et al. 2011) 

Cancer type Vehicle 
Therapeutic 
agent Status 

Conjugated 
ligand 

Lung, head, and 
neck cancer 

Liposome Cisplatin Phase II – 

Non-small cell 
lung cancer 

Phase III – 

Pancreatic cancer – 

Non-Hodgkin 
lymphoma 

Interleukin 2 Phase I – 

Acute 
lymphocytic 
leukemia 

Annamycin Phase I – 

Advanced 
colorectal cancer 

Oxaliplatin Phase II – 

Ovarian cancer Lurtotecan Phase II – 

Various cancers siRNA Phase I/II – 

Various cancers DNA 
plasmid (with 
p53 gene) 

Phase II Transferrin 
receptor antibody 
fragment 

Various cancers PEG immunoliposome DOX Phase I F(ab′)2 

Various cancers N-glutaryl 
phosphatidylethanolamine-
liposome 

Oxaliplatin Phase II Transferrin 

Various solid 
tumors 

Cyclodextrin polymer-
based nanoparticles 

siRNA Phase I Transferrin 

Neuroendocrine 
tumors 

Lipid nanoparticle PLK1 siRNA Phase I/II – 

Various solid 
tumors 

Liposome PKN3 
siRNA 

Phase I/II – 

Liver cancer Liposomal nanoparticle CEBPA 
siRNA 

Phase I/II – 

Various cancers Polymeric nanoparticles Paclitaxel Phase I – 

Advanced 
stomach cancer 

Polymeric micelles Paclitaxel Phase II – 

Adenocarcinoma 
of esophagus 

Polymeric micelles DOX Phase III – 

Solid tumors Polymeric micelles Cisplatin Phase I/II – 

Breast cancer Phase I 

Pancreatic cancer Phase V 

Non-small cell 
lung cancer 

Phase II



several aspects still need to be addressed, such as their overall cytotoxicity and 
immunogenicity, EPR, body clearance, synthesis protocol scalability, biodegradabil-
ity, environmental effects, manufacturing costs, and other issues.
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Abstract 

Cells, mainly stem cells, possess immense potential in regenerative medicine. 
Stem cells (SCs) can also play a crucial role in treating diseases due to their 
remarkable ability of self-renewal, proliferation, and differentiation into germ 
layers or gastrula (i.e., internal layer (ectoderm), middle layer (mesoderm), and 
outer layer (endoderm)). In this regard, pluripotent stem cells like induced 
pluripotent stem cells (iPSCs) and embryonic stem cells (ESCs) can differentiate 
into all three germ layers. However, targeted cellular differentiation is not possi-
ble without a suitable induction environment, microenvironment, or substrate. 
Based on the reports, the group of polymers or biopolymers, bioactive 
compounds, and biomaterials can provide such a microenvironment or substrate 
and lead to an increase in the interactions of cell-to-cell and cell-to-substrate, 
better differentiation, and secretion of growth factors to accelerate tissue regener-
ation. These materials can synthesize by living organisms such as animals, 
bacteria, fungi or algae, and plants. In this field, polysaccharides (such as 
hyaluronic acid, galactans, poly-galactosamine, chitosan, etc.) and proteins 
(such as silk fibroin, silk sericin, collagen, etc.) are known as natural biomaterials 
or biopolymers. Moreover, polyphenols, flavonoids, mucilage, pectin, apigenin, 
quercetin, galangin, curcumin, etc. obtained from medicinal herbs are
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phytochemicals and bioactive compounds which can be led to an increase in 
cellular proliferation and differentiation, induction of cellular signaling, promo-
tion of regeneration rate, and immunomodulation. Hence, the present chapter is 
aimed to study the applications and consequences of bioactive compounds and 
biomaterials on stem cell proliferation and differentiation, as well as to highlight 
their role in tissue regeneration.
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13.1 Introduction 

Stem cells are known as precursor biological cells that can be classified into totipo-
tent,1 pluripotent,2 multipotent,3 oligopotent,4 and unipotent5 stem cells, depending 
upon the differentiation capacities. These cells possess a high potential for self-
renewal and differentiation into other cells, and as a promising resource for medi-
cine, applications can play an important role in regenerative medicine or tissue 
engineering and cellular therapies (Chagastelles and Nardi 2011). However, apply-
ing stem cells to treat diseases and regenerate damaged tissues will be successful 
when suitable conditions are available to improve cellular interaction control and 
differentiate into the target cells (Izadyari Aghmiuni et al. 2021). Indeed, the creation 
of environments for therapeutic cloning that can well control cellular behavior can be 
the main factor in this regard (Fig. 13.1). Based on the reports, the use of 
biomaterials or biopolymers and bioactive compounds obtained from medicinal 
plants is considered a fundamental strategy for this purpose, due to their excellent 
bioactivity and role in the improvement of cellular biological response as well as in 
mimicking functional and structural properties of the target tissues (Yu et al. 2019). 
Such that, recent efforts in the design of biomaterial-based scaffolds, hydrogels, 
substrates, etc. (Chaudhari et al. 2016; Shafei et al. 2017; Ahmed 2013; Talebian 
et al. 2019; Zhao et al. 2020; Wang et al. 2018a) have provided significant 
opportunities to use these materials in regenerative medicine and generate novel

1 Totipotent is embryonic stem cells of 1–3 days (e.g., zygotes)—differentiation into any cell types. 
2 Pluripotent is embryonic stem cells of 5–14 days (e.g., blastula) and induced pluripotent stem cells 
(iPSCs)—differentiation into cells from any of the three germ layers. 
3 Multipotent is adult stem cells—differentiation into a limited range of cell types such as neural 
stem cells, epithelial stem cells, hematopoietic stem cells, etc. 
4 Oligopotent is adult stem cells—differentiation into a limited number of cell types such as neural 
progenitor cells, myeloid stem cells, lymphoid stem cells, etc. 
5 Unipotent is adult stem cells—differentiation into single cell type such as gut cell, erythrocytes, 
neurons, etc. 



substitutes for tissue engineering applications (Ramalingam et al. 2019; Aghmiuni 
et al. 2020). 
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Fig. 13.1 The effective materials for the proliferation and differentiation of stem cells 

There are biomaterials or bioactive materials with different natures which seem to 
be effective in targeting cell differentiation and tissue regeneration. Medicinal herbs 
are one of these bioactive materials gaining significant attention among researchers 
and scientific communities due to the promotion of cell proliferation and controlled 
differentiation (Izadyari Aghmiuni et al. 2020; Dey et al. 2010). The biopolymers 
similar to signaling molecules such as glycoproteins, proteoglycans, and 
glycosaminoglycans which exist in the network of the tissue extracellular matrix 
(ECM) are other samples from these biomaterials that can promote cell-cell signaling 
on the engineered substrates to modulate cellular functions (i.e., adhesion, prolifera-
tion, differentiation, and morphogenesis). Silk fibers (SF) are one of the biomaterials 
in this matter that owing to the amino acids of alanine and glycine can mimic the



proteoglycans’ behavior in the tissue ECMs (Omenetto and Kaplan 2010). More-
over, hyaluronic acid (HA), as a linear polysaccharide and signaling molecule, can 
act like glycosaminoglycans of the ECM (Kogan et al. 2006; Volpi et al. 2009; 
Petrey and de la Motte 2014) and play a crucial role in cell-cell and cell-substrate 
interactions via communication between cell-surface receptors (Volpi et al. 2009; 
Lam et al. 2014; Dicker et al. 2014). According to the importance of subject and 
attention to personalized therapies in tissue engineering or regenerative medicine, 
the present chapter is aimed to assess the association of bioactive materials and 
biomaterials with cellular functions (such as cell signaling, proliferation, differentia-
tion, migration, etc.) and their role in increasing effectiveness and safety of thera-
peutic methods and regenerating damaged tissues. 
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Fig. 13.2 Potential applications of stem cells 

13.2 Proliferation and Differentiation Potential of Stem Cells 

Stem cells are known as cells with extensive biological functions to differentiate into 
cell types, as well as to enable the growth, healing, or replacement of cells (Fig. 13.2) 
(Zakrzewski et al. 2019). These cells are found both in embryos (uncontrolled range 
of differentiation) and adult or somatic cells. Although adult stem cells possess a 
restricted range of differentiation, however, it is possible to reprogram these cells 
back to their pluripotent states or improve their capacity of self-renewal (Wu et al. 
2018). Therefore, to be useful in therapy and be converted into target cells, as well as 
avoid teratoma formation, the creation of similar body conditions or imitation of the 
extracellular microenvironments plays an important role in controlling cell behavior 
(cellular interaction, proliferation, and differentiation). In this regard, understanding 
signaling pathways and identifying effective substances to improve these pathways 
are also the main factors in successful regenerative medicine. In the following, the 
different materials that can bring us closer to this aim, as well as their role in 
inducting cell signaling and improving proliferation and differentiation, have been 
mentioned.
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13.3 Herbal Bioactive Compounds to Induce Differentiation 
of Stem Cells 

The tremendous differentiation of stem cells is one of the desirable properties of 
these cells. However, this property can act as a double-edged sword, which means an 
increase in the risk of tumorigenicity. Thus, therapeutic strategies which led to the 
complete and irreversible differentiation of stem cells play an important role in 
controlling differentiation. 

One of these strategies includes the use of biomaterials or bioactive materials to 
design scaffolds, substrates, or tissue substitutes (Izadyari Aghmiuni and Heidari 
Keshel 2022; Aghmiuni et al. 2022). This approach can provide suitable 
physicomechanical properties to differentiate stem cells and lead to a sustained 
delivery and local of bioactive molecules for tissue regeneration. Indeed, bioactive 
compounds or biomaterials play the main role in providing the cell differentiation 
microenvironment, so that they can control cellular functions and interactions via 
creating an ideal substrate. In this matter, Izadyari Aghmiuni’s research has shown 
that the phytochemical materials in herbs possess high therapeutic and regenerative 
effects (Izadyari Aghmiuni et al. 2020). However, their physical forms like gel, 
mucilage, and the extract or essential oil from different parts of the plants cannot be 
applied on damaged tissue (such as the bone, skin, cartilage, blood vessels, nerve, 
cornea, tendon, etc.) directly. This research team showed that quince seed mucilage 
is one of the bioactive components that can turn an engineered scaffold into a smart 
biological substrate. They stated that this herbal bioactive material is classified into 
the group of polysaccharide and composed of xylose(glucuronoxylan) and 
glucuronic acid; however, swell in water due to the existence of hydrophilic groups 
(i.e., amino, hydroxyl, amide, and carboxylic acid), unlike some of the 
polysaccharides such as chitosan which suspended in the acidic solvent. The results 
of this study indicated that quince seed mucilage-based hybrid scaffolds can create a 
better porous network compared to chitosan-based scaffolds. Moreover, these 
scaffolds support the proliferation of dermal fibroblasts and provide high water 
absorption capacity for the scaffold. Based on this research, the combination of 
quince seed mucilage and PEG leads to an increase in the transduction of mechanical 
force-induced signals and improves the biological signals to induce stem cell 
differentiation (with the same differentiation patterns) into targeted cells such as 
keratinocytes. 

Another study in this regard is Aloe vera-based scaffolds that possess wide 
applications in biomedical and pharmaceutical sciences. The popularity of these 
herbal polysaccharides is inducted by their bioactive components (i.e., 
anthraquinones, anthrones, carbohydrates, proteins, vitamins, etc.) that lead to 
antimicrobial, anti-inflammatory, and antiviral properties, antioxidant effects, as 
well as immunomodulatory, neo-angiogenesis, and tissue repair effects (Darzi 
et al. 2021; Rahman et al. 2017). In this regard, Kallyanashis Paul et al. reported 
that Aloe vera-based hydrogel could alleviate maternal birth injuries (Paul et al. 
2021). Based on this study, Aloe vera-alginate hydrogels can be an immediate 
treatment by delivering stem cells to regenerate damaged tissue. The results of this



research team showed that local injection of hydrogel with/without stem cells can be 
significantly effective in repairing birth injuries, so that it leads to the improvement 
of elastin content and smooth muscle. They stated that such hydrogels can be a 
suitable therapeutic strategy for preventing pelvic organ prolapse or healing birth 
injuries. 
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The electrospun mesh of Aloe vera is another sample that can act as a transdermal 
therapeutic factor. Suganya et al. showed that fibers of poly(caprolactone) containing 
Aloe vera powder (10 wt%) possess better hydrophilic properties along with higher 
tensile strength (6.28 MPa) and elastic modulus similar to skin tissue, as well as 
more desirable cell proliferation, secretion of collagen, and expression of F-actin 
compared to polycaprolactone-collagen fibers (Suganya et al. 2014a). Based on the 
reports of Tahmasebi et al., nanofibrous scaffolds of poly(3-hydroxybutyrate-co-3-
hydroxy valerate) blended with Aloe vera gel can be also useful for applications of 
bone tissue engineering (Tahmasebi et al. 2020). The results of this study indicated 
the higher biocompatibility of the mentioned nanofibrous scaffold when blended 
with Aloe vera. Moreover, alkaline phosphatase activity, amount of mineralization, 
and expression of bone-related genes or proteins increase compared to Aloe vera-
free nanofibrous scaffold. They stated that Aloe vera gel possesses the 
osteoinductive potential and can be used for acceleration of bone regeneration as a 
bio-implant. 

According to the reports, the use of Aloe vera, along with other herbal bioactive 
compounds, can accelerate wound healing processes. In this matter can mention to 
hybrid nanofibrous scaffolds based on Aloe vera and curcumin were designed by 
Ezhilarasu et al. to increase their synergistic effects on the proliferation of fibroblasts 
and antimicrobial activities (Ezhilarasu et al. 2019). 

The study of Oryan et al. demonstrates that adipose-derived stem cell-loaded Aloe 
vera hydrogels can be also effective in the burn wound models (Oryan et al. 2019). 
The results of this study showed that hydrogels containing Aloe vera and stem cells 
can significantly increase the rate of burn wound healing, lead to improvement of 
angiogenesis and reepithelialization, as well as decrease TGF-β1 6 and interleukin-1β 
levels. Urtica dioica L. (nettle) is one of the other herbs in this matter that can be led 
to osteogenic differentiation when blended with biomaterials such as silk fibroin. 
Zadegan et al. indicated that silk fibroin-nettle nano-fiber possesses better water 
uptake and cellular attachment as well as higher cellular proliferation than that of silk 
fibroin nano-fiber. Moreover, nettle-based nano-fibers can express both early and 
late markers of osteoblast differentiation (Zadegan et al. 2019). 

Urtica dioica, along with ZnO nanoparticles, can also provide the synergy effects 
for the increase of antibacterial activities in the electrospun scaffolds. Ghiyasi et al. 
stated that incorporation of Urtica dioica and ZnO nanoparticles to poly 
(caprolactone) scaffolds can be led to an increase in the tensile strength up to 
2.54 MPa and improvement of water uptake ability and promotion of fibroblast 
L929 cell proliferation (Ghiyasi et al. 2021). Another study relates to the induction of

6 Transforming growth factor-β1. 



periosteal cell differentiation and proliferation by Urtica dioica extract. According to 
the report of Bing et al., the extract of this herb led to an increase in alkaline 
phosphatase and calcium nodule levels, as well as induction of osteoblast differenti-
ation and proliferation on the polyclonal lactone scaffolds (Xu and Liu 2018). 
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Moreover, the study of Hajiali et al. showed that nanofibrous dressings based on 
sodium alginate-lavender essential oil possess high efficacy for the treatment of 
UVB-induced skin burns with antibacterial activities (Hajiali et al. 2016). These 
dressings are also able to decrease and control the inflammatory responses induced 
in the skin fibroblasts due to UVB exposure. Some reports showed animal fats could 
also increase the differentiation and proliferation of stem cells. In this regard, the 
design of emu oil-based electrospun nanofibrous by Pilehvar-Soltanahmadi et al. 
illustrates that emu oil not only promotes differentiation and proliferation of adipose 
tissue-derived stem cells into keratinocytes but also can lead to increase in cell 
adherence and cytoprotection (Pilehvar-Soltanahmadi et al. 2017). Such that, it can 
be a suitable candidate to fabricate wound dressings and/or bio-engineered 
substitutes containing stem cells for skin tissue repair. 

There are many studies on this matter and some examples are listed in Table 13.1. 
Specifically, studies on herbal bioactive compounds have illustrated that herb-

derived materials not only can increase the proliferation and differentiation of adult 
stem cells but also inhibit the proliferation of cancer cells (Saud et al. 2019; 
Olatunbosun et al. 2012; Kornicka et al. 2017; Potu et al. 2009; Gao et al. 2013). 
However, studies have shown that the proliferation and/or differentiation ability of 
stem cells is influenced by the doses of the stimulant compounds. It means that a 
specific dose of herbal extracts can promote stem cell proliferation and induce its 
differentiation into the targeted cell. In this regard, we can refer to Zhang’s study on 
the effects of naringin on human bone mesenchymal stem cell proliferation and 
osteogenic differentiation (Zhang et al. 2009a). Zhang et al. showed that 1–100 μg/ 
mL concentrations of extract from this citrus lead to an increase in the proliferation 
of human BM-MSCs and their osteogenic differentiation, while, 200 μg/mL con-
centration can decrease the growth of these cells. Similar research in this field is 
related to the study of Yu et al. They showed that naringin in 50 μg/mL concentration 
can activate the Notch signaling pathway and lead to stimulation of osteogenic 
differentiation of BMSCs.7 However, higher concentrations than 100 μg/mL can 
suppress the proliferation rate of these cells (Yu et al. 2016). 

Zhang et al. also reported that naringin can induce osteogenic activity and 
differentiation of canine bone marrow stromal cells (Zhang et al. 2021). To this 
end, they added different concentrations of this bioactive to the mentioned cells. 
Their results showed that the 10-6 mol/L concentration can promote cell prolifera-
tion and be led to an increase in cellular proliferation and calcium nodules, as well as 
induction of bone marrow stromal cell differentiation into osteoblasts.

7 Bone marrow stromal cells. 
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Table 13.1 Herbs-based scaffolds, substrates, or gels for improvement of cellular interactions and 
functions 

Herb 
Scaffolds, substrates, 
or gels Function Reference 

Curcumin Collagen-alginate 
scaffold containing 
curcumin-loaded 
chitosan nanoparticles 

Acceleration in wound 
closure; the complete 
epithelialization along 
with the formation of 
thick granulation 
tissue; the decrease of 
inflammation; 
regeneration of diabetic 
wounds 

Venkata et al. 
(2016) 

Poly(ε-caprolactone) 
nano-fibers loaded by 
curcumin 

More than 70% 
viability on human 
foreskin fibroblast 
cells; anti-
inflammatory property; 
high antioxidant 
activity; the decrease of 
oxidative stress and 
IL-6 release; wound 
healing capability by 
increasing rate of 
wound closure in a 
diabetic mice model 
induced by 
streptozotocin 

Merrell et al. 
(2009) 

Electrospun poly 
(ε-caprolactone)-poly 
(ethylene glycol)-poly 
(ε-caprolactone) 
fibrous mat containing 
curcumin 

Improvement of 
antioxidant properties 
and low cytotoxicity; 
the increase of wound 
closure; suitable 
candidate for wound 
dressings 

Fu et al. (2014) 

The thermosensitive 
hydrogel containing 
encapsulated curcumin 

Biodegradable gel with 
suitable tissue 
adhesiveness for 
release of curcumin 
along with antioxidant 
and anti-inflammatory 
properties; accelerating 
agent in wound closure; 
improvement of 
collagen content, 
granulation, and wound 
maturity; reduction of 
superoxide dismutase; 
the higher thicker 
epidermis and tensile 
strength in regenerated 
skin; suitable for 

Gong et al. 
(2013)



(continued)
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Table 13.1 (continued)

Herb 
Scaffolds, substrates, 
or gels Function Reference 

wound healing as a 
wound dressing 

Nano-graphene oxide 
reinforced fish scale 
collagen-based 3D 
scaffold containing 
curcumin 

No toxicity against 
NIH 3T3 fibroblast 
cells; suitable 
antimicrobial 
properties against the 
growth of gram-
positive and gram-
negative bacteria; 
acceleration of wound 
healing; suitable for 
skin tissue engineering 
applications 

Mitra et al. 
(2015) 

Chitosan-gelatin 
composite sponge 
containing curcumin 

Sponge possessed a 
high capacity for water 
absorption, 
antibacterial activity, 
and drug release; the 
increase of wound 
closure on rabbit 
wound model; suitable 
for wound healing 
applications 

Nguyen et al. 
(2013) 

Collagen matrix 
incorporated by 
curcumin 

Increase of cellular 
proliferation and 
wound healing; 
efficient free radical 
inhibiting and decrease 
of oxidative stress; 
suitable for supporting 
dermal wound healing 

Gopinath et al. 
(2004) 

Curcumin-treated 
pluronic F-127 gel 
(25%) and curcumin 
(0.3%) in pluronic gel 

Increase of the wound 
contraction; reduction 
in the expressions of 
inflammatory cytokines 
or enzymes such as 
TNF-αa , IL-1βb , and 
MMP-9c ; increase in 
the level of anti-
inflammatory cytokines 
such as IL-10 and 
antioxidant enzymes 
(like dismutase, 
catalase superoxide, 
and glutathione 
peroxidase); promotion 
of fibroblast 
proliferation and 

Kant et al. 
(2014)
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Table 13.1 (continued)

Herb 
Scaffolds, substrates, 
or gels Function Reference 

improvement of 
collagen deposition; 
covering wound via 
creating a layer of thick 
epithelial and diabetic 
wound healing 

Aloe vera Electrospun 
polycaprolactone mat 
incorporated with Aloe 
vera 

The control of scaffold 
degradation rate; 
improvement of 
wettability behavior 
and increase of 
hydrophilicity of the 
substrate; promotion of 
fibroblast proliferation 

Agnes Mary and 
Giri Dev (2015) 

Electrospun silk 
fibroin-hydroxyapatite 
scaffold containing 
Aloe vera 

The creation of 
biomimicry similar to 
the natural bone 
constitution in scaffold; 
enhancement of 
osteocalcin expression 
and osteogenesis; 
increase in proliferation 
of human mesenchymal 
stem cells, mineral 
deposition, and 
osteogenic 
differentiation 

Suganya et al. 
(2014b) 

Electrospun 
polycaprolactone-silk 
fibroin nanofibrous 
scaffolds containing 
Aloe vera 

The increase of 
adipose-derived stem 
cell proliferation on 
scaffolds; promotion in 
the expression of 
osteogenic markers 
such as osteocalcin and 
alkaline phosphatase; 
enhancement of 
osteogenic 
differentiation and 
mineralization; suitable 
for bone tissue 
regeneration 
applications 

Shanmugavel 
et al. (2014) 

Bacterial nano-
cellulose-Aloe vera 
composites 

Improvement of 
mechanical properties, 
suitable for biomedical 
application, design of 
engineered scaffolds or 
substitutes, and cell 

Godinho et al. 
(2016)
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Table 13.1 (continued)

Herb 
Scaffolds, substrates, 
or gels Function Reference 

culture substrate 
applications 

Eye drops derived 
from Aloe vera gel 

The decrease of the 
corneal epithelial defect 
area; no developed 
hypersensitivity 
reaction, corneal 
perforation or 
descemetocele, and 
limbal ischemia; 
control of inflammatory 
responses 

Rezaei 
Moghadam et al. 
(2020) 

Nanofibrous poly (L-
lactic acid)-collagen 
scaffold coated with 
Aloe vera gel and 
chitosan 

The improvement of 
mouse fibroblast 
(L929) behaviors 
(adhesion, viability, 
and proliferation) on 
the scaffold and 
physicomechanical 
properties of the 
substrate; suitable for 
skin tissue engineering 

Salehi et al. 
(2016) 

Core-shell electrospun 
mat containing Aloe 
vera extract 

The improvement of 
mechanical and 
physicochemical 
properties in the 
substrate; the increase 
of cellular adhesion and 
growth on the mat; high 
potential for wound 
healing 

Zahedi et al. 
(2019) 

Azadirachta indica, 
Indigofera 
aspalathoides, 
Myristica 
andamanica, and 
Memecylon edule 

Electrospun 
polycaprolactone 
nanofibrous scaffolds 
containing herbal 
extracts 

The promotion of 
human dermal 
fibroblast proliferation; 
induction of epidermal 
differentiation of 
adipose-derived stem 
cells (both early and 
intermediate stages of 
differentiation), 
suitable for skin tissue 
engineering 

Jin et al. (2013) 

Cissus 
quadrangularis 

Polycaprolactone 
nanofibrous scaffold 
containing 
hydroxyapatite and 
Cissus quadrangularis 

The increase in 
osteogenic activity and 
bone tissue 
regeneration, 
promotion of cell 

Suganya et al. 
(2014c)
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Table 13.1 (continued)

Herb 
Scaffolds, substrates, 
or gels Function Reference 

proliferation, and 
mineralization 

Xylan (natural 
polysaccharide in 
plants) 

Polyvinyl alcohol 
nano-fibers containing 
xylan 

Promotion of fibroblast 
proliferation on the 
nanofibrous scaffold; 
the improvement of 
mechanical properties 
and increase in the 
natural biodegradable 
rate of the scaffold; 
enhancement of 
fibroblast adhesion; 
better interactions of 
cell-to-matrix to 
regenerate skin tissue 

Krishnan et al. 
(2012) 

Althea officinalis Electrospun poly 
(ε-caprolactone)-
gelatin scaffold 
containing Althea 
officinalis 

Expedition of the 
therapy duration and 
acceleration of wound 
healing; the increase of 
anti-inflammatory and 
antimicrobial 
properties of the 
scaffold; improvement 
of mechanical and 
physicochemical 
properties of the 
scaffold; promotion of 
cellular proliferation 

Ghaseminezhad 
et al. (2020) 

Arnebia euchroma The nanofibrous 
scaffold of 
polycaprolactone-
chitosan-polyethylene 
oxide containing 
Arnebia euchroma 

Scaffolds possess high 
potential in burn wound 
healing; control of 
biodegradation rate of 
the scaffold; 
improvement of 
swelling and 
mechanical properties 
of the scaffold; increase 
of antibacterial activity 
and human dermal 
fibroblast cell 
proliferation; suitable 
for skin tissue 
engineering 
applications 

Asghari et al. 
(2022) 

Spinacia oleracea Alginate-
carboxymethyl 
cellulose scaffold 
incorporated with 

The mechanical 
stability of the scaffold; 
improvement of 
biocompatibility of 
scaffold; control of 

Sharmila et al. 
(2020)
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Table 13.1 (continued)

Herb 
Scaffolds, substrates, 
or gels Function Reference 

Spinacia oleracea 
extract 

biodegradation rate; 
promotion of MG-63 
human osteosarcoma 
cell proliferation; 
suitable for bone tissue 
engineering 
applications 

Angiogenin and 
curcumin 

Polyethyleneimine-
carboxymethyl 
chitosan-poly (D, L-
lactic-co-glycolic 
acid)-cellulose 
nanocrystal 
electrospun nano-fiber 
containing angiogenin 
and curcumin 

Nano-fibers possessed 
excellent 
biocompatibility, anti-
infection, and 
angiogenesis 
properties; suitable for 
skin regeneration 

Mo et al. (2017) 

Gum tragacanth Gum tragacanth-poly 
(ε-caprolactone) 
electrospun nano-fiber 
containing curcumin 

High antibacterial 
properties against 
gram-positive and 
gram-negative bacteria; 
reduction of the 
epithelial gap; fast 
wound closure along 
with the formation of 
granulation tissue, hair 
follicles, and sweat 
glands; proliferation of 
fibroblasts; creation of 
collagen deposition and 
the layer of early 
regenerated epithelial 
completely; increase of 
angiogenesis number 

Ranjbar-
Mohammadi 
et al. (2016) 

a Tumor necrosis factor-alpha 
b Interleukin-1beta 
c Matrix metalloproteinase-9 

Beom Su Kim et al. indicated that the extract of brown algae Laminaria japonica 
(fucoidan) in 0.1–10 μg/mL concentrations can lead to JNK- and ERK8 -dependent 
BMP29 –Smad 1/5/8 signaling and induces osteoblast differentiation of human 
mesenchymal stem cells (Kim et al. 2015). They also found that this osteogenesis 
bioactive can increase ALP activities and accumulation of calcium and leads to the 
expression of the osteoblast-specific gene.

8 Extracellular signal-regulated protein.
9 Bone morphogenetic protein. 
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Moreover, MaríaSatué et al. reported that some flavonoids lead to the stimulation 
of MC3T3-E1 cell differentiation into osteoblast and inhibition of osteoclastogenesis 
in RAW 264.7 cells (Satué et al. 2013). The results of this study illustrated that doses 
greater than 100 μM of diosmetin, galangin, and chrysin, as well as 500 μM doses of 
taxifolin, possess a toxic effect on cells. However, quercitrin with safe doses of 
200 and 500 μM and taxifolin in safe doses of 100 and 200 μM can induce 
osteocalcin mRNA and bone sialoprotein expression and lead to higher osteocalcin 
levels. Fei Li et al. also showed that the echinacoside as phenylethanoid glycosides 
can promote bioactivities of cell line MC3T3-E1 (i.e., proliferation, differentiation, 
and mineralization of osteoblastic) (Li et al. 2012). To this end, this bioactive 
component isolated from Cistanches Herba stems and the amount of the secretion 
of osteoprotegerin, osteocalcin, and collagen I were evaluated. Based on this study’s 
results, concentrations between 0.01 and 10 nmol/L can significantly promote cell 
proliferation, osteocalcin levels, and collagen I content can lead to an increase in the 
mineralization of osteoblastic. They stated that echinacoside possesses a stimulatory 
effect on the formation of osteoblastic bone and can potentially be effective against 
osteoporosis. 

Likewise, Hui-HuiXiao et al. observed that vanillic acid isolated from Sambucus 
williamsii Hance possesses estrogen-like activity in the rat UMR 106 cells that can 
be due to MAP10 kinase (MEK/ERK)-mediated specific estrogen receptor 
(ER) antagonist signaling pathways (Xiao et al. 2014). The results of this study 
showed that this phenolic acid stimulates the mentioned cell proliferation and 
alkaline phosphatase (ALP) activity. Vanillic acid can also increase Runx2,11 

osteocalcin, and the ratio of osteoprotegerin-receptor activator of nuclear factor kB 
ligand [i.e., OPG-RANKL] mRNA expression. 

Kim’s study is one of the other samples hereof (Kim et al. 2014). Kim et al. 
illustrated that kirenol extracted from Herba Siegesbeckia can promote osteoblast 
differentiation via activation of the BMPs and Wnt/β-catenin signaling pathways in 
MC3T3-E1 cells. Moreover, this natural diterpenoid compound can lead to the 
promotion of mineralization and ALP activity, as well as the increase in osteopontin, 
collagen I, and expression of OPG/RANKL. Puerarin and phytoestrogens isolated 
from Pueraria mirifica are the other bioactive compounds in this field that can lead 
to an increase in cellular proliferation and the expression of osteoblastic differentia-
tion markers in osteoblast-like UMR106 cells (Tiyasatkulkovit et al. 2012). Such 
that, Tiyasatkulkovit et al. indicated that puerarin can increase the mRNA expression 
of ALP, as well as lead to a decrease in the mRNA expression of RANKL and 
induction of bone gain via increasing osteoblast differentiation in rat osteoblast-like 
UMR106 cells and suppressing osteoclast functions. They stated that puerarin can 
induce the differentiation of osteoblast rather than the proliferation of osteoblast in 
the estrogen receptor-dependent manner; hence, it can be the appropriate option to 
prevent and treat postmenopausal osteoporosis. Choi et al. stated that honokiol

10 Mitogen-activated protein. 
11 Runt-related transcription factor 2. 



isolated from the bark of Magnolia officinalis not only can stimulate osteoblast 
MC3T3-E1 cell function (i.e. increase in cell growth, improvement of ATP activity, 
promotion of collagen synthesis and glutathione content, and release of 
osteoprotegerin in the cells) but also decrease or inhibit the production of bone-
resorbing mediators. They suggested that this phenolic compound can be effective in 
natural therapies for osteoporosis (Choi 2011). 
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There are many studies on stem cell differentiation into the progenitor cells of 
endothelial or vascular, cardiomyocyte, neuronal, osteogenic, neurogenic, etc. that 
their stimulation factor is bioactive components extracted from herbs. Indeed, these 
bioactive components can not only promote cellular proliferation and differentiation 
but also decrease the time required for tissue regeneration. Table 13.2 illustrates 
some effective herbs in this regard. 

13.4 Biomaterials and Their Characteristic to Design Ideal 
Substrates and Induce Cell Differentiation 

The ideal substrates possess different characteristics which originate from their 
materials and lead to the targeted differentiation of stem cells (Discher et al. 2005). 

Regardless of the tissue type, some of the key characteristics of bio- or active 
material-based substrates when designing and determining the suitability of the 
scaffolds for regenerative medicine applications include biocompatibility, mechani-
cal properties, biodegradability, the architecture of the scaffold, and manufacturing 
technology. One of the requirements of a scaffold to regenerate tissue is biocompati-
ble properties; according to Williams, “The biocompatibility of a scaffold or matrix 
for a tissue engineering product refers to the ability to perform as a substrate that will 
support the appropriate cellular activity” (Williams 2008). Indeed, the scaffold 
structure must possess suitable stimuli or recognizable stimuli by cells to colonize 
scaffolds and regenerate (Parisi et al. 2018). In other words, the cells must first 
adhere to the scaffold, proliferate, differentiate, and then migrate onto the surface of 
the scaffold. Finally, differentiated cells should proliferate on the scaffold to create a 
new matrix (Fig. 13.3). 

In this regard, natural polymers are considered one of the main candidates that not 
only can increase cell biological activities on the scaffold (i.e., adhesion or attach-
ment, spreading, proliferation, differentiation, and migration) but also imitate the 
structure and function of the native extracellular matrix (ECM) and lead to controlled 
induction of cell functions (Izadyari Aghmiuni et al. 2020; Izadyari Aghmiuni and 
Heidari Keshel 2022). Indeed, biomaterials are agents that can provide an ideal 
microenvironment with suitable physicomechanical and physicochemical properties 
to mimic the structure of the ECM network and functions of targeted cells and tissues 
(Izadyari Aghmiuni et al. 2021; Izadyari Aghmiuni and Heidari Keshel 2022). 
Collagen is one of these biopolymers that is found in most soft and hard tissues 
such as the blood vessels, nerves, cornea, skin, tendon, cartilage, bone, etc. Given 
that, this biomaterial leads to maintaining the structural and biological integrity of 
the native ECM network and can help in the physiological functions of the
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engineered scaffolds as dynamic material (Barnes et al. 2007; Sell et al. 2010). 
Moreover, low antigenicity, low cytotoxic and inflammatory response, and biode-
gradability are other properties of this biomaterial (Farach-Carson et al. 2007; Sell  
et al. 2007, 2009). The study of Shih et al. indicates that electrospun collagen fibrous 
mat can promote growth, proliferation, adhesion, motility, and osteogenic differen-
tiation of human MSCs12 (Mano et al. 2007).
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Fig. 13.3 The cellular interaction on the scaffold 

Many reports have shown that the blends of collagen with other biomaterials can 
increase the proliferation rate of cells and be used for regeneration templates in 
different tissues (Aghmiuni et al. 2020; Izadyari Aghmiuni et al. 2020). In this 
matter, Zhong et al. showed that collagen glycosaminoglycan (GAG)-based blended 
scaffolds can be led to an increase in the proliferation of dermal fibroblasts 
(FB) (Zhong et al. 2005). Moreover, the substrates based on chondroitin sulfate-
collagen, collagen-nanohydroxyapatite, as well as aggrecan (chondroitin sulfate, 
dermatan sulfate, keratin sulfate)-collagen can be applied in the regenerating skin, 
bone, and cartilage, respectively (Choi et al. 2004; Thomas et al. 2007). Based on 
Chen’s report, scaffolds of collagen/chitosan-PEO (as wound dressing) possessed 
good in vitro biocompatibility and led to the promotion of 3T3 FBs (Chen et al. 
2008). In another study, collagen-chitosan scaffolds also illustrated an increase in the 
proliferation of smooth muscle cells (SMCs) and endothelial cells (ECs) (Chen et al. 
2010). Indeed, mixing collagen with other biopolymers can lead to a decrease in 
the dimensions of the fibers or an increase in the porosity and tensile strength of the 
scaffold and consequently promotion of cellular attachment or adhesion on the 
scaffold surface (Barnes et al. 2007).

12 Bone marrow-derived mesenchymal stem cells. 
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Gelatin also is known as an attractive biopolymer for tissue engineering 
applications due to its biological and biomechanical similarities to collagen 
(Zhang et al. 2005, 2009b; Heydarkhan-Hagvall et al. 2008). Although fibers of 
this biopolymer possess higher tensile moduli compared to collagen fibers, however, 
its gelation at room temperature and dissolution as colloidal-sol at 37 °C or  > are 
major drawbacks of this biomaterial which is often solved via combining with other 
natural or synthetic polymers (Sell et al. 2010). Given the gelatin’s similarity to 
collagen, electrospun gelatin-based blended scaffolds have been developed to apply 
in regenerative medicine (Zhang et al. 2005, 2009b; Heydarkhan-Hagvall et al. 
2008; Li et al. 2005, 2006a; Gauthaman et al. 2009; Gupta et al. 2009a, b; 
Songchotikunpan et al. 2008; Song et al. 2008; Gui-Bo et al. 2010). The electrospun 
gelatin-polyurethane and poly (ɛ-caprolactone)-gelatin scaffolds are the samples of 
these substrates that can be used in wound healing and skin regeneration (Chong 
et al. 2007; Kim et al. 2009). Based on the reports, such scaffolds can lead to better 
migration of fibroblasts and decrease therapeutic costs. Poly(ɛ-caprolactone)-gelatin 
scaffolds can also act as a positive factor for supporting neurite outgrowth and nerve 
differentiation, proliferation, and nerve regeneration (Ghasemi-Mobarakeh et al. 
2008). Likewise, conductive nanofibrous scaffold of polyaniline-poly(ɛ-
-caprolactone)/gelatin can lead to nerve stem cell attachment and proliferation, as 
well as neurite outgrowth via electrical stimulation of scaffold (Ghasemi-Mobarakeh 
et al. 2009). Moreover, an electrospun composite based on the synthetic polypeptide-
gelatin can lead to the induction of calcium phosphate mineralization and be used as 
dental biomaterials or a biocompatible substitute for the regeneration of the hard 
tissue ECM (Ohkawa et al. 2009). Nanohydroxyapatite-gelatin nanofibrous 
scaffolds are one of the other substrates that are capable of imitation of natural 
ECM of bone tissue along with effective mineralization, the proliferation of 
osteoblasts, and successful bone regeneration (Francis et al. 2010). 

Indeed, electrospun gelatin or gelatin-based scaffolds can be also used in the 
regeneration of cardiac tissue. According to the study of Li et al., the combination of 
gelatin with conductive polymers such as polyaniline leads to the improvement of 
cardiac myoblast attachment or adhesion, spreading, and migration, as well as an 
increase in cellular proliferation on the scaffold, modulus, and tensile strength 
(Li et al. 2006b). Studies have shown that blended gelatin with natural and synthetic 
polymers can significantly improve mechanical properties and facilitate the excellent 
proliferation of cardiac myoblasts. In this field, Li et al. indicated that gelatin 
composites composed of poly(lactic-co-glycolic acid) and α-elastin can be effective 
in soft tissue engineering applications, such as heart, blood vessels, and lung 
(Li et al. 2006c). Such composites possess low average diameters; however, upon 
hydration of the scaffold, the average diameter increases due to the swelling of 
fibers, without disintegrating the scaffold. 

Elastin is one of the main biomaterials in this regard that naturally is found in the 
wall of many tissues such as vessel walls; hence, the use of fibrous structures of this 
biopolymer in tissue engineering applications can be favorable (Daamen et al. 2007; 
Bailey et al. 2003; Deborde et al. 2016). Based on the studies, elastin or elastin-like 
polypeptides can be effective in the regeneration of cartilage, heart valves, and skin



tissues (Neuenschwander and Hoerstrup 2004; Nettles et al. 2010; McHale et al. 
2005; Betre et al. 2002). Wang et al. showed that collagen and elastin as the main 
components of ECM in tissues can improve the proliferation of valve interstitial 
cells, when used as the engineered 2D or 3D substrates (Wang et al. 2018b). 
Moreover, such substrates constitute effective tools to engineer 3D tissues and 
increase endothelial-mesenchymal transition. Chen et al. also illustrated that bilayer 
collagen-elastin scaffolds play an important role in mimicking the mechanical and 
biological activities of heart valves (Chen et al. 2013b). Chitosan/γ-poly(glutamic 
acid) scaffolds modified by albumin, elastin, and poly-L-lysine are another sample of 
elastin-based scaffold application in cartilage tissue engineering (Kuo et al. 2017). 
The study of Kuo et al. shows that such a scaffold can provide an effective approach 
to inhibition of chondrocyte apoptosis and lead to promotion in the growth of 
chondrocytes, secretion of ECM, and improvement of cartilaginous tissue regenera-
tion. Moreover, the existence of single bond –NH3 

+ and single bond –COO- in the 
structure of this scaffold plays an important role in its porous morphology and 
interconnected network, as well as the mechanical properties of the scaffold. 
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Chitosan is one of the important polysaccharides in the design of tissue-
engineered scaffolds due to the structural similarity to the glycosaminoglycans 
(GAGs) of ECM of tissues (Huang et al. 2015c). The functional groups of hydroxyl 
(–OH) and amine (–NH) in this biopolymer can link to other materials to make a new 
scaffold (He et al. 2011; Du et al. 2016). In this regard, Izadyari Aghmiuni et al. 
stated that polyethylene glycol-chitosan-poly(ɛ-caprolactone) copolymers 
containing collagen can be considered as base bio-composites for the design of 
dermal substrates. Such substrates can imitate dermis properties and lead to the 
induction of keratinocyte differentiation from stem cells (Izadyari Aghmiuni et al. 
2021; Aghmiuni et al. 2020). The design of injectable chitosan-based hydrogels is 
another example in this field that can be used in cartilage tissue regeneration (Jin 
et al. 2009). Jin et al. showed that the hydrogels of chitosan-glycolic acid/phloretic 
acid that are designed via enzymatic crosslinking can increase chondrocyte prolifer-
ation and then be degraded by a hydrolytic enzyme such as lysozyme. Likewise, 
chitosan hydrogels modified by cartilaginous ECM are another type of hydrogel that 
can be used in cartilage tissue engineering applications (Choi et al. 2014). Mori et al. 
also stated that spongelike dressings containing chitosan and sericin can treat chronic 
skin ulcers. Such a substrate possesses suitable mechanical resistance and high 
hydration, along with cellular proliferation and antioxidant activities on human 
fibroblast cells (Mori et al. 2016). 

Hyaluronic acid (HA) also is a linear polysaccharide and is classified in the group 
of glycosaminoglycans of native ECMs and can maintain the structural integrity of 
tissue ECMs when used in the structure of engineered scaffolds (Izadyari Aghmiuni 
et al. 2021; Kogan et al. 2006; Volpi et al. 2009; Petrey and de la Motte 2014). This 
biomaterial possesses various biological activities (like modulation of immune cell 
function, synthesis of proteoglycan, reduction of pro-inflammatory cytokine 
activities, etc.) and can act as the signaling factor for improvement of cell-to-cell 
and cell-to-scaffold interactions and acceleration of tissue regeneration (Izadyari 
Aghmiuni et al. 2021; Lam et al. 2014; Li et al. 2018). Based on the study of Shirzaei



Sani et al., HA/elastin-like polypeptide-based hydrogels can act as antimicrobial 
substrates for tissue engineering applications (Shirzaei Sani et al. 2018). This study 
illustrated that these hydrogels possess high adhesive strength to attach to the tissue 
and can support cellular spreading, growth, and proliferation. Izadyari et al. also 
demonstrated that control of HA content can provide a microporous environment 
along with higher tensile strength and modulus (Izadyari Aghmiuni et al. 2021). 
According to the reports, given that hyaluronic acid plays an important role in 
osmotic balance and regulation of tissue hydration, HA-based substrates can signifi-
cantly mimic the physical and mechanical properties of ECM (Chan and Tayama 
2002). 
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Silk fibroin (SF) is another biopolymer that can play an important role in cell 
attachment and spreading when mixed with collagen (Yeo et al. 2008). This bioma-
terial also possesses high elasticity, resistance to failure (under compression), mini-
mal inflammatory response, slow degradation rate, as well as high biocompatibility, 
toughness, and strength (Pérez-Rigueiro et al. 2001; Liu et al. 2007; Zhang et al. 
2009c). Notably, the existence of hydrophobic domains in the protein’s random coil 
network of this biomaterial has led to the formation of a β-sheet structure, which is 
responsible for the elastic properties and tensile strength of SF (Aghmiuni et al. 
2020; Zhang et al. 2009c). This property plays a crucial role in the scaffold structure 
and improves the module and stress strain of scaffolds (Zhang et al. 2010). More-
over, the β-sheet structures of SF can affect the biodegradation rate of the scaffold, so 
that the biodegradation rate of the scaffold matches with the rate of tissue repair 
(Izadyari Aghmiuni et al. 2021; Sell et al. 2010; Alessandrino et al. 2008; Bayraktar 
et al. 2005; Liu et al. 2008; Silva et al. 2008). Hence, silk-based scaffolds can be 
designed for the ligament, bone, and vascular skin applications (Izadyari Aghmiuni 
et al. 2020, 2021). 

Generally, in our opinion, the features of these biomaterials and other bio- or 
active materials can provide an exciting opportunity to design engineered hybrid/ 
composite substrates with a high ability to differentiate stem cells and regenerate 
tissue. 

13.5 Future Prospective and Conclusion 

Nowadays, the advancement in the field of phyto-sciences, technologies, and the 
development of studies on herbal extracts have revealed their excellent repairing 
properties and role in regenerative medicine. Based on the studies, herbal bioactive 
compounds or active ingredients can play a crucial role in the process of tissue 
regeneration. Such that, the cellular and molecular researches on herbal extracts 
indicate that herbs possess positive effects on the promotion, proliferation, and 
differentiation of types of stem cells. It can be due to the existence of flavonoids; 
coumarins; glycosides; terpenoids such as mono-terpenoids, sesquiterpenoids, and 
diterpenoids; as well as anthraquinones, phenolic acids, diarylheptanoids, phenols, 
and tetrameric stilbene. Hence, if protocols or methods can be created via the use of 
herbal extracts to proliferate and differentiate stem cells into targeted cells in



damaged tissues, it will offer hope to cure many incurable diseases. In this field, 
knowledge of herbs and the effects of their extracts and therapeutic doses can play a 
crucial role in the determination of suitable therapeutic methods, such as the design 
of substrates, encapsulation, gel, etc. Moreover, the studies of tissue engineering 
demonstrate that a combination of modern and traditional medicine (i.e., use of 
biomaterials along with herbal bioactive compounds) can provide new developments 
in the fields of regenerative tissue techniques and stem cell differentiation into 
targeted tissue cells. This not only can decrease the therapeutic economic burden 
and healthcare problems but also develop new drugs or methods with easier avail-
ability and least/no side effect. 
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Abstract 

Gene therapy has garnered a lot of interest in the recent past for the treatment of 
various life-threatening genetic diseases. Gene therapy involves using genes that 
should be delivered to the infected cells to treat diseases. The materials used for 
gene delivery play a vital role in successful gene therapy. The common viruses 
used in gene delivery are adenovirus, adeno-associated virus, vaccinia virus, 
retrovirus, etc. This chapter will discuss the different viral and nonviral vectors 
that are used in gene delivery. Furthermore, lipid-, polymer-, and peptide-based 
gene delivery methods are discussed in this chapter. The physical method of gene 
delivery uses various techniques such as electroporation, sonoporation, needle 
injection, hydroboration, and magneto-fiction. In the future, standard DNA and 
RNA molecular techniques can be used as the principal mode of treatment in 
biomedical applications. 

Keywords 

Vectors · Gene therapy · Nucleic acid delivery · Virus 

14.1 Introduction 

Targeted gene delivery is the way of delivering genes to cells, tissues, and organs 
through local or systemic blood circulation. This enables the interaction of genes 
directly on the sites of the intended diseases and produces therapeutic benefits. By
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enhancing therapeutic molecular activity at certain regions while lowering toxic side 
effects at normal sites, this selective delivery keeps the systemic effect to a lower 
level. This type of delivery is used in the therapy known as gene therapy (Zhou et al. 
2017; Han et al. 2016; Kuang et al. 2017; Liu et al. 2016; Wang et al. 2016; Chen 
et al. 2017; Saha et al. 2017; Kemp et al. 2016). Gene therapy has earned consider-
able interest over the last 20 years as a favorable future treatment of choice for major 
diseases like cancer, AIDS, cardiovascular or neuronal disorders, as well as heredi-
tary single gene abnormalities. For gene therapy to be effective, the therapeutic gene 
must be delivered to the infected cells of the patient (Mulligan 1993; Verma et al. 
2000; Wirth et al. 2013). By injecting a gene into a patient’s cell, gene therapy may 
allow medical practitioners to treat disorders without the use of medications or 
surgery. Numerous techniques of therapy are being investigated by some scientists 
and medical professionals, including (1) substituting a disease-causing mutated gene 
with a healthy gene, (2) “knocking out” or inactivating a mutated gene, and 
(3) inserting new genes into the cells to help defend against the ailments. The 
interaction between the gene delivery system and the target cell must be thoroughly 
understood to develop an efficient gene delivery system. A plasmid-based gene 
expression system that controls a gene’s activity within the target cell, a gene that 
encodes a particular therapeutic protein, and a gene delivery system that regulates 
the transfer of the gene expression plasmid to a particular site inside the body include 
the three elements that form the gene delivery systems (Han et al. 2000; Mahato et al. 
1999) (Fig. 14.1).
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Fig. 14.1 Schematic representation of gene therapy
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Since the first human gene therapy study was launched in 1990 (Blaese et al. 
1995; Basarkar and Singh 2007), there has been massive interest in delivery 
materials for better gene delivery. The availability of reliable and secure carrier for 
the delivery of genes plays a vital role in gene delivery systems. 

14.2 Gene Delivery Materials 

The materials used for gene delivery are categorized into three types: 

Materials for gene delivery 

Viral vectors 
Non-viral 
vectors 

Physical 
method 

14.2.1 Viral Vectors 

These are the vectors in which viruses act as delivery systems that deliver genes to 
the target cells. Depending on their capacity to inject their DNA into host cells, these 
vectors deliver genes. These capitalize on a virus’s capacity to replicate its own 
genetic material. Because the shape of the virus prevents DNA liposome breakdown, 
hence viruses are an excellent method for delivering genes (Kamimura et al. 2011; 
Van Nies et al. 2018; Singh et al. 2017). Viral-based vectors were first developed as a 
transgene expression technique in the 1980s. In order to protect chimpanzees against 
hepatitis B, the vaccinia virus was utilized as a vaccine vector in 1984 (Moss et al. 
1984). Seventy percent of all gene therapy clinical trials conducted globally as of 
2015 involved viral vectors for gene delivery (Ako-Adounvo et al. 2017). The 
replication gene of viral vectors used for the delivery of genes is removed during 
genetic engineering and replaced with the therapeutic gene (gene of interest) 
(Thomas et al. 2003). This approach retained the virus’s capacity to infect host 
cells (Basarkar and Singh 2007). 

The main characteristics to be considered for choosing a viral vector are as 
follows:
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1. Vector should be safe to be handled. 
2. Vector should show less toxic effects in infected cells. 
3. Vector should be stable enough to ensure the repeatability of the work. 
4. Vector should be capable of being altered for cell-type specificity. 
5. Vector should be able to integrate marker genes for facilitating identification. 
6. Vector should be capable of carrying significant foreign genes. 
7. Vector should be effective in the transducing and transfecting process 

(Ako-Adounvo et al. 2017). 

Viral vectors can be classified into three categories. 

Viral vectors 

DNA based 
viral vectors 

for gene 
delivery 

RNA based 
viral vectors 

for gene 
delivery 

Oncolytic 
viral vectors 
based gene 

delivery 

14.2.1.1 DNA-Based Viral Vectors for Gene Delivery 
DNA-based viral vectors that deliver genes generally last longer and are 
incorporated into the genes. Viral vectors are used in DNA-based gene delivery 
systems to transfer genetic material to the host cells. The genetic components are 
effectively delivered to the host cell by the viral vectors (Wivel and Wilson 1998). 
Plasmids delivering transgenes for gene therapy are among the viral vectors based on 
the DNA for the delivery of genes (Crooke 1998). The group of materials known as 
DNA-based viral vectors has evolved as a promising option for gene carriers for 
gene therapy in a variety of diseases, including cardiovascular disorders, neurologi-
cal diseases like Parkinson’s and Alzheimer’s disease, AIDS, and cancer (Stull and 
Szoka 1995; Patil et al. 2005a). 

Some of the main viral vectors based on the DNA used for delivery of genes are 
as follows: 

Adenovirus 
In 1953, human adenoid tissue cultures yielded adenoviruses, which are linear 
double-stranded and non-enveloped DNA viruses (Rowe et al. 1953; Campos and



Barry 2007; Majhen and Ambriović-Ristov 2006) (Fig. 14.2). Adenoviruses can be 
genetically modified to have a very large capacity for the introduction of transgenes 
due to their large viral genomes (36–38 kb). The high-capacity “gutless” 
Helper-dependent adenovirus, for instance, may deliver 37 kb of the transgene 
(Kamimura et al. 2011; Volpers and Kochanek 2004). Although adenoviral vector 
systems have a high transgenic capacity, the host immunological response and 
subsequent transitory expression of gene severely restrict their usage as delivery 
systems (Kamimura et al. 2011). 
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Capsid proteins 

Fibre proteins 

DNA genome 

3’5’ 

Fig. 14.2 Structure of adenovirus 

Poxvirus 
Poxvirus is a desirable option for immune-based cancer treatment because of the 
absence of viral integration into the host cellular genome, the maximum size (25 kb) 
of the gene insert, and it elicits high immune activation. One of the main examples of 
poxvirus is the vaccinia virus. 

Vaccinia Virus 
All cells are infected by the vaccinia virus, but even after multiple injections, the 
tumor immune response is not completely suppressed by the host immunological 
response to the vector (Fig. 14.3). The administration of vaccinia in immunocom-
promised cancer patients is made possible by the availability of attenuated viruses, 
and the data suggests that this carrier improves tumor immune rejection. The major 
adverse effects were moderate flulike symptoms that lasted for 1–2 days and



localized skin rashes/irritation at the injection site that typically lasted 4–5 days. The 
immune response at the cellular level and the clinical response were not correlated 
(Gardlík et al. 2005; Ayllón Barbellido et al. 2008). 
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Fig. 14.3 Structure of vaccinia virus 

Fig. 14.4 Structure of adeno-
associated virus 

DNA genome 

Adeno-Associated Virus 
These viruses are having properties like targeting non-proliferating cells, having 
discrete genome insertion sites, exhibiting little immunogenicity, and having no 
known toxicity (Fig. 14.4). Using an AAV vector, “suicide” gene therapy was 
demonstrated to be effective in oral cancer cells. Additionally, antisense or ribozyme 
genes have been effectively transferred using AAV vectors in preclinical models of 
cancer. It has been shown that AAV vectors can successfully transduce CD34+ 
blood cells, the brain, and the liver. 

There are numerous limitations in using the adeno-associated virus as a viral 
vector. 

1. Some cells need to be infected at very high multiplicities. 
2. The AAV genome is compact, with only space for an additional 4.8 kb of DNA. 
3. Since effective packing cells have not yet been devised, the manufacturing of 

viral particles is still extremely labor-intensive (Gardlík et al. 2005; Kay et al. 
1997; Biçeroğlu and Memiş 2005; Mulherkar 2001; Xi and Grandis 2003; Zhou 
et al. 2004).
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Fig. 14.5 Structure of herpes simplex virus 

Herpes Simplex Virus 
It is a virus that is large in size with a broad range of actions that show continued 
gene expression from protracted infection (Fig. 14.5). The HSV poses slight chances 
of insertional mutagenesis since it stays outside the nucleus (episomal). HSV type 
1 (HSV-1) strains form the basis for the majority of herpes virus vectors. This 
double-stranded DNA virus has various unique characteristics, such as the capacity 
to stay dormant in tissues and to revive at an infection site. HSV-1 replicates once it 
has infected a cell, leading to cell and infection of neighboring cells. Furthermore, 
HSV-1 is a widespread human infection that infrequently results in serious illnesses. 
HSV vectors can quickly and effectively transmit genes while accommodating 
significant amounts of foreign DNA. 

Herpes simplex virus has some limitations, such as the following: 

1. Poor transfection efficiency. 
2. Large genome size. 
3. The function of HSV is confined due to its high affinity toward neuronal cells. 

However, some researchers are taking advantage of this limitation to target the 
neurons (Ayllón Barbellido et al. 2008; Gardlik et al. 2011; Roman et al. 2011). 

14.2.1.2 RNA-Based Viral Vectors for Gene Delivery 
Infectious RNA transcripts can now be directly translated by RNA-based viral 
vectors for the delivery of genes. Gene delivery with RNA is typically temporary 
and not permanent. Oncoretro-viral vectors, human foamy virus, and lentiviral 
vectors are RNA-based viral vectors for delivery of genes used in the treatment of 
genetic diseases. The advanced system provides negative-strand RNA templates 
with RNA-dependent polymerase complexes (Mogler and Kamrud 2015). Patients 
who received transplantation for AIDS-related lymphoma have used lentiviral



vector-altered CD34(+) cells as RNA-based gene delivery methods for HIV 
(DiGiusto et al. 2010). 
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Retrovirus 
One of the main RNA-based viral vectors for the delivery of genes is a retrovirus. 
Retroviruses are RNA-based viruses that are single-stranded that have genomes that 
can accommodate transgenes up to 10 kb in size (Barquinero et al. 2004; Daniel and 
Smith 2008) and can contain genes up to 7–11 kb in size (Kamimura et al. 2011; 
Barquinero et al. 2004). The nuclear pores of proliferating cells do not act as barriers 
to retroviral vectors, which are very successful in dividing cells (Nayerossadat et al. 
2012; Bushman 2007). Additionally, retroviruses are highly useful for interventions 
that favor permanent gene transfer (Anson 2004; Mancheño-Corvo and 
Martín-Duque 2006). However, in addition to their potential for pathogenicity and 
immunogenicity, retroviral vectors also carry the risk of mutation because of how 
efficiently they incorporate into the DNA of the host cell (Basarkar and Singh 2007; 
Anson 2004). Additionally, target cells may become randomly infected when retro-
viral vector systems are used (Yi et al. 2011). 

The limitations of retrovirus are as follows: 

1. Less vector titer 
2. Lesser transfection efficiency exhibited in in vitro studies 
3. Particle instability 
4. Difficult to transduce nondividing postmitotic cells 

It is important to remember that each viral vector system has specific advantages 
and disadvantages, requiring a distinct study to determine the applications for which 
each is most appropriate (Mancheño-Corvo and Martín-Duque 2006; Siemens et al. 
2003). 

14.2.1.3 Oncolytic Viral Vectors for Gene Delivery 
These viruses are used as a novel type of treatment for diseases related to cancer. 
Lately, they have emphasized oncology in an attempt to improve the effectiveness of 
their treatment interventions (Howells et al. 2017). The benefits and drawbacks of 
the many modifications made to them to improve infectivity and therapeutic safety 
for the interaction of tumor cells and oncolytic viruses (OVs) have been discussed. 
Through the development of T cells expressing IL-18R or IL-12R2, oncolytic 
adenoviruses co-expressing IL-18 and IL-12 enhance tumor-specific immunity 
(Choi et al. 2011). The ultimate objective is to develop a virus that can successfully 
multiply inside the host, find a specific target, and kill cancerous cells. Adenovirus-
induced decorin expression triggers p53 activation and mitochondrial apoptosis, 
which kill cancer cells (Yoon et al. 2017). With the support of gene therapy, 
oncolytic adenovirus vectors provide a promising treatment option for cancer 
(Choi et al. 2015). IFN- and TNF-producing T cells that express IL-23 and p35 
are activated to provide antitumor immunity. According to studies, cytokine 
immune-gene therapy is one of the most effective treatments for cancer (Choi 
et al. 2013; Hernandez-Gea et al. 2013; El-Aneed 2004; Baban et al. 2010).
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14.2.2 Nonviral Vectors 

In substitution for typical viral-based vectors, the nonviral vector strategy was 
developed. Lipids, polymers, and peptides are nonviral vector approaches explored 
for gene delivery (Godbey and Mikos 2001; Zhi et al. 2013; Eliyahu et al. 2005). 

Non-viral vectors for gene delivery 

Lipid based 
gene delivery 

Polymer based 
gene delivery 

Peptides based 
gene delivery 

14.2.2.1 Lipid-Based Gene Delivery 
Currently, the nonviral vector that has received the most emphasis is lipid-based 
gene delivery, which has shown promise for controlling cellular gene expression in 
both research and therapeutic contexts. They self-build with DNA having a negative 
charge to produce a cationic-charged complex, which leads to the production of a 
complex of plasmid DNA and cationic lipids (Wasungu and Hoekstra 2006). They 
are cationic at normal pH and are made up of a neutral lipid or cholesterol and 
cationic lipid (de Ilarduya et al. 2010). DNA is delivered into the cytoplasm when 
lipoplex comes in contact with cellular plasma membrane and internalize into the 
cell through endocytosis. This causes the lipoplex to become unstable. However, the 
delivery of other medicinal macromolecules has been the predominant use for 
anionic liposomes (Mayhew and Papajadjopoulos 1983). 

They are classified into two types: 

Lipid based gene delivery 

Cationic lipid based 
drug delivery 

Anionic lipid based 
gene delivery
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Cationic Lipid-Based Gene Delivery 
Researchers have been working on designing and examining cationic lipid 
formulations for effective gene transfer since 1983; [1,2-bis(oleoyloxy)-3-
(trimethylammonio)propane] (DOTAP) (Leventis and Silvius 1990), N-
[1-(2,3-dioleyloxy)propyl]-N,N,N-trimethylammonium chloride (DOTMA) 
(Felgner et al. 1987), 3β[N-(N′,N′-dimethylaminoethane)-carbamoyl] cholesterol 
(DC-Chol) (Gao and Huang 1991), and dioctadecylamido glycylspermine (DOGS) 
(Behr et al. 1989) are the common agents for cationic lipids. To facilitate 
endolysosomal escape, cationic lipids are typically combined with the neutral lipid 
dioleoylphosphatidylethanolamine (DOPE) (Farhood et al. 1995). 

N-[1-(2, 3-Dioleyloxy)Propyl]-N,N,N-Trimethylammonium Chloride (DOTMA) 
N-[1-(2, 3-dioleyloxy)propyl]-N,N,N-trimethylammonium chloride, or DOTMA, 
was used as a lipofectin. DOTMA was combined in a 1:1 ratio with a neutral lipid 
called dioleoylphosphatidylethanolamine (DOPE) to enhance the transfection effi-
cacy of lipofectin (Fig. 14.6). One of the early developed, extensively studied, and 
widely available cationic lipids for the delivery of genes was DOTMA. In an attempt 
to increase transfection efficiency and decrease toxicity, various research groups 
prepared modified DOTMA by altering its key functional components, such as 
linker, its head group, hydrocarbon chains, and linkage bonds (Vaheri and Pagano 
1965; Ren et al. 2000). It was discovered that the cytotoxicity linked to the 
synthesized monovalent lipids depended on the density of the plated cells and the 
lipids’ structural properties (Vaheri and Pagano 1965). 

2,3-Dioleyloxy-N[2(Sperminecarbaxamido)Ethyl]-N,N-Dimethyl-1-Propaminium 
Trifluoroacetate (DOSPA) 
Cationic lipid developed as a derivative of DOTMA is 2,3-dioleyloxy-N[2 
(sperminecarboxamido)ethyl]-N,N-dimethyl-1-propanaminium trifluoroacetate, or 
DOSPA. DOSPA and DOTMA are almost similar in structure (Fig. 14.7). The 
main distinction between them is that DOSPA contains a spermine functional 
group that is linked to the hydrophobic chains by a peptide bond, enabling more 
effective DNA packing (Jain et al. 1989). 

N-[1-(2,3-Dioleyloxy)-Propyl]-N,N,N-Trimethylammonium Chloride (DOTAP) 
N-[1-(2,3-dioleyloxy)-propyl]-N,N,N-trimethylammonium chloride (DOTAP) 
(Felgner et al. 1987) is the most well-researched lipid which has been used to 
in vivo genetically modify a number of animal organs (Zhu et al. 1993)

Fig. 14.6 N-[1-(2, 3-dioleyloxy)propyl]-N,N,N-trimethylammonium chloride (DOTMA) (Vaidya 
et al. 2022)



(Fig. 14.8). The key distinction among DOTMA and DOTAP is that DOTAP has 
ester bonds instead of ether bonds connecting the backbones, which can be 
hydrolyzed to help break down lipids and lessen toxicity. Using a cationic lipid 
complex containing cholesterol and DOTAP, high tumor selectivity can be achieved 
as per the experimental studies. When compared to liver tissue, this approach yields 
a minimum of ten times more expression for every milligram of tumor tissue (Wang 
et al. 2013).
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Fig. 14.7 2,3-Dioleyloxy-N[2(sperminecarbaxamido)ethyl]-N,N-dimethyl-1-propaminium 
trifluoroacetate (Li et al. 2015) 

Fig. 14.8 N-
[1-(2,3-dioleyloxy)-propyl]-
N,N,N-trimethylammonium 
chloride (DOTAP) 

Fig. 14.9 3[N-(N′, 
N′-dimethylaminoethane)-
carbamoyl]cholesterol 
(DC-Chol) (Vaidya et al. 
2022) 

3[N-(N′,N′-Dimethylaminoethane)-Carbamoyl]Cholesterol (DC-Chol) 
3[N-(N′,N′-dimethylaminoethane)-carbamoyl]cholesterol was discovered in 1991 
(Gao and Huang 1991) (Fig. 14.9). Unlike DOTAP and DOTMA, DC-Chol has a



tertiary amine group that may assist to prevent lipoplex aggregation and promote 
increased expression of transgene (Ajmani and Hughes 1999). 
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Fig. 14.10 Di-octadecyl-amido-glycyl-spermine (DOGS) (Zhi et al. 2018) 

Di-Octadecyl-Amido-Glycyl-Spermine (DOGS) 
DOGS, also known as di-octadecyl-amido-glycyl-spermine, is marketed as 
transfectam and has similar characteristics to DOSPA (Fig. 14.10). Both DOGS 
and DOSPA have 2 18-carbon alkyl chains in addition to a spermine group. These 
two are different from one another since DOSPA contains a quaternary amine. 
Contrarily, DOGS lacks quaternary amines; instead, it has saturated chains and is 
connected to the head group by a peptide linkage. Numerous cell lines have been 
transfected using DOGS. The delivery of the chloramphenicol acetyltransferase 
(CAT) reporter plasmid without any cytotoxic effects was demonstrated using 
DOGS (Behr et al. 1989). 

Anionic Lipid-Based Gene Delivery 
Plasmid DNA, anionic lipids, and cations constitute the components of anionic 
lipoplexes (Srinivasan and Burgess 2009). Gene delivery using anionic lipids is 
often not very desirable or effective. Phospholipids like phosphatidylglycerol, 
phosphatidylserine, and phosphatidic acid, which are naturally present in biological 
membranes, are often employed as anionic lipids in gene delivery. As a nonviral 
means of delivery, DNA encapsulation into anionic and neutral liposomes has also 
been investigated. Owing to electrostatic repulsive interactions that exist among an 
anionic head group of the lipids and the phosphate backbone of DNA, an anionic 
liposome cannot effectively attach to anionic DNA. To use anionic lipids for cell-
specific targeting, DNA must be enclosed. However, the DNA matrix’s size and 
shape restrict the uses of its encapsulated form (Ledley 1995). 

A few number of cell types, including hippocampal neurons and CHO cells, have 
been recorded for gene delivery using a variety of anionic liposomes (Ledley 1995; 
Patil et al. 2004, 2005b). Nevertheless, despite extremely positive and hopeful 
outcomes, our total understanding of anionic lipofection is still restricted due to 
numerous challenges, few of which will definitely test our scientific acumen. The 
absence of reproducibility is one of the primary causes. Furthermore, because of



their systematic administration, it is linked to undesirable side effects from nonspe-
cific immune system cytotoxicity that results in a variety of unfavorable 
consequences. 
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14.2.2.2 Polymer-Based Gene Delivery 
In an attempt to overcome the immunogenic and carcinogenic issues related with 
viral vectors, carriers based on the polymer for the delivery of genes have been 
designed as their alternative. Due to its tremendous scope for the design of safe and 
reliable vectors, it has garnered a lot of interest over the past two decades (Kang et al. 
2012). 

Researchers studying gene delivery methods have investigated the possible 
advantages of polymeric vehicles for genes in cationic biopolymers including 
chitosan derivatives and liposomes (Ginn et al. 2018; Hulin-Curtis et al. 2016). 
Polymeric materials can conceal the DNA of negative charges and compress the big 
genes into smaller tiny molecules when used with cationic polymers for gene 
delivery. The polyplex is the complex of cationic polymer-based nucleic acid. One 
important targeting delivery system for gene therapy is the gene complex. 
The majority of studies concentrate on the impact of ligands that are attached to 
the DNA complex by covalent bonding. The targeted ligands can combine with the 
cationic polymers. Poly(L-lactide) is a polymer that can be a potential alternative that 
is frequently used to link the targeted ligands (Stone 2010; Manno et al. 2006; 
Kabanov and Kabanov 1995; Buwalda et al. 2012). Under a wide range of 
circumstances, compaction occurs during cationic polymer condensation of plasmid 
DNA. Condensing agents mainly utilized are multivalent cationic polymers 
(Bloomfield 1991, 1996). 

One of the main classes of cationic polymers used as condensing agent is 
polyamidoamine (PAMAM) dendrimer. 

Polyamidoamine Dendrimers (PAMAM Dendrimers) 
A group of highly branched cationic polymers known as polyamidoamine 
dendrimers may condense DNA and deliver it to a number of cell types with minimal 
cytotoxic effects (Kukowska-Latallo et al. 1996). These are circular polymers that 
are highly branched and are frequently used in transfer of genes using nonviral 
vectors. 

The most widely utilized dendrimers for the delivery of genes using nonviral 
vectors are the 6-generation Starburst™ PAMAM dendrimers, either in fragmented 
or intact form. The first polyamidoamine (PAMAM) dendrimers were developed by 
Tomalia et al. (1985) (Fig. 14.11). The process used to form this type of starburst 
dendrimer involves adding methyl acrylate by Michael addition to an original core 
(such as ethylenediamine or ammonia) that has a number of branching points at its 
center. Next, the resulting esters are amidated with ethylenediamine. Later 
investigations made use of PAMAM-OH dendrimers with hydroxyl ends 
(Fig. 14.11b). PAMAMOH that had been neutralized on the surface showed 
advantages, including less toxicity and lower transfection efficiency (Lee et al.



2003). L-Arginine was used to modify these dendrimers by forming degradable ester 
linkages (Fig. 14.11c). In fact, the L-arginine ester-grafted PAMAM-OH G4 had a 
higher transfection and reduced toxic effects than the earlier L-arginine amide-
grafted PAMAM G4 (Nam et al. 2009). 
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Fig. 14.11 Polyamidoamine dendrimers, (a) G3 PAMAM dendrimer (Tomalia et al. 1985). (b) 
Hydroxyl-terminated PAMAM-OH dendrimer (Lee et al. 2003). (c) L-Arginine ester-modified 
PAMAM-OH dendrimer (Nam et al. 2009) 

The primary benefit of the fractured dendrimer’s structural design is the presence 
of highly dense amine at the molecule’s periphery, which facilitates effective 
condensation of nucleic acids while releasing up the amino group present inside 
for a proton sponge throughout endolysosomal acidification, facilitating most



effective endosomal escape. In comparison with the intact polymer, these 
dendrimers exhibit much increased (>50-fold) levels of expression of reporter 
gene. This finding’s cause is unknown, although it is possible that one of the key 
causes is that the polymer’s enhanced flexibility and improved capacity for 
complexing with DNA serve to promote gene expression (Tang et al. 1996). 
Researchers have looked at the tertiary structures that resemble noncondensing 
plasmid DNA in complexes with less hydrophobized stearyl-poly(L-lactide) (Kim 
et al. 1998a). The process of adding hydrophilic components, such as or hydropho-
bic stearyl chains, dextran, polyethylene glycol, hydrophobic stearyl chains, or 
hyaluronic acid, has however been facilitated by DNA condensation (Toncheva 
et al. 1998; Maruyama et al. 1997a; Katayose and Kataoka 1997; Kim et al. 1997). 
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Polymer-based gene delivery has been divided into three categories: 

Polymer based gene 
delivery 

Gene delivery 
based on 

polysaccharides 

Gene delivery 
based on 

polyethyleneimine 

Gene delivery 
based on poly 

(L- lysine) 

Polysaccharide-Based Gene Delivery Systems 
On the basis of grafted oligoamine residues for natural polysaccharides, a range of 
biodegradable cationic polymers were identified for the delivery of genes (Azzam 
et al. 2002). The grafting concept enables 3D contact with anionic surfaces of 
double-stranded DNA chains by attaching side chain oligomers to hydrophilic 
polysaccharides, which are branched or linear in nature. The polysaccharide-based 
gene delivery technology suggests that the cationic polysaccharide’s structure has a 
key impact in the transfection activity for delivery of genes. The delivery of 
compounds such as plasmids and oligonucleotides through mucosa had been 
explored using colloidal polysaccharide particles (Janes et al. 2001). Nanoparticles 
made of natural polysaccharides have also been investigated as methods of deliver-
ing drugs and genes (Liu et al. 2008). The mechanism for manufacturing 
polysaccharide-based nanoparticles included electrolyte complexing, ionic and 
covalent cross-linking, and hydrophobic polysaccharide self-assembly. Natural 
polysaccharides like chitosan have been evaluated as vehicles for drugs or genes 
(Morris et al. 2010).
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Chitosan 
It is a biodegradable polysaccharide that is linear in nature comprising of N-acetyl-D-
glucosamine and b-1,4-linked D-glucosamine residues. Owing to its 
non-allergenicity, biodegradability, biocompatibility, mucoadhesive property, and 
great binding with DNA, it is one of the highly reported naturally produced cationic 
gene polymers used in nonviral gene transfer. In a series of experiments using both 
experimental animals and humans, chitosan displayed little cytotoxicity and 
increased transfection effectiveness (Rao and Sharma 1997; Aspden et al. 1997). 

Gene Delivery Systems Based on Polyethyleneimine 
In most cases, polyamines that turn cationic under physiologic conditions are the 
cationic polymers used for gene complexation. Due to their great complex stability, 
polyethyleneimines (PEIs), which were initially proposed by Boussif et al. (1995), 
are one of the most extensively researched and regarded as the reference of nonviral 
vectors for gene delivery. Compared to other polycations like PLL, PEIs provide a 
transfection that is significantly more effective and resistant to nuclease degradation. 
It might be because PEIs form more compact and effective complexations and have 
higher charge densities. Amino groups present in the PEIS have the ability to 
increase their ability to act as buffers. These result in the rupture of lysosome and 
then permeate into the cytoplasm through the effect of the proton sponge 
(Benjaminsen et al. 2013; Luu et al. 2012). The other functional molecules can 
receive some buffering capacity enhancement from PEI. PEI conjugated poly 
(cystamine bis(acrylamide)-diaminohexane) [poly(CBA-DAH)] was designed to 
improve transfection efficiency and reduce weight ratio. Multiple disulfides consti-
tute poly(CBA-DAH), which are broken down in the cytoplasm by an intracellular 
reducing agent like glutathione (GSH) (Doss et al. 2013; Hong et al. 2006; Oupický 
and Li 2014; Wen et al. 2011). The triple peptide that constitutes GSH was formed in 
the cytosol from precursor amino acids (Chakravarthi et al. 2006). 

The improved buffering ability of other compounds including imidazole, histi-
dine, and PEI was also demonstrated in other investigations (Bello Roufaï and 
Midoux 2001; Pack et al. 2000; Pires et al. 2011; Yang et al. 2008; Zhang et al. 
2015). Additionally, water-soluble, branching poly(ethylenimine)-cholesterol lipo-
polymers for gene transport were produced (Wang et al. 2002). Gene delivery uses 
altered linear polyethylenimine-cholesterol conjugates for DNA complexation 
(Furgeson et al. 2003). A gene delivery approach using polyethylenimine-choles-
terol/DNA complexes which are linear in nature had been investigated for tumor 
effectiveness and biodistribution (Furgeson et al. 2004). A biodegradable gene 
carrier made of polyethyleneimine with acid-labile links had been developed and 
evaluated (Kim et al. 2005). Gene delivery technologies consisting of reducible poly 
(amidoethylenimine)s have been developed and evaluated (Christensen et al. 2006, 
2007; Jeong et al. 2007, 2010). 

Poly(L-Lysine)-Based Gene Delivery Systems 
The main cationic polymer used for the transfer of genes is poly(L-lysine) (PLL). 
PLL falls under the category of cationic-charged polymers at neutral pH. A



hydrophilic cationic amino group is mainly found in PLL. PLL has the capacity to 
join with DNA to build a polyelectrolyte complex. In physiologic conditions, PLL 
(pKa 10.5) is protonated, which ionically interacts with DNA’s negatively charged 
phosphate groups and builds a polyelectrolyte complex of nanoparticulate range 
(Laemmli 1975). To facilitate the co-adsorption of plasmid DNA, PLL-based replica 
particles are cross-linked using a homo-bifunctional linker have been developed for 
the delivery of genes (Zhang et al. 2010). For the in vivo delivery of genes to the 
liver, poly-L-lysine/DNA polyplexes have been stabilized (Kwoh et al. 1999). There 
have been reports on the development and evaluation of poly-L-lysine-based carriers 
for the delivery of genes (Choi et al. 2000). Modified poly(L-lysine) such as N-
terminal modified poly(L-lysine) antibody conjugate is utilized as a vehicle for 
delivering specific genes in endothelial cells present in the lungs of the mouse 
(Trubetskoy et al. 1992). Terplex DNA delivery systems and DNA nanoparticle 
carriers with grafted poly(L-lysine) polysaccharide copolymers were initially devel-
oped and recognized as a carrier of genes (Kim et al. 1998a; Maruyama et al. 1997b). 
For gene delivery systems, terplex delivery systems and polyethylene glycol grafted 
poly(L-lysine) were also designed (Kim et al. 1998b; Choi et al. 1998a,b, 1999). In 
the area of biomedical applications, clinical evaluations are now being conducted 
(Park et al. 2006; Meel et al. 2016; Bodles-Brakhop et al. 2009; Pulkkanen and 
Yla-Herttuala 2005; Rainov 2000; Young et al. 2006; Yoshida et al. 2004; 
Weichselbaum et al. 2002; Amer  2014; Jayant et al. 2016; Nam et al. 2015). 
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14.2.2.3 Peptide-Based Gene Delivery 
Genomic carriers based on peptides provide a number of advantageous properties. 
With the aid of the naturally occurring amino acids ornithine, arginine, and lysine, 
which provide positive charges, electrostatic interaction can condense the pDNA 
(Plank et al. 1999) and perform a variety of other functions, including endosomal 
escape and receptor-targeted delivery. Oligolysine peptides are a substitute for 
heterogeneous polylysine peptides that include lysines of a fixed length (L-lysine). 
It is also possible to carry out site-specific adjustments because of the specific 
structure. According to studies, pDNA can be compacted by oligolysine molecules 
with 13 or more lysine monomers (Wadhwa et al. 1997), and a peptide with 
18 lysines can form stable polyplexes with pDNA that are guarded against break-
down (Adami et al. 1998). 

Cross-linking has been shown to significantly enhance the stability of DNA 
complexes. In order to establish bioreversible disulfide linkages through oxidation, 
cysteine has been added to the peptide sequence. They studied modifications of the 
Trp-Lys20 peptide by replacing one to four of the lysines with cysteines. The best 
transfection efficiency was demonstrated by a peptide containing two terminal 
cysteines (McKenzie et al. 2000a). Similar transfection effectiveness was attained 
using reduced lysine chains that contained only two terminal cysteines and four 
lysines (McKenzie et al. 2000b). 

Fusogenic peptides, such as amphipathic peptides with large amounts of basic 
amino acids, like Tat (Fawell et al. 1994), melittin (Boeckle et al. 2006; Chen et al. 
2006), KALA (Wyman et al. 1997), and others (Lehto et al. 2010; El Andaloussi



et al. 2011), were used to mediate endosomal escape as an alternate choice to the 
mechanism of proton sponge (Zorko and Langel 2005). These peptides can damage 
endosomes by interacting with their lipid membrane. Numerous polymers, cationic 
peptides, or other gene delivery vehicles were combined with fusogenic peptides. 

428 S. K. Manohar et al.

14.2.3 Physical Method of Gene Delivery 

The physical method of transferring genes is not vector-mediated and does not 
require carriers. 

It involves various methods such as electroporation, sonoporation, photoporation, 
magneto-fection, needle injection, hydroporation, and gene guns. 

Electroporation: This method involves the use of electromagnetic pulse, which 
helps in the formation of pores in the membrane of the cell to enable the genetic 
materials into the cell. 

Sonoporation: This technique involves the usage of sound waves for the creation of 
pores in the membrane of the cell for the movement of genetic materials into 
the cell. 

Photoporation: The method of photoporation helps in the formation of pores in the 
cell membrane by using a laser pulse for entering the genetic materials into 
the cell. 

Magneto-fection: It involves utilizing magnetic particles that have complexed with 
DNA and an external magnetic field to concentrate nucleic acid particles inside 
target cells. 

Needle injection: This method involves the usage of needles to directly inject 
genetic materials into the cell. 

Hydroporation: This is the technique that involves the use of the hydrodynamic 
capillary effect to alter the permeability of the cell membrane for the entry of 
genetic materials into the cell (Sung and Kim 2018). 

14.3 Conclusion 

In recent years, gene therapy has garnered significant interest and can be used as a 
promising treatment of choice for chronic conditions caused by genetic 
abnormalities. Gene therapy is a type of treatment in which genes are mainly used 
for the treatment of diseases. In gene therapy, components used for gene delivery are 
the essential components for the treatment of genetic diseases. The major aim of the 
research on gene delivery systems is to design proper vectors for the treatment of 
serious life-threatening diseases like cancer, Alzheimer’s, and AIDS. Several types 
of materials used in gene delivery systems are summarized and discussed here. 

As all we know, viral vectors are playing a vital role in clinical trials of gene 
delivery such as adenovirus, herpes simplex virus, adeno-associated virus, retrovi-
rus, etc. These vectors are efficient to carry the genome into target cells. On the other



hand, nonviral vectors are also gaining attention in gene therapy. The materials 
utilized for nonviral vectors are lipids, peptides, and polymers. There are different 
categories of lipids such as anionic lipids and cationic lipids which are used for the 
delivery of genes. This lipid-based gene delivery acts as a promising approach to 
altering gene expression at a cellular level in therapeutic and research applications. 
Polymeric gene delivery systems have gained interest in basic research and clinical 
applications. These gene delivery systems have several merits such as cost-
effectiveness, easy scale-up production, and easy modulation of DNA loading 
capacity. However, materials that are stable and monodisperse in size must be 
used for the effective delivery of genes. Hence the main advantages of gene delivery 
systems should be assessed carefully to reach the desired target by building an 
effective system with proper biodistribution to first-pass organs and rapid clearance 
of complexes for efficient gene delivery. In the future, our main research has to focus 
on DNA and RNA molecular techniques to become the main treatment in the 
biomedical field. 
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Abstract 

Natural polymers are widely used to produce hydrogels for skin wound-healing 
applications. Hydrogels possess porosity, water absorption and water retention 
capability, mechanical properties, and biocompatibility. Also, bioactive 
molecules and metal nanoparticles can be added into hydrogels to improve 
antimicrobial and wound-healing properties, which are necessary for dressing. 
This chapter reviews the main physicochemical and biological properties of the 
natural hydrogels used as a wound dressing. The different natural polymers such 
as chitosan, alginate, cellulose, and gelatin and fabrication methods to produce 
hydrogels are described. This chapter will contribute to a better understanding of 
natural hydrogels as a potential dressing for skin wound-healing applications. 
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15.1 Introduction 

Hydrogels are porous hydrophilic biomaterials with a tridimensional cross-linked 
network structure capable of absorbing and retaining considerable water into a 
polymer structure (Tang et al. 2022; Xiao et al. 2022). A cross-linker agent is a 
molecule that interconnects polymer chains via functional groups such as amine, 
carboxyl, or hydroxyl. The cross-linking process increases molecular weight, 
provides higher mechanical properties, improves stability, and impacts the 
hydrogels’ physical properties (Zainal et al. 2021). Hydrogels can expand and 
absorb several folds of water into their structures without disintegrating, providing 
a favorable environment for the survival of various cells and mimicking the natural 
tissue (Saravanan et al. 2019; Xiao et al. 2022; Xu et al. 2022a). Also, hydrogels 
possess exciting properties such as sol-gel behavior in response to stimuli from the 
external environment, biocompatibility, nontoxicity, and biodegradability (Do et al. 
2022; Xu et al. 2022a). The interaction between polymeric chain networks and water 
or biological fluids occurs through different phenomena: capillary, osmotic, and 
hydration forces, which are counterbalanced, causing the expansion of polymer 
chain networks (Varaprasad et al. 2017). The hydrogels can respond to several 
stimuli, such as temperature, pressure, pH, ionic charge, or antigens, with changes 
in specific characteristics. Then, when the stimulus finishes, hydrogels can return to 
their original structure. This class of hydrogels is denominated as “smart” materials 
(Stan et al. 2021). 

Hydrogels possess significant benefits for wound dressing applications due to 
their mild processing conditions and ability to combine bioactive agents that help the 
healing process. The molecules added to hydrogels can be delivered with more 
accurate and progressive control than the topical or dermal application (Fan et al. 
2021). For example, hydrogels can deliver specific molecules, i.e., antiseptics, 
antibiotics, anti-inflammatories, and antioxidants (Stan et al. 2021). 

15.2 Wound Healing 

15.2.1 Skin: Structure and Function 

The skin is considered the largest organ and the physical barrier of the human body. 
It accomplishes many critical functions, such as protecting internal organs from 
mechanical damage and ultraviolet radiation, preventing fluid loss and controlling 
the body temperature, and protecting the host from microbial infections (Rodrigues 
et al. 2019; Nguyen and Soulika 2019). The skin is formed of three layers: epidermis, 
dermis, and hypodermis. The epidermis is the outermost layer formed by 
corneocytes and keratinocytes, providing barrier protection from environmental 
conditions (Vig et al. 2017). Furthermore, the epidermis is constantly renewed due 
to the proliferation of keratinocytes, which lose their nuclei and migrate from the 
basement membrane to the surface skin, creating the cornified stratum (Chu 2012). 
The dermis is located below the epidermis and contains nerve endings,



microvascular vessels, and higher content of proteins such as proteoglycans and 
collagen fibers (Rippa et al. 2019). The cells that conform to the dermis are 
myofibroblasts, resident immune cells such as macrophages, Langerhans cells, 
dendritic cells, and fibroblasts (Woodley 2017). The fibroblasts are abundant cells 
capable of synthesizing collagen type I and supporting the remodeling of the 
extracellular matrix (ECM) (Sorrell and Caplan 2009). Subjacent to the dermis, we 
could find the hypodermis or subcutaneous fat tissue, abundant fibrocytes, and 
adipocytes whose principal functions are storing energy as fatty acids, thermal 
isolation, and endocrine, regulating glucose and lipid metabolism (Tavakoli and 
Klar 2020). Additionally, the subcutaneous fat tissue includes copious blood vessels 
and lymph vessels and produces crucial mediators such as growth factors, 
adipokines, and cytokines (Cildir et al. 2013). 
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15.2.2 Wound-Healing Process 

Wound healing is a dynamic and complex process that coordinates the cells in the 
different skin layers to restore homeostasis. It consists of four phases that overlap in 
time and space (Fig. 15.1): hemostasis, inflammation, proliferation, and tissue 
remodeling (Tavakoli and Klar 2020). 

Fig. 15.1 Scheme of the wound-healing process. (Reprinted from Abazari et al. 2022, copyright 
2022, with permission of Elsevier)
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15.2.2.1 Hemostasis 
After the vascular damage, the subendothelial matrix is disrupted and exposed. 
Platelets initiate the vasoconstriction process attached to vessel walls and aggregate 
with each other to form the blood clot and stop the bleeding (Rumbaut and 
Thiagarajan 2010). Also, the activated platelets release growth factors and cytokines 
that act as mediators, such as transforming growth factor-β (TGF-β), epidermal 
growth factor (EGF), and vascular endothelial growth factor (VEGF), even 7 days 
after injury (Qing 2017). Following this, the coagulation cascade activation converts 
the fibrinogen into a fibrin mesh to form the thrombus as a temporal scaffold for 
critical cells for wound healing. 

15.2.2.2 Inflammation 
During the inflammatory phase, the neutrophils are the predominant immunity cells 
during the first 48 h after the damage. Neutrophils phagocyte dead cells and destroy 
bacteria, release chemokines, and attract macrophages to the wound site. Also, the 
circulating monocytes migrate and maturate into tissue macrophages (Pereira et al. 
2017). 

15.2.2.3 Proliferation 
The proliferation phase happens about 2–10 days after the insult and is characterized 
by fibroblasts proliferating in the wound area, forming the granulation tissue, and 
depositing new ECM proteins like collagen. The granulation tissue will be subse-
quently replaced by connective tissue. Growth factors such as VEGF induce the 
development of new blood vessel or angiogenesis. Neovascularization provides the 
keratinocytes maturation and the restoration of the epithelial barrier (Desjardins-Park 
et al. 2018; Gurtner et al. 2008). 

15.2.2.4 Tissue Remodeling 
In the last phase of wound healing, cells implicated in skin repair suffer 
apoptosis about 2–3 weeks after damage. In this stage, the dermal ECM is actively 
remodeled by enzymes secreted by fibroblast and begins the wound contraction. The 
result is scar tissue that has 80% of the strength of the uninjured skin (Bowden et al. 
2016; Wang et al. 2018). 

15.2.3 Types of Wounds 

Wounds cause the loss of anatomic structure or function of the skin and can be 
classified according to the repair process as acute and chronic wounds (Lazarus et al. 
1994). Acute wounds are injuries caused by mechanical damage or friction with the 
skin surface and surgical incision and close quickly at 8–12 weeks with insignificant 
scarring due to highly coordinated biological events. Moreover, alterations in cellu-
lar signaling and excessive inflammation in the wound-healing process (Berman 
et al. 2017) can induce abnormalities such as excessive scarring or wounds that do



not heal, even after 12 weeks. These injuries are classified as chronic wounds 
(Lindholm and Searle 2016; Wilkinson and Hardman 2020). 
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15.2.4 Causes of Chronic Wounds 

Chronic wounds heal poorly and are associated with underlying pathological 
conditions such as hemoglobinopathies, diabetes, vascular disease, cancer, and 
malnutrition (Han and Ceilley 2017). Studies have shown that inflammatory 
environments of chronic wounds are related to high expression of reactive oxygen 
species (ROS) interrupting the cellular redox balance, associated with metabolic 
disorder and compromising the integrity of blood vessels, and avoiding the normal 
transition between the inflammatory to proliferation phases (Malone-Povolny et al. 
2019; Xu et al. 2020). Also, this offers a proper natural environment for bacterial 
infections, which prolongs the damage and hypoxic conditions (Tandara and Mustoe 
2004). 

15.2.4.1 Diabetic Wounds 
Diabetes mellitus is a chronic metabolic disease linked to hyperglycemia and foot 
ulcers that do not heal. Among the physiological complications of diabetic foot 
ulcers include (1) infection and barrier injury, (2) excessive oxidative stress, (3) neu-
ropathy, (4) microvascular difficulties, and chronic inflammation (Burgess et al. 
2021). Generally it initiates as foot deformity, and consequently, the nerves are 
damaged, reducing skin sensitivity. These alterations exacerbate vascular injury 
causing gangrene, arterial obstruction, and ischemia (Blanco-Fernandez et al. 2020). 

15.2.4.2 Pressure Ulcers 
Wound pressure is an injury caused by the localized destruction of skin integrity or 
underlying tissue because a body area constantly interacts with an external surface 
driving to pressure damage or ulcers. Pressure ulcers typically happen in 
old/paralyzed patients and are favored by devices such as nasal cannulas and 
nasogastric tubes (Maaz Arif et al. 2021; Bowers and Franco 2020). Pressure ulcers 
not treated can harm deep soft tissue and develop complications such as osteomyeli-
tis. The pathophysiological components accompanying pressure ulcers are ischemia-
reperfusion wounds, inadequate lymphatic drainage, cellular apoptosis, and failure 
to heal (Niemiec et al. 2020). 

15.3 The Bacterial Population on Wounds 

15.3.1 Skin Microbiota 

Microorganisms can be found in many environments (e.g., water, soil, and the 
atmosphere), including animals, plants, and humans (Ederveen et al. 2020). Within 
humans, microorganisms can colonize different areas such as the nose, throat,



mouth, vagina, intestine, and skin, giving rise to a bacterial community that is part of 
the human microbiota (Da Silva and Domingues 2017). The microbiota located on 
the skin is made up of bacteria from four main phyla: Actinobacteria (51.8%), 
Bacteroidetes (6.3%), Firmicutes (24.4%), and Proteobacteria (16.5%); however, 
the presence of these bacteria will differ throughout the skin. For example, Strepto-
coccus is one of the bacteria in higher proportion in the forehead and behind the ears, 
while Corynebacterium is present in the armpits. In the moist areas of the skin, the 
most abundant species are Staphylococcus and Corynebacterium, and in the seba-
ceous sites, some Propionibacterium has been reported (Gao et al. 2010; Sanford 
and Gallo 2013). In addition to bacteria, commensal fungi and viruses are part of the 
skin microbiota. For example, Aspergillus, Rhodotorula, Cryptococcus, and 
Epicoccum are some fungi species that are part of this microbiota and have been 
found mainly in the foot area (Adamczyk et al. 2020). 

444 G. Fletes-Vargas et al.

15.3.2 The Role of the Microbiota in the Skin 

The skin microbiota plays an essential role in maintaining homeostasis, producing 
proteases that participate in the desquamation and renewal of the stratum corneum. 
In addition, they retain a slightly acidic pH, reducing triglyceride levels in sebaceous 
areas and favoring the production of fatty acids. The microbiota’s generation of 
antimicrobial compounds inhibits opportunistic microorganisms’ growth, thus 
preventing the onset of infectious processes (Boxberger et al. 2021; Gribbon et al. 
1993). On the other hand, the microbiota interacts with the host’s immune system, 
generating an innate and adaptive immune response, thus reinforcing itself due to the 
detection process of the various bacterial populations (Park and Lee 2018). Studies 
have reported that this interaction with the immune system favors wound repair (Lai 
et al. 2009; Linehan et al. 2018). However, other reports mention the opposite effect, 
where the absence of the microbiota in the skin tends to the healing process; 
therefore, more research is necessary to understand the role of the microbiota in 
the wound repair process (Canesso et al. 2014). For example, C. striatum generates a 
factor that inhibits the Agr gene regulatory system, which controls the virulence 
factors of S. aureus, thus avoiding infections by this bacterium (Ramsey et al. 2016). 

15.3.3 Factors That Modify the Skin Microbiota 

The microbiota can be altered by a wide variety of intrinsic and extrinsic factors to 
which the human being is exposed; these changes will also depend on the time of 
exposure to these factors (Moskovicz et al. 2020). Within the intrinsic factors, we 
find the area of the skin. As mentioned above, the microbiota will depend on the 
conditions of the skin being colonized (e.g., moist, dry, or sebaceous sites) (Grice 
et al. 2009). Another factor is ethnicity; Li et al. (2019) found that the microbiota of 
East Asians is different from that of Caucasian and Latino populations (Li et al. 
2019). In another study conducted by Perez Perez et al. (2016), the skin microbiota



n

of African Americans differed from other population groups (Latinos, Caucasians, 
and Asians) (Perez Perez et al. 2016). 
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Other factors that contribute to variations in the microbiota are gender and age. 
Regarding gender, the most abundant bacteria in men are Enhydrobacter, 
Cutibacterium, Corynebacterium amycolatum, and Corynebacterium 
kroppenstedtii, while in sebaceous sites are Epicoccum and Cryptococcus. I  
women, the most abundant microbiota are Staphylococcus, Streptococcus, 
Enterobacteriales, Moraxellaceae, Lactobacillaceae, Corynebacterium 
urealyticum, Corynebacterium variabile, and Pseudomonadaceae, while in seba-
ceous sites, there is a more significant presence of Malassezia (Callewaert et al. 
2013; Fierer et al. 2008; Jo et al. 2016; Leung et al. 2015; Prohic et al. 2014; Shami 
et al. 2019; Zhai et al. 2018). Even though it has been seen that the presence of 
bacteria does not vary with age, the amount of microorganisms does decrease as age 
advances (Jo et al. 2016; Dimitriu et al. 2019). 

The extrinsic factors influencing the first type of microbiota composition are the 
type of childbirth, the postpartum environment, and the health staff. However, this 
microbiota is temporary, as it will later be influenced by other extrinsic factors 
described below (Chu et al. 2017; Dominguez-Bello et al. 2010). 

Lifestyle, hygiene, and cosmetics are factors that also influence the skin 
microbiota. Reports have indicated that makeup inhibits the growth of S. aureus 
and C. acne, whereas the use of emulsifiers favors the growth of S. aureus (Gannesen 
et al. 2019; Nielsen et al. 2016; Staudinger et al. 2011). Other factors that affect the 
microbiota on the skin are geographic location, climate, seasonality, and air pollu-
tion, the latter of which has been seen to degrade the diversity of the microbial 
population (Boxberger et al. 2021). 

15.3.4 Skin Diseases Caused by Microorganisms 

Although the microbiota confers various benefits to the host, changes in the 
microbiota alter host-microbiome interactions, resulting in multiple diseases 
(Schommer and Gallo 2013). These alterations in the microbiota generate dysbiosis, 
defined as the loss of balance in the composition of the microbiota or changes in the 
metabolic activities of the microbiota (Degruttola et al. 2016). Some diseases that are 
generated when the balance is lost are mentioned below. Acne vulgaris is a disease 
due to Propionibacterium acnes and Cutibacterium acnes; these bacteria colonize 
the sebaceous follicles producing enzymes, such as hyaluronidases, lipases, and 
proteases, causing local injuries and inflammations (Byrd et al. 2018; Flowers and 
Grice 2020; Schommer and Gallo 2013). Rosacea is a chronic skin condition 
involving the central part of the face with transient or persistent erythema, 
telangiectasias, inflammatory papules and pustules, or connective tissue hyperplasia 
(Oge’ et al. 2015). The presence of different microorganisms, such as Staphylococ-
cus epidermidis, Helicobacter pylori, Chlamydophila pneumonia, and Demodex 
folliculorum, has been associated with this disease (Murillo et al. 2014).
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Atopic dermatitis is a chronic and highly pruritic inflammatory skin disease 
(Kapur et al. 2018). People with this disease are susceptible to infections by 
Staphylococcus aureus and the herpes virus; this is attributed to the decrease in 
antimicrobial proteins. The severity of the disease is also associated with the loss of 
diversity of the microbiota, so one of the most effective treatments is the increase in 
the presence of bacteria of Corynebacterium, Streptococcus, and Propionibacterium 
genus (Sanford and Gallo 2013; Schommer and Gallo 2013). 

Psoriasis is a chronic proliferative and inflammatory dermatosis of the skin in 
which firmicutes have been found to be predominant. Another study also reports a 
high presence of Corynebacterium and a reduction of Staphylococcus and 
Cutibacterium. However, it is unknown if the changes in the microbiome are caused 
by the disease or vice versa (Loesche et al. 2018; Schommer and Gallo 2013). The 
infections due to opportunistic pathogens occur mainly in people with primary 
immunodeficiency. These individuals are more susceptible to fungal infections 
such as Candida spp. and Aspergillus spp. and bacteria such as Serratia marcescens 
(Byrd et al. 2018). Lastly, many of the bacteria in the normal microbiota can 
eventually cause infection in nonhealing or poorly healing wounds (diabetic foot 
ulcers, postsurgical wounds, or decubitus ulcers), occurring more frequently in 
elderly or diabetic people (Sanford and Gallo 2013). Bacteria such as Staphylococ-
cus aureus and S. epidermis have been isolated from superficial wounds, while 
bacteria such as P. aeruginosa, Finegoldia, Peptoniphilus, and Peptostrptococcus 
have been found in deeper wounds and with longer healing time (Ederveen et al. 
2020). Infections due to Staphylococcus spp. and Streptococcus spp. have been 
reported in the wounds of diabetics (Gardner et al. 2013) in addition to opportunistic 
fungal infections such as Cladosporium spp. and Candida spp. (Swaney and Kalan 
2021). In wounds caused by burns, the presence of infections caused by thermophilic 
bacteria (Aeribacillus, Caldalkalibacillus, Nesterenkonia, and  Halomonas) and a 
decrease in commensal bacteria of the genus Cutibacterium and Corynebacterium 
have been reported (Rensburg et al. 2015). 

15.3.5 Conventional Antimicrobial Agents 

The skin is the human body’s largest organ and forms an integral part of the immune 
system. In this sense, the skin is the first line of defense against microbial infections. 
One strategy that may reduce the risk of bacterial infection is applying an 
antibacterial dressing (Yang et al. 2022c). Antibiotics are antimicrobial compounds 
used to kill bacteria and fight bacterial infections, for instance, tetracycline, cipro-
floxacin, gentamicin, and sulfadiazine (Hauser et al. 2016). However, there are other 
compounds with an antimicrobial effect used for the treatment of bacterial 
infections, such as nanoparticles (Mussin et al. 2021) and natural products such as 
honey, essential oils, and chitosan (Yang et al. 2022c) (Simões et al. 2018). These 
materials have shown promising antibacterial activities following their application 
after a wound surgery and provided the potential ability to reduce wound infections 
(Yang et al. 2022c).
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15.3.5.1 Silver Nanoparticles 
Silver is a metal with a long history in traditional medicine because it has a high 
antimicrobial activity and low toxicity in animal cells (Rai et al. 2009, 2012). These 
nanoparticles may be toxic in humans, but effects can be attenuated when silver is 
used to form nanoparticles (Ferdous and Nemmar 2020). Some silver compounds 
(e.g., silver nitrate and silver sulfadiazine) have been used to treat burns, wounds, 
and several bacterial infections to reduce skin infections. In recent years, research 
has increased on the antimicrobial effect of silver nanoparticles in treating wounds 
and skin infections (Mussin et al. 2021). It has been reported that these nanoparticles 
have antimicrobial activity against different bacterial species such as Escherichia 
coli, Enterococcus faecalis, Pseudomonas aeruginosa, Staphylococcus aureus, and 
Streptococcus mutans (Brunauer et al. 2021; Bruna et al. 2021; Yin et al. 2020). 

15.3.5.2 Essential Oils 
Essential oils are secondary metabolites, volatile, natural, complex compounds 
characterized by a strong odor produced by aromatic plants. They have been widely 
used for antioxidant, virucidal, fungicidal, antiparasitic, insecticidal, medicinal, and 
bactericidal applications. The biological activity of the oils is compared with syn-
thetic pharmaceutical compounds (Hamdy 2020). Essential oils possess antibacterial 
properties, e.g., terpenes and terpenoids show inhibitory activity against Staphylo-
coccus aureus (Safaei-Ghomi and Ahd 2010), carvacrol has specific effects on 
S. aureus and Staphylococcus epidermidis, and perilla oil suppresses the expression 
of α-toxin of Staphylococcus enterotoxin A and B and toxic shock syndrome toxin. 
By last, geraniol shows promising activity in modulating drug resistance in several 
gram-negative species (Ning Chen 2021; Solórzano-Santos and Miranda-Novales 
2012). 

Reports indicate that essential oils have antibacterial properties against many 
bacterial strains, such as Listeria monocytogenes, L. innocua, Salmonella 
typhimurium, Escherichia coli, Shigella dysenteria, Bacillus cereus, Staphylococcus 
aureus, and Salmonella typhimurium (Chouhan et al. 2017; Man et al. 2019). The 
mechanism of action of essential oils of plants includes attacking the cell membrane, 
disrupting enzyme systems, damaging the bacteria’s genetic material, and forming 
fatty acid hydroperoxides caused by the oxygenation of unsaturated fatty acids 
(Turgis et al. 2009). With high antimicrobial activity, these essential oils are natural 
phenolics used as antibacterial ingredients in hydrogel dressing (Ning Chen 2021). 

15.4 Natural Hydrogels as a Wound Dressing 

Natural polymers, including polysaccharides and proteins, are the most used for 
producing hydrogels since they are biocompatible and can be obtained easily from 
natural resources, e.g., polysaccharides from plants, algae, and microorganisms like 
fungi and bacteria (Raina et al. 2022). Moreover, polysaccharides possess abundant 
functional groups, such as hydroxyl, carboxyl, and amine groups, for chemical 
modification and induce the high-water retention property (Stan et al. 2021).
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Fig. 15.2 Classification and molecular structure of different skin and wound dressing materials. 
(Reprinted from Peng et al. 2022, copyright 2022, with permission of Elsevier) 

Wound dressings are classified into two classes: passive and interactive. Passive 
dressings act only to protect the wound area but they do not directly affect the wound 
(Prasathkumar and Sadhasivam 2021). Traditional dressings such as medical 
skimmed cotton gauze, cotton pads, and Vaseline gauze are the most widely used 
for skin wounds in clinical practice. Traditional dressings are still commonly used in 
skin wounds due to their low price, relatively simple manufacturing process, ease of 
use, and protective effect on wound healing. However, traditional dressings also 
have obvious shortcomings (Fig. 15.2) (Xu et al. 2022a). Interactive dressings are 
the most modern dressing products as they interact with the wound surface area to 
produce an optimum environment at the dressing interface (Prasathkumar and 
Sadhasivam 2021). 

Wound dressings are required to provide a barrier between the wound and the 
external environment. The “ideal” hydrogel for wound management should (1) have 
antibacterial activity, (2) absorb all excess exudate and toxins on the wound surface, 
(3) keep good moisture between the wound and the dressing, (4) offer mechanical 
protection, (5) preserve the wound from external sources of infection, (6) prevent 
excess heat at the wound, (7) have good permeability to gases, (8) be easy to remove 
after healing without further trauma to the wound, (9) be sterile, (10) be biocompati-
ble, and (11) be nonallergenic (Fig. 15.3) (Rodríguez-Rodríguez et al. 2020; Stan 
et al. 2021). Due to their high moisture content, these dressings also provide a 
cooling, soothing effect and reduce the pain associated with dressing changes. In 
addition, the limited adhesion of hydrogels means that they can be easily removed



from the wound without causing further trauma to the healing tissue. The transparent 
nature of some hydrogel dressings also allows clinical assessment of the healing 
process without the need to remove the dressing (Gupta et al. 2019). 
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Fig. 15.3 Properties of multifunctional hydrogels for wound healing: antioxidant effects, 
antibacterial activities, tissue adhesiveness, and mechanical properties. (Reprinted from Asadi 
et al. 2021, copyright 2022, with permission of Elsevier) 

Thus, the physicochemical properties of the hydrogels, such as mechanical, 
rheological, swelling, moisturizing, and heat absorption properties, are relevant for 
their applicability (Cui et al. 2022). Table 15.1 displays the advances in natural 
hydrogels used for wound-healing applications. In literature, hydrogels have been 
widely used as a polymer dressing. Bioactive molecules, metal nanoparticles, or 
other compounds can be added to hydrogels to improve their properties (Koehler 
et al. 2018; Raina et al. 2022; Zhang et al. 2020). 

15.4.1 Chitosan Hydrogels as a Wound Dressing 

Chitosan is a cationic linear polysaccharide composed of β-(l-4)-2-amino-2-deoxy-
D-glucopyranose structure obtained from chitin, the second most prevalent natural 
polysaccharide in nature (Ji et al. 2022). Chitosan can be processed using various 
methods such as casting, fiber spinning, supercritical fluid processing, and 
electrospinning to produce different forms like films, microparticles, or nanofibers



(Kou et al. 2022). The molecular weight and acetylation degree influence several 
critical properties of chitosan for biomedical applications. For example, the acetyla-
tion degree affects the antimicrobial properties of chitosan by increasing its solubil-
ity and positive charge (Matica et al. 2019). Chitosan has interesting properties such 
as biocompatibility, biodegradability, antibacterial, hemostasis, anti-inflammatory, 
good absorption of exudate, and tissue regeneration and skin collagen fiber growth 
(Xu et al. 2022a). 
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Table 15.1 Advances in chitosan hydrogels for wound healing applications 

Fabrication 
method 

Polymer/bioactive 
molecules additional Wound dressing properties References 

Neutralization N/A Biodegradable with 
antibacterial properties 

Kong et al. 
(2020) 

3D 
bioprinting 

Pectin, lidocaine 
hydrochloride 

High swelling behavior, 
suitable drug release, self-
adhesion to skin. 

Long et al. 
(2019) 

Stimuli-
responsive 

H2O2-loaded polylactic 
acid 
Zn-doped whitlockite 
nanoparticles 

Nontoxic, cell growth, cell 
adhesion, and low hemolysis 

Dadkhah 
Tehrani et al. 
(2022), Yang 
et al. (2022a) 

Gelification in 
situ 

Oxidized quaternized 
guar gum 

Nontoxic with antibacterial, 
self-healing, injectability, and 
hemostatic properties 

Yu et al. (2022) 

Tannic acid Injectable, self-healing, and 
adhesive properties 
Biocompatible, antibacterial, 
antioxidant, and hemostatic 
properties 

Guo et al. 
(2022b) 

Tannic acid/Fe(III) Self-healing, injectability, 
antioxidant, anti-
inflammatory, hemostasis, 
biocompatibility, and wound 
healing ability 

Guo et al. 
(2022c) 

N/A Biocompatibility and wound-
healing properties 

Luo et al. 
(2022) 

Carboxymethyl chitosan, 
heparin 

Cell migration and 
proliferation 
Deposition of collagen fibers 
and the formation of blood 
vessels 

Chang et al. 
(2022) 

Adenine Self-healing, biocompatibility, 
and hemostatic 

Deng et al. 
(2022b) 

Photo-cross-
linking 

F127/chlorhexidine NPs Antibacterial, antioxidant, and 
anti-inflammatory properties 

Xu et al. 
(2022b) 

Double-cross-
linking 
GA/CaCl2 

Alginate/ 
curcumin-β-cyclodextrin 
inclusion 

Antibacterial properties and 
nontoxicity 

Kiti and 
Suwantong 
(2020) 

Freezing/ 
thawing 

PVA and silver 
nanoparticles 

Antibacterial properties and 
nontoxicity 

Nešović et al. 
(2019)
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The solubility, viscosity, biocompatibility, antimicrobial, analgesic, antioxidant, 
hemostatic, and mucoadhesive properties of chitosan increase with decreasing 
degree acetylation, while crystallinity and biodegradability increase with increasing 
degree of acetylation (Matica et al. 2019). In this sense, chitosan exerts its wound-
healing effect by promoting hemostasis, antimicrobial activity, and free radical 
scavenging activity and regulating the inflammatory response (Loo et al. 2022). 
However, chitosan has disadvantages as dressings, including moisture sensitivity, 
poor mechanical performance, and insolubility in water and solvents (Ji et al. 2022). 
Chitosan hydrogels can be produced commonly by physical or chemical cross-
linking. Physical hydrogels involve the formation of electrostatic, hydrophobic, 
and hydrogen bonding forces between polymer chains. In this sense, chitosan can 
form a hydrogel without adding any additive. For example, chitosan hydrogel can be 
produced using a neutralization process of their amino groups, which prevents 
repulsion between the polymer chains and hydrogen bonds; hydrophobic 
interactions and chitosan crystallites are formed (Rodríguez-Rodríguez et al. 2020; 
Pita-López et al. 2021). Chemical cross-linking leads to hydrogels with improved 
mechanical properties and chemical stability. To create these hydrogels, the polymer 
chains are covalently bonded by small cross-linker molecules, secondary 
polymerizations, or irradiation (Rodríguez-Rodríguez et al. 2020). Table 15.1 
displays the significant advances of chitosan hydrogels for wound-healing 
applications. Long et al. (2019) developed 3D-printed chitosan-pectin hydrogel 
incorporating lidocaine. The hydrogels produced displayed suitable printability 
and structural integrity. Also, hydrogels swelled quickly and reached an equilibrium 
between 2 and 4 h. The hydrogels showed adhesive strength between 0.85 and 
1.24 N, similar to commercial wound dressings fabricated of silicone, polyurethane, 
and acrylate. In this sense, a model wound dressing should be self-adhesive, easily 
detachable, and painless. The authors described that appropriate adherence and 
easily removable dressings could protect the wound against trauma and prevent 
tissue harm. 

Dadkhah Tehrani et al. (2022) produced thermosensitive chitosan hydrogels 
covered with a decellularized human amniotic membrane and H2O2-loaded 
polylactic acid microparticles. The porous hydrogel displayed low hemolysis (5%) 
and was nontoxic, favoring cell growth and adhesion for fibroblasts. Similar results 
were reported by Yang et al. (2022a) on multifunctional methacrylate anhydride 
quaternized chitosan hydrogel incorporating Zn-doped whitlockite nanoparticles. 
The hydrogels displayed antibacterial activity against Staphylococcus aureus and 
Escherichia coli (Fig. 15.4). 

Guo et al. (2022b) developed a porous multifunctional injectable quaternary 
ammonium chitosan hydrogel for wound-healing applications. The chitosan 
hydrogels were obtained using tannic acid as an ionic cross-linker agent. For the 
gelation time of 8 and 21 min, water content of chitosan hydrogels decreases with 
increasing tannic acid concentrations (1.25, 2.5, and 5 wt%). In contrast, mechanical 
properties increased with the cross-linking degree. The authors related these results 
with the cross-linking degree. The adhesive property of hydrogels is an important 
parameter that helps to adhere and seal wounds, preventing bacterial infection. The
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Fig. 15.4 Antibacterial property and cell compatibility of hydrogels on agar plates after contact 
with hydrogels using S. aureus (a) and E. coli (b). The antibacterial rate of hydrogels to S. aureus 
(c) and E. coli (d) by direct contact method. (e) The OD value of L929 cells was obtained by direct 
contact method for 1 day, 3 days, and 5 days. (f) Live/dead staining of L929 cells after coculture 
with hydrogels for 3 days. Scale bar: 100 μm. (g) HUVECs cell migration at different times (0, 12, 
and 24 h). Scale bar: 200 μm. (Reprinted from Yang et al. 2022a, copyright 2022, with permission 
of Elsevier)



chitosan hydrogels produced in this study displayed an adhesive strength that 
increased with tannic acid concentration. Also, chitosan hydrogels killed more 
than 99% of S. aureus and E. coli using the surface antibacterial activity and the 
zone of inhibition test after interacting with chitosan hydrogels for 2 h. On the other 
hand, hydrogels displayed low hemolysis ratios (<5%) and high cell viability 
(>70%).
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Similar results were reported by Guo et al. (2022c). They developed a multifunc-
tional chitosan hydrogel using a one-step free radical polymerization reaction. 
Tannic acid and different concentrations of FeCl3-6H2O were added (0, 9, 18, and 
36 mM). The hydrogels displayed a porous structure with high water content (92%), 
which would help the adsorption of tissue exudates and the exchange of nutrients 
and gases through the wound. Also, the increase of Fe(III) concentration decreased 
the elastic behavior of the chitosan hydrogels, which can be related to the decrease in 
cross-linking degree. Interestingly, chitosan hydrogels displayed suitable adhesive-
ness in different biological tissues (heart, liver, spleen, lung, kidney, skin) and 
non-biological materials (wood, iron, plastic, glass, and rubber). The hydrogels 
showed excellent antibacterial properties against Escherichia coli and Staphylococ-
cus aureus, with mortality values of 95%. 

Luo et al. (2022) produced physical chitosan hydrogels using an alkaline aqueous 
solution (7% NaOH and 12% urea), followed by thermal gelling and solvent change. 
The transparent chitosan solutions gelled at temperatures higher than ~40 °C. The 
chitosan hydrogels display a translucent appearance, interconnected porous struc-
ture, and elastic behavior. Compared with hydrogels produced using the acid 
method, the hydrogels made using the alkaline methods displayed higher mechanical 
properties (tensile strength, Young’s modulus, and elongation). The leaching 
solutions from the chitosan hydrogels did not show cytotoxicity for L929 fibroblasts. 
The cells were seeded into chitosan hydrogels, demonstrating that chitosan 
hydrogels were noncytotoxic. The chitosan hydrogels induced a faster wound 
closure than gauze and improved reepithelialization and granulation tissue 
formation. 

Xu et al. (2022b) produced a chitosan methacrylate-gallic acid hydrogel loaded 
with nanoparticles with antioxidant and antimicrobial activity. The porous hydrogels 
displayed a suitable water vapor transmission property similar to those obtained for 
normal skin, a critical property as a wound dressing. The NIH 3T3 cells exhibited 
excellent biocompatibility using chitosan hydrogel extracts, while hydrogels support 
cell adhesion. For wound dressing applications, chitosan hydrogels displayed 
antibacterial properties. The chitosan hydrogels containing higher NP concentrations 
(F127/chlorhexidine) showed the highest bactericidal efficiency against S. aureus 
and E. coli (99.9%). 

15.4.2 Cellulose Hydrogels as a Wound Dressing 

Cellulose is the most abundant bioavailable and cost-effective polymer on Earth, 
mainly produced from various agricultural wastes (Thivya et al. 2022). Cellulose



represents about 40% of the concentration of carbon in plants, providing their 
mechanical and structural integrity (Liu et al. 2022a). Wood pulps (85–88%) and 
cotton linter represent the primary source of cellulose (Wong et al. 2021). Also, 
cellulose is nontoxic and biodegradable and is a biocompatible polymer with a stable 
structure (Liu et al. 2022a). Cellulose is a linear polymer composed of a long chain of 
basic monomeric units of D-glucose joined together through β-(1,4) glycosidic 
linkages (Wong et al. 2021). Cellulose possesses numerous hydroxyl groups, 
which can form polymer networks linked by hydrogen bonds. Thus, hydrogels can 
be produced by establishing intermolecular hydrogen bonding within the polymer 
chains and/or covalent bonding with functionalized cross-linkers (Wong et al. 2021). 
Conversely, cellulose is insoluble in common solvents and thus poses a significant 
threat in the preparation of hydrogels. In this sense, cellulose can be chemically 
modified to break hydrogen bonds and improve hydrophilicity, increasing their 
solubility (Liu et al. 2022a). Cellulose cannot be used naturally due to its high 
concentration of hydroxyl groups. Commonly, cellulose is modified using different 
chemical reactions to form cellulose hydrogel (Kundu et al. 2022). Also, cellulose 
did not possess antimicrobial properties (Table 15.2). 
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Deng et al. (2022a) developed cellulose composite hydrogels with chitosan by 
covalent self-cross-linking through Schiff base reaction. Hydrogels displayed excel-
lent biocompatibility with higher than 90% cell viability values. The hydrogels 
showed a homogeneous tridimensional polymer structure with a surface roughness 
favorable for cell adhesion, high water absorption properties, and equilibrium 
swelling ratios above 1000%. In this sense, hydrogels should have good adsorption 
to guarantee the appropriate absorption of additional liquid on the wound surface. 
Similarly, hydrogels must generate a humid atmosphere to avoid hydrogel adherence 
to the wound (Song et al. 2021). The author describes that the antibacterial activity of 
hydrogels is a critical property as a suitable wound dressing, preventing wound 
infection and favoring the healing process (Deng et al. 2022a). Hydrogels containing 
cellulose and chitosan displayed suitable antibacterial properties with an efficient 
killing rate between 75.8% and 96%. 

Silver nanoparticles have been used in biomedical applications because of their 
antimicrobial properties, which can be incorporated into cellulose hydrogels (Song 
et al. 2021; Gupta et al. 2020). Cellulose hydrogels with silver nanoparticles 
displayed antimicrobial activity, while that of cellulose hydrogels containing 
curcumin did not exhibit activity. Forero-Doria et al. (2020) produced cellulose 
hydrogels with multiwalled carbon nanotubes and bioactive compounds enhancing 
antimicrobial and wound-healing properties. Similar results were reported by 
Koneru et al. (2020) and Dharmalingam and Anandalakshmi (2020) using grapefruit 
seed extract. 

Yang et al. (2022b) developed resveratrol-cellulose nanofibrils with PVA-borax. 
The porous hydrogel displayed suitable healing ability, where it can be strained to 
more than ten times its original length. This property was corroborated using a strain 
amplitude sweep. Similar to chitosan hydrogels previously revised, cellulose-based 
hydrogel showed excellent adhesion to wood, metal, plastic, and glass. Also, 
cellulose hydrogels showed intense tissue-adhesive activity, allowing them to be



directly attached to the human skin. Also, they displayed high water vapor perme-
ability, the critical parameter that maintains the equilibrium between fluids on the 
wound site. Lastly, cellulose-based hydrogels did not show cytotoxicity using L929 
cells, wound closure capabilities, and antioxidant and antibacterial properties against 
S. aureus as a bacteria model.Loh et al. (2018) developed bacterial cellulose/acrylic
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Table 15.2 Advances in cellulose hydrogels for wound-healing applications 

Fabrication 
method 

Polymer/bioactive 
molecules additional Wound dressing properties References 

Schiff base 
reaction 

Quaternized chitosan 
Carboxymethyl 
chitosan 

Water retention capacity, 
cell proliferation, cell 
spreading, self-healing, and 
antibacterial properties 
Hemostatic effects 

Deng et al. (2022a), 
Yin et al. (2022) 

Dual light-
responsive 

Prussian blue 
nanoparticles and 
Pluronic® F127 

Hemostatic effects and 
antibacterial properties 

Shi et al. (2022) 

Coagulation Rifampicin Healing and antibacterial 
properties, cell proliferation 

Zhang et al. (2022) 

Freeze-
thawing 
process 

Polyvinyl alcohol, 
silver nanoparticles 

Antibacterial, wound-
healing, and 
biocompatibility properties 

Song et al. (2021) 

Chalcone 
cross-linking 

Allantoin, 
dexpanthenol, 
resveratrol, and 
linezolid 
Multiwalled carbon 
nanotubes, chalcone 

Wound-healing and 
antibacterial properties 

Forero-Doria et al. 
(2020) 

Solvent 
casting 

Grapefruit seed extract 
nanoparticles 
Zinc oxide 
nanoparticles 

Antimicrobial activity Koneru et al. 
(2020), 
Dharmalingam and 
Anandalakshmi 
(2020) 

Reduced graphene 
oxide 

Antibacterial properties and 
low citotoxicity 

Ali et al. (2019) 

Tungsten oxide Anti-inflammatory and 
antibacterial properties 

El Fawal et al. 
(2018) 

Ionic cross-
linking 

Collagen Cell adhesion and 
proliferation. Wound 
healing properties 

Basu et al. (2018) 

Gelation in 
situ 

Resveratrol-
polyethylene glycol-
cellulose nanofibril 
conjugate, PVA, Borax 

Antibacterial, antioxidante, 
self-healing properties 

Yang et al. (2022b) 

Electron beam 
irradiation and 
neutralization 

Acrylic acid Cell adhesion and 
biocompatibility 

Loh et al. (2018) 

Derivatization 
process 

N/A Biocompatibility and 
antibacterial properties 

Orlando et al. 
(2020)



acid hydrogels as cell carriers for wound healing applications. Dermal cells (dermal 
fibroblasts and epidermal keratinocytes) attached to cellulose hydrogels increase the 
number of cells with time. Also, cellulose-based hydrogels induced high cell viabil-
ity and low cytotoxicity at 1 and 3 days of cell culture. The use of the cellulose 
hydrogels reduced the animal wound area over time, while the healing rate was 
different. On day 13, the wound treated with cells was reepithelialized and healed 
wholly compared to other groups.
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Orlando et al. (2020) synthesized bacterial cellulose using a derivatization pro-
cess to add active functional groups through covalent attachment to the polymer 
structure. The modified bacterial cellulose films did not have cytotoxicity for 
keratinocytes. At the same time, cell morphology on monolayer culture was pre-
served, demonstrating that the cellulose hydrogels maintained cell growth and cell 
proliferation. Also, cellulose hydrogels displayed higher antibacterial ability against 
Escherichia coli and Staphylococcus aureus than those for unmodified bacterial 
cellulose. The modified cellulose films decreased at 53% the bacterial cells growing 
by more than half as compared to the unmodified bacterial cellulose films. 

Several authors have reported cellulose hydrogels adding inorganic molecules 
such as graphene oxide (Ali et al. 2019) and tungsten oxide (El Fawal et al. 2018). 
For example, El Fawal et al. (2018) developed hydroxyethyl cellulose films with 
tungsten oxide for wound treatment. The films displayed a sponge-like structure with 
high porosity and high swelling capacity. Also, cells seeded on the films did not 
show morphological changes. The addition of tungsten oxide (0.04%) favored the 
cell migration toward the scratched area to almost closure of the wound. The results 
displayed that the cellulose membranes had an anti-inflammatory and antibacterial 
efficacy against Salmonella sp., P. aeruginosa, and E. coli. 

15.4.3 Alginate Hydrogels as a Wound Dressing 

Alginate is an anionic biopolymer composed of β-L-guluronic acid (G) and (1–4) 
related α-D-mannuronic acid (M), commercially isolated from the marine brown 
algae class of Phaeophyceae such as Ascophyllum nodosum, Macrocystis pyrifera, 
Laminaria digitata,  and  Laminaria hyperborea. Wound dressings developed from 
alginate are characterized by nontoxicity, biocompatibility, reduced wound odor and 
pain, oxygen permeability, and hemostatic and antimicrobial properties, which are 
significant roles for acute and chronic wound healing such as surgical infection 
wounds, pressure sores, and leg ulcers (Prasathkumar and Sadhasivam 2021). 
Table 15.3 displays the significant advances of alginate hydrogels for wound-healing 
applications. Alginate is a polymer that can be readily cross-linked using calcium 
ions to produce physical hydrogels. Li et al. (2022a) fabricated alginate hydrogels 
loaded with deferoxamine and copper nanoparticles. The hydrogels were 
noncytotoxic and demonstrated their effectiveness against E. coli and S. aureus. 
Also, adding deferoxamine and copper nanoparticles into hydrogels accelerated the 
wound-healing activity compared with the control, reducing the wound area after 
10 days using in vivo model.
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Table 15.3 Advances in alginate hydrogels for wound-healing applications 

Fabrication 
method 

Polymer/bioactive 
molecules additional Wound dressing properties References 

Ionic cross-
linking 

Deferoxamine and 
copper nanoparticles 

Nontoxic, cell migration and 
proliferation with antibacterial 
and wound-healing activity 

Li et al. 
(2022a) 

Platelet-rich plasma 
fibrin 

Nontoxic, wound-healing 
properties 

Gao et al. 
(2022) 

Vitamin D3, D-
glucono-δ-lactone 

Hemo- and cytocompatible, 
wound-healing properties, 
reepithelialization and granular 
tissue formation 

Ehterami 
et al. 
(2020) 

Ionic cross-
linking, 3D 
printing 

ZnO Nontoxic, antibacterial properties Cleetus 
et al. 
(2020) 

Solvent cast Chlorogenic acid, 
Eucommia ulmoides 
rubber 

Wound-healing and antibacterial 
properties 

Guo et al. 
(2022a) 

Oxidation 
cross-linking 

Dopamine Nontoxic, wound-healing 
properties 

Chi et al. 
(2022) 

Solvent casting 
method 

Amikacin, poloxamer 
407, pluronic F127, and 
polyvinyl alcohol 

Antibacterial properties and 
wound-healing capacity 

Abbasi 
et al. 
(2020) 

Complexation 
and ionic 
gelation 
(CaCl2) 

Carboxymethyl chitosan, 
hyaluronic aldehyde 
acid, ZnCl2 

In vivo biodegradation, wound-
healing properties 

Yan et al. 
(2022) 

Chitosan, Aloe vera, 
honey 

Cell adhesion, antibacterial 
properties 

Saberian 
et al. 
(2021) 

Gelation in situ Chitosan oligosaccharide 
and zinc oxide 
nanoparticles 

Biocompatible with antibacterial 
and wound-healing activity 

Zhang 
et al. 
(2021) 

Gelation in situ Aldehyde alginate and 
polyetherimide, 
strontium-ion-doped 

Self-adhesion wound-healing 
properties 

Lu et al. 
(2020) 

Zhang et al. (2021) developed sodium alginate-chitosan oligosaccharide 
hydrogels containing zinc oxide nanoparticles by spontaneous Schiff base reaction. 
The porous hydrogels with high swelling degree displayed antibacterials activity 
against four microorganisms: Escherichia coli, Staphylococcus aureus, Candida 
albicans, and Bacillus subtilis. These hydrogels display low hemolysis with hemo-
lysis rates of 1.3–2.4%, comparable to the negative control PBS group. The authors 
described that the hemolysis rate is directly associated with the blood compatibility 
of polymer hydrogels. Also, the results demonstrated that hydrogels enhanced the 
wound-healing process due to the synergistic effects of zinc oxide nanoparticles and 
chitosan oligosaccharide and the water retention properties of alginate hydrogel. 

Saberian et al. (2021) produced alginate hydrogels with chitosan (2%), Aloe vera 
(2.5%), and honey (20%) and their different blends. The porous alginate hydrogels



displayed suitable water vapor transmission and high hydrophilicity. Also, compos-
ite hydrogels showed excellent antibacterial properties against Staphylococcus 
aureus and Pseudomonas aeroginosa with an inhibitory zone of 23 mm and 
14 mm, respectively. The extracts from the hydrogels did not show cytotoxicity at 
7 days of incubation, while hemolytic activity (red blood cells) was lower than 5%, 
which is acceptable. Ehterami et al. (2020) produced alginate hydrogels cross-linked 
with calcium carbonate/D-glucono-δ-lactone loaded with vitamin D. Alginate 
hydrogels displayed a highly interconnected and porous structure. The addition of 
vitamin D increased the porosity of the alginate hydrogels reaching values of 91%. 
The alginate-vitamin D hydrogels displayed low hemolysis values compared with 
the control group. Also, hydrogels loaded with vitamin D induced a high prolifera-
tion rate of L929 cells at 24 and 72 h of cell culture. The hydrogels displayed suitable 
properties of wound closure compared with the negative control (gauze-treated 
wound). The authors described that these results are related to the proliferation 
rate of the cells seeded on alginate hydrogels. 
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The addition of nanoparticles has been reported to improve the wound-healing 
properties of hydrogels. For example, Cleetus et al. (2020) added zinc and titanium 
nanoparticles into 3D-alginate hydrogels. The 3D-alginate hydrogels loaded with 
zinc nanoparticles (ZnO, 0.5% and 1%) displayed antibacterial properties against 
S. epidermidis, similar to the erythromycin activity. However, alginate hydrogels 
loaded with titanium nanoparticles did not show antibacterial activity. Lastly, algi-
nate hydrogels were noncytotoxic using fibroblasts. 

Lu et al. (2020) produced multifunctional alginate hydrogels with self-healing 
properties. Also, strontium ions were incorporated into the alginate hydrogel to favor 
tissue repair. The authors reported excellent self-healing properties using a continu-
ous step strain test. The hydrogels immediately recovered their original values after 
the strain returned from 60% to 1%. Also, the hydrogels loaded with strontium ions 
showed proliferation cell capacity and chemotactic effect, favoring the migration of 
vascular endothelial cells. 

15.4.4 Gelatin Hydrogels as a Wound Dressing 

Gelatin is a biopolymer protein obtained from collagen thermal denaturation, the 
primary component of connective tissue (Prasathkumar and Sadhasivam 2021). 
Since gelatin is a collagen derivative, it possesses similar properties (Naomi et al. 
2021). Gelatin is used in tissue engineering to produce biomaterials since it has 
excellent biological properties, including high biocompatibility, low antigenicity, 
biodegradability, and the ability to enhance cell attachment. Gelatin contains repeat-
ing amino acid sequences of Gly-X-Y, where X and Y are mainly proline and 
hydroxyproline (Prasathkumar and Sadhasivam 2021). Table 15.4 displays the 
significant advances of gelatin hydrogels for wound healing applications. Thi et al. 
(2020) produced an injectable hydrogel composed of gallic acid-conjugated gelatin. 
The porous gelatin hydrogels displayed pore sizes from 50 to 150 μm and antioxi-
dant properties. The authors evaluated the effect of the gelatin hydrogels on the



inhibition of the reactive oxygen species. The authors found that the antioxidant 
capacity of gelatin hydrogel was improved after the conjugation with antioxidant 
molecules. The results were related to cell survival, obtaining values of about 86% 
on cells cultured with 0.75 mM H2O2 into gallic acid-conjugated gelatin hydrogels. 
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Table 15.4 Advances in gelatin hydrogels for wound-healing applications 

Fabrication 
method 

Polymer/bioactive 
molecules additional Wound dressing properties References 

Gelation in situ Horseradish peroxidase, 
H2O2 

Wound-healing activity Thi et al. 
(2020) 

Poly (γ-glutamic acid) Cell adhesion and 
proliferation 

Dou et al. 
(2022) 

Tannic acid, gellan gum Antibacterial properties and 
wound-healing activity 

Zheng et al. 
(2018) 

Schiff base and 
chelating with 
Fe3 

+ ions 

2-(4′-aldehydephenyl)-4-
(2′,3′,4′-trihydroxyphenyl)-
2,3-phthalazine-1(2H)-one 

Tissue adhesion and self-
healing properties. 
biocompatibility, 
hemostatic, antibacterial 
activity, and wound healing 

Li et al. 
(2022b) 

Solvent cast PVA, ginger Wound-healing properties Khan et al. 
(2020) 

Electrospinning 
and photo-
cross-linking 

Dopamine Cell growth and wound-
healing activity 

Liu et al. 
(2022b) 

Chemical cross-
linking 

E. adenophorum emulsion 
(Pluronic F68® ) 

Antibacterial activity Chuysinuan 
et al. (2019) 

Dou et al. (2022) developed a porous and transparent physical gelatin hydrogel 
containing a covalently cross-linked poly (γ-glutamic acid) network. The hydrogels 
displayed self-healing properties since both sections were re-bonded after cutting 
them. After 30, 60, and 120 min of healing, the tensile strength of hydrogel was 0.08, 
0.13, and 0.14 MPa, respectively. These values were similar to those obtained for the 
original hydrogel (0.23 MPa). Lastly, the gelatin hydrogels displayed excellent 
biocompatibility for L929 cells. The cells were viable after 3 days of incubation, 
demonstrating that the cells had good activity. The in vivo evaluation for 
accelerating wound healing showed that the wound area of rats treated with gelatin 
hydrogels was less than that of those treated with gauze. 

15.5 Conclusions 

The hydrogels produced from natural polymers are potential candidates for skin 
wound-healing applications. The physicochemical, mechanical, and biological 
properties of hydrogels stimulate the wound-healing process. Also, the incorporation 
of bioactive molecules and nanoparticles in hydrogels enhances these properties.
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Abstract 

Cancer is one of the leading health challenges and a significant cause of death 
globally which is characterized by uncontrolled, random cell division and inva-
siveness. Conventional cancer therapeutics have been decried due to several 
unpleasant side effects and inadequate mortality of cancer cells. Nanomaterial-
based cancer diagnosis and therapy opens up a novel procedure that offers 
advancement over traditional cancer theranostics. The significance of 
nanomaterials in cancer theranostics is indisputable. Still, the conversion into 
actual medical practice has been a major challenge due to a sequence of concerns 
related to human toxicity and a lack of comprehensive reports on trustworthy 
animal models. However, the potential action of the nanomaterials approach in 
cancer theranostics is interesting, and outstanding results are reported yearly. This 
chapter reviews the application of nanomaterials that have emerged in the diag-
nosis and therapy of cancers. The objective of this chapter is to offer a better
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understanding of nanomaterial-based cancer diagnosis and therapy and accelerate 
innovations in this specific area.
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16.1 Introduction 

Cancer is one of the leading health problems which is described by uncontrolled, 
random cell division and invasiveness (Hari et al. 2022). According to a survey by 
GLOBOCAN in 2018, there are an estimated 18.1 million new cancer cases and 9.6 
million cancer-related deaths (Bray et al. 2018). According to the current statistics on 
cancer, it has been estimated that the cancer-related death rate will increase and 
going to strike 13.1 million by 2030 (Chaturvedi et al. 2019). Cancer is characterized 
by a decrease or failure of normal maturation mechanisms and cellular control (Hari 
et al. 2022; Tripathi et al. 2015). Genetic manipulation caused by carcinogens and 
their asymptomatic nature make cancer a complex disease. There are various stages 
involved in the development of cancer, and the most dreaded stage is metastasis 
which makes the disease lethal (Conde et al. 2012; Misra et al. 2010). Early 
diagnosis is one of the crucial aspects of the effective treatment of cancer. The 
traditional methods of treatment include chemotherapy, radiation, and surgery which 
are time-consuming, costly, and complicated (Misra et al. 2010). The conventional 
detection procedures are inefficient in detecting tumor at the initial stage. 

Nowadays, nanomaterials have been applied in various fields, such as drug 
delivery (Tripathi et al. 2015), biosensors (Bisht et al. 2021), colorimetric detection 
(Tripathi et al. 2020; Tripathi and Chung 2020), nanozymes (Mishra et al. 2022; 
Tripathi and Chung 2021), water treatment (Agarwal et al. 2016), antibacterial 
agents (Saxena et al. 2012; Yadav et al. 2017), and catalysis (Mehrotra et al. 
2017). Nanoparticles are now being applied for the diagnosis because of their 
novel properties. These particles can easily reach the inner regions of the body and 
detect the presence of tumor (Hari et al. 2022; Mehrotra and Tripathi 2015; Tripathi 
et al. 2015). Nanomedicine is a new field that unites nanopharmaceuticals and 
nanobiotechnology for the enhancement of medical applications (Chaturvedi et al. 
2019; Tripathi and Chung 2019; Tripathi et al. 2022). The application of 
nanomaterial extends to a variety of tools for the detection and treatment of cancer. 
Nanomaterials have been employed in cancer theranostics, such as imaging agents 
and targeted delivery of therapeutic molecules to the cells and tissues which show 
cancer growth and metastasis (Conde et al. 2012). Diverse range of nanomaterials 
have been used in oncology, for example, lipid nanoparticles, nanocrystals, lipid 
drug conjugates, nanostructured lipid carriers, nanoliposomes, nanoshells, 
emulsions, dendrimers, quantum dots, nanotubes, metallic nanoparticles, magnetic 
nanoparticles, etc. (Chaturvedi et al. 2019). In recent years, nanomedicine 
developments have shown that nanomaterials can be used for drug delivery owing



to their ability to cross biological barriers and release the drug at the target site 
without affecting the neighboring healthy cells. Researchers have tried hard to 
develop biocompatible nanoparticles that could carry therapeutic and imaging 
chemicals while also targeting specific cancer indicators to aid in the diagnosis 
and treatment of cancer (Chaturvedi et al. 2019). The use of nanotechnology has 
made it possible to treat cancer at cellular levels with almost no side effects. 
Nanomaterials are also used in post-anticancer therapy to reduce the toxicity caused 
by the drugs during the treatment. Nanomaterials are being used to boost outcomes 
of techniques like photothermal therapy, sonochemical therapy, cell imaging, etc. 
The release of the drug is facilitated by the effect of temperature and pH (Chaturvedi 
et al. 2019). Nanomaterials have been widely used as vehicles for drug delivery by 
conjugating various therapeutic molecules and releasing the drug at targeted sites 
using active and passive mechanisms (Chaturvedi et al. 2019). The various factors 
have facilitated the delivery of drugs, such as permeability, binding of nanoparticles 
with the membrane receptors, size and surface charge on the nanoparticles, biocom-
patibility of the nanomaterials, cytotoxicity, etc. Whereas, various linking agents 
such as aptamers, antibodies, specific proteins, etc. functionalized nanomaterials 
have been employed development of detection tools such as biosensors, colorimetric 
assay, etc., for the selective and sensitive detection of biological analytes. 
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In this chapter, we discussed the application of nanomaterials that develop the 
diagnosis and therapy for cancer theragnostic. Presently, cancer is a leading disease 
and a big challenge for scientists as the elevated mortality rate is reportedly high. The 
traditional cancer therapeutics have been criticized due to several unpleasant causes 
and inadequate mortality of cancer cells. Therefore, there is a demand to develop 
new and advanced cancer diagnoses and therapy, which demands new and innova-
tive methods. This chapter aims to offer a better understanding of nanomaterial-
based cancer diagnosis and therapy and accelerate innovations in this area. 

16.2 Nanotechnological Approach for Cancer Detection 

Early detection of cancer increases the possibility of survival which is achievable by 
nanotechnological approaches. These nano-diagnostics are cost-effective, more 
straightforward, and highly selective and sensitive. The distinctive properties of 
nanoparticles, such as optical properties, surface-to-volume ratio, and surface chem-
istry, have been exploited to get efficient methods for cancer detection. Specific 
nanoparticles have extraordinary therapeutic abilities and can also convert light 
waves of different frequencies into heat. The most exciting feature of nanoparticles 
is that their shapes and sizes are tuneable and can be functionalized and synthesized 
as per the requirement. The use of nanoparticles with several different molecules in 
various techniques has exceptional results as functionalized or conjugated 
nanoparticles increase the sensitivity and selectivity of the method, making a 
point-of-care diagnosis possible. The different nanomaterial-based diagnostic tools 
have been discussed below in detail.
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16.2.1 Colorimetric Detection 

Visual diagnosis of cancer without any complex instruments can be made by 
colorimetric detection. The use of nanoparticles for this technique has been proven 
very useful for early detection and point-of-care diagnosis (Medley et al. 2008). 
Nanomaterial-based colorimetric detection mainly works on two principles: agglom-
eration/aggregation and catalytic activity (Tripathi et al. 2019; Tripathi and Chung 
2020). Colorimetric detection using nanoparticles can be done in a variety of 
approaches depending upon the properties and reactive activities of different 
nanoparticles. The most widely used nanoparticles for colorimetric detection are 
Au and Ag because of their unique surface plasmon resonance property. When the 
nanoparticles come in the vicinity of each other, the absorption spectra change; 
hence, the change in color is observed. Au and Ag NPs are conjugated with different 
types of molecules such as enzymes, antibodies, nucleic acids, aptamers, etc. 
Aptamers are oligonucleotide strands known to detect and bind to specific proteins 
present in the target cells. In an experiment, aptamer conjugated Au NPs were used, 
and in the presence of tumor cells, Au NPs bind to tumor cells and show no color 
change, while in the presence of normal cells, Au NPs aggregate and the color of the 
solution changes to blue (Medley et al. 2008). In another experiment, a colorimetric 
assay was performed by the non-cross-linking aggregation mechanism using citrate-
coated Au NPs. In this assay, an enzyme protein kinase is used, which causes 
phosphorylation of the peptides present in the target cells, and an increase in the 
anionic charge is observed at the site of phosphorylation. With normal cells, the Au 
NPs aggregate and the color changes from red to blue, while with the target cells, due 
to a decrease in the net cationic charge, the color remains red (Kang et al. 2010). The 
addition of enzymes, polymers, or other biomolecules for the functionalization of 
nanoparticles is done depending upon the type of protein or nucleic acid present in 
the cancer cells which is to be detected. 

16.2.2 Biosensors 

Biosensors are analytical devices that include a biological material, a bio-based 
material, or a biomimetic that is intimately associated without or integrated into a 
physicochemical transducer or transducing microsystem (Bisht et al. 2021). 
Biosensors enable this same measurement of such a single analyte or a cluster of 
analytes. The analyte in question might be a cancer biomarker that reveals a specific 
stage of the disease. The analyte might also be a protein or receptor that is abun-
dantly expressed upon that cancer cell’s surface. The analyte (i.e., cancer biomarkers 
or protein on the surface of tumor cells) in a biosensor could be detected via the 
receptor fixed to an edge of a biosensor transducer (Perfézou et al. 2012). 

The inclusion of nanomaterials could well improve a biosensor’s sensitivity along 
with its precision and reliability. Furthermore, even though mass transport occurs 
over shorter distances, nano-sized devices usually provide quicker responses 
(Perfézou et al. 2012). Such biosensors have been based on electrochemical



techniques wherein analyte sensing is accomplished by observing the electrical 
response as an analyte electrochemically interacts with the surface of the sensor’s 
working electrode. Carbon nanoparticles have excellent electrical properties and a 
high specific surface area, making them suitable components of biosensor platforms. 
For sensing applications, there are well-established methods for fabrication. Au NPs 
have been frequently used throughout biosensor construction, even though Au NPs 
are excellent electric conducting materials and chemisorptions can quickly immobi-
lize thiolated molecules on their surface. Carbon nanomaterials were typically 
utilized (1) in the sensor’s sensing platform, where they act as binding sites for 
desired biomarkers or molecules capturing target biomarkers, (2) within the trans-
ducer component, which directly converts the detected molecular interaction on the 
electrode surface into a measurable signal, and (3) in signal acquisition as labels for 
desired biomarkers (Pasinszki et al. 2017). Electrochemical biosensors were 
intended to convert physiochemical signals into electrical signals that can be 
evaluated. Because of their low cost, ease of fabrication while using, and limited 
range, these sensors have been widely used. CNTs, like Au NPs, can enhance 
electron transfer, making them ideal expansions to electrochemical biosensors 
(Banerjee et al. 2021). The far more widely utilized biomarker for prostate cancer 
is prostate-specific antigen (PSA), a single chain glycol-protein. Several CNT-based 
biosensors for PSA detection were developed, with anti-PSA antibodies serving as 
recognition elements on the sensor surface. The sensor platforms usually involve 
SWCNT-modified microelectrode arrays, cross-linked starch functionalized 
MWCNT-Au NP nanocomposite film, SWCNT forest-primary antibody platform 
to multi-label secondary antibody-MWCNT-horseradish peroxidase (HRP) 
bioconjugate labels, and Au NP functionalized polypyrrole (PPy)@MWCNT 
nanocomposite with HRP-conjugated (Pasinszki et al. 2017). 
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Carcinoembryonic antigen (CEA) is a biomarker being used to diagnose cervical 
carcinomas, as well as pancreatic, gastric, colorectal, and lung cancer. Several 
CNT-based electrochemical sensors for CEA detection were developed, with anti-
CEA antibodies serving as target recognition elements (Pasinszki et al. 2017). Mucin 
1 (MUC 1), an O-glycosylated protein, is highly expressed in early-stage breast 
cancer. Chen et al. created a sandwich-type aptasensor for detecting MUC 1. The 
sensor was made by electropolymerizing poly(o-phenylenediamine) (oPD) on a Au 
electrode and then depositing Au NP and casting thiolated primary aptamers on the 
electrode surface. Tracing tags were created by depositing Au NPs, thionine, and 
thiolated aptamers onto SiO2@MWCNT nanocomposites (Pasinszki et al. 2017). 
Graphene can be integrated well with electrodes of electrochemical biosensors for 
enhanced biosensing owing to its favorable electrical properties. In addition to its 
enhanced conductivity, graphene is chemically resistant, inexpensive, and electro-
chemically inert. Another biosensor for E. coli sensing that does not rely on 
antibodies is focused on the adsorption of slightly negatively charged E. coli on 
the surface of p-type graphene. Staphylococcus aureus is yet another bacterium that 
has been detected utilizing graphene-based biosensors in a similar manner (using 
either antibodies or aptamers) (Banerjee et al. 2021). To recognize the cancer 
biomarker specifically, the highest recognition materials should be used as the



surface receptor in the biosensor layout. This is especially useful in health diagnosis 
because the specificity and sensitivity of the detecting molecules will be critical to 
the sensor device’s success. Antibodies (monoclonal and polyclonal) have been 
utilized in cancer treatment as therapeutics that target tumors within the body, as 
well as in diagnostic tests that target cancer cells and biomarkers. Polyclonal 
antibodies can be raised against any biomarker or organelle, and with the develop-
ment of high throughput techniques, such molecules have been successfully used in 
sensing devices (Tothill 2009). 
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16.2.3 Cell Imaging 

Cell imaging is done to know the chemical composition of the cells, as the activity of 
the cancer cells differs from that of normal cells. Imagining techniques like Raman 
imaging, photoacoustic imaging, dark-field microscopy, computed tomography, and 
magnetic resonance imaging use Au NPs for detecting signals because of their 
electrochemical properties (Li and Chen 2015). Photoacoustic imaging technique 
is based on the absorption of light and provides information about the molecular 
characteristics of the cells. Au NPs are used due to their biocompatibility and optical 
properties, and as they are responsive to acidic surroundings, they can be used for 
imaging. The use of Au NPs with Raman imaging is helpful in detecting specific 
components of the cells and distinguishing between cancer cells and normal cells 
depending on the surface-enhanced Raman spectroscopy (SERS) spectra 
(Ravanshad et al. 2018). 

Au NPs are also used in dark-field microscopy which is based on image contrast 
of a particular sample and as non-bleaching markers. In computed tomography, cells 
are inspected at each layer to know the interior of the tissue using X-rays. Au NPs 
increase the efficiency of the technique and could detect the distribution, migration, 
and kinetics of T-cells when injected intravenously. Magnetic resonance imaging 
has also benefited from Au NPs as contrast agents, which aggregate at a particular 
site and facilitate targeted imaging. 

16.3 Nanotechnological Approach for Cancer Therapy 

16.3.1 Drug Delivery 

Nanoparticles are specially designed to pass through the fenestrated capillaries, and 
the nanoparticles are preferentially concentrated at tumor sites. The drug exhibits 
enhanced permeability and retention (EPR) due to a deficient tumor lymphatic 
system (Haley and Frenkel 2008). Such particles can penetrate tissues by passing 
through the fenestration of such small blood vessel epithelial tissue. They could 
indeed enter the systemic bloodstream without aggregating blood platelets. Their 
smaller particles result in a larger surface area and, as a result, a quicker drug release 
strategy. Engineering carriers could be modulated and controlled so that they can be



activated by changes in the environmental pH, chemical stimuli, the application of a 
rapidly oscillating magnetic field, or the application of an external heat source (Conti 
et al. 2006). 
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Regarding drug targeting, the NP may be biodegradable as a vehicle for deliver-
ing drugs. As a result, it is deteriorated and metabolized, and it does not accumulate 
or interfere with cellular processes. This is significant because increased levels of 
nonbiodegradable particles can have toxic effects (Haley and Frenkel 2008). The 
drug would either be physically entrapped in it or covalently bound to the polymer 
matrix, based on the preparation technique. The eventual resulted compounds might 
have a capsule structure (polymeric nanoparticles), an amphiphilic core/shell struc-
ture (polymeric micelles), or a polymerized macromolecule structure. Natural and 
synthetic polymers are the two types of polymers used as drug conjugates (Cho and 
Wang 2008). 

Natural polymers can also be employed to develop drug delivery nanocarriers. 
Gelatin, dextran, and chitosan are the most commonly used polymers. Such NPs 
have just a drug encapsulation efficiency in general (Conti et al. 2006). The PGA has 
been the first biodegradable polymer to be employed in conjugate formation among 
synthetic polymers, including N-(2-hydroxypropyl)-methacrylamide copolymer 
(HPMA), polystyrene-maleic anhydride copolymer, polyethylene glycol (PEG), 
and poly-L-glutamic acid (PGA) (Cho and Wang 2008). The use of Au NPs is a 
novel technology in the field of tumor-targeted drug delivery. Paciotti et al. 
described the use of these carriers for such targeted delivery of tumor necrosis 
factor-alpha (TNF-α) to solid tumors (Conti et al. 2006). Micelle nanoparticles 
(MNPs) have been prepared to deliver various therapeutic drugs using their three 
principle characteristics: the capability to solubilize hydrophobic drugs, the release 
of drugs in a sustained manner, and easy alteration according to the targeted organ 
(Hari et al. 2022). Anticancer drugs can be delivered by two strategies, namely, 
active and passive targeting. The passive targeting method is mainly assisted by the 
enhanced permeability and retention effect (Fig. 16.1). The blood-brain barrier 
(BBB) is a crucial challenge for treating brain tumors and neurodegenerative 
disorders. MNPs have the ability to cross the BBB using one of the mechanisms 
such as transcellular lipophilic pathway, paracellular aqueous pathway, receptor-
mediated transcytosis, efflux pump, carrier-mediated pathway, and adsorptive 
transcytosis (Kim et al. 2010). The drug delivery into the brain by crossing the 
BBB was represented in diagrammatic manner (Fig. 16.2).

Liposomes are spherical self-assembling colloidal structures composed of lipid 
bilayers with an outer lipid bilayer with a central aqueous space. A lipid bilayer 
encompasses an aqueous space in the center. So many types of cancer drugs are 
being applied to this lipid-based system through various preparation techniques. 
Liposomal formulations of both the anthracyclines doxorubicin (Doxil, Myocet) and 
daunorubicin (DaunoXome) are among them. They are confirmed for metastatic 
breast cancer treatment and AIDS-related Kaposi’s sarcoma (Cho and Wang 2008). 

Nowadays, quantum dots are trendy among scientists due to their facile and rapid 
synthesis method using biological routes (Mahajan et al. 2017). Quantum dots now 
have the potential to significantly improve clinical diagnostic tests for cancer
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detection. These engineered semiconductor molecules combine cadmium as well as 
selenide in a densely populated atomic structure, which emits light in six colors up to 
four near-infrared colors as the dots get smaller. Thousands of subtle color variations 
might be created by fine-tuning the size of the dots. Once conjugated with 
antibodies, peptides, proteins, or DNA, such tiny glowing particles establish 
bioconjugated dots that can act as markers on molecules and genes, allowing 
scientists to rapidly but instead differentially highlight pathologic tissues (Conti 
et al. 2006).
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Fig. 16.2 Representation of the crossing of the blood-brain barrier for drug delivery into brain 
tumor using MNPs. (The figure was reproduced from Hari et al. 2022 with the permission of 
Springer Nature)
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16.3.2 Photothermal Therapy 

Photothermal therapy is a reliable cancer treatment method in which the tumor cells 
are irradiated with near-infrared (NIR) laser and the increase in temperature causes 
termination of the tumor cells (Vodyashkin et al. 2021). In this process, the neigh-
boring healthy cells are also damaged, which can be avoided using photothermal 
absorbers. Photothermal absorbers increase the sensitivity of target cells toward the 
NIR laser. 

Noble metal nanoparticles like Au NPs and platinum nanoparticles are commonly 
used, and apart from having strong optical properties, they also have high 
photothermal conversation efficiency (Chen et al. 2019). Au NPs are preferred for 
this as they absorb laser through the surface plasmon resonance by which the photon 
energy is converted into heat energy. For the desired wavelength to be absorbed, a 
precise control of the absorption spectrum of Au NPs is required, for which the size, 
shape, and structural chemistry of the particles can be altered as Au nanorods, Au 
nanoshells, or Au nanocages. 

Semiconducting nanoparticles like copper chalcogenide nanoparticles are also 
used as photothermal absorbers. Copper-based nanomaterial requires higher limit of 
NIR and penetrates deeper into the biological tissues. These nanoparticles show low 
cytotoxicity, are cost-effective, and have high ablation efficiency. Carbon-based 
nanomaterials are another type of nanoparticles that can be used for photothermal 
therapy. Black phosphorous is a new type of nanoparticle which has gained attention 
due to its exceptional properties. Au NPs in black phosphorus were tested in both 
in vivo and in vitro experiments and presented pronounced results. Polymeric 
micelles have been used for the photothermal therapy of cancer (Fig. 16.3). These 
nanoparticles proved to have very high therapeutic capability with excellent 
photothermal effect and high anticancer ability.

16.3.3 Sonochemical Therapy 

Oncologists have been working to find new methodologies for the treatment of 
cancer and so have explored the use of ultrasound waves. Sonochemical therapy uses 
ultrasonic waves that are illuminated on the tumor cells (Mason 2003). The effect of 
these waves on the human body is in the form of heat, mechanical stress, and 
cavitation. 

There are different methods of therapy using ultrasonic waves. In high intensity 
focused ultrasound (HIFU), the tumor cells are destroyed by the effect of heat, and 
the temperature is increased to about 60–85 °C. In low-intensity ultrasound (LIU), 
this is sonoporation method, and here the permeability of the membrane is increased 
to increase the chemotherapeutic ability of the drugs. The last is the sonodynamic 
therapy (SDT), which is related to the cavitation effect of the ultrasonic waves, and 
this therapy seems promising as the ultrasonic waves can reach intensely localized 
target cells. Nanoparticles especially Au NPs owing to their therapeutic effects are 
mainly used with SDT for recovery after anticancer therapy (Vodyashkin et al.



2021). Au NPs with ultrasound waves are used to control the damage of the affected 
cells as Au NPs reduce the activity of reactive forms of oxygen present in the 
damaged cells. The use of nanoparticles and ultrasonic waves for the treatment of 
cancer is being explored, and the properties of both can be used for encouraging 
outputs. 
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Fig. 16.3 Diagrammatic representation of photothermal treatment using micelles. (The figure was 
reproduced from Hari et al. 2022 with the permission of Springer Nature)

16.4 Conclusion 

In this chapter, we reviewed the current innovations of nanomaterials for cancer 
diagnosis and therapy. Currently, cancer is a leading disease and a big challenge to 
the scientists as the elevated mortality rate has been reported. The traditional cancer 
therapeutics have been criticized due to several unpleasant causes and inadequate 
death of cancer cells. Therefore, there is a demand to develop new and advanced 
cancer diagnosis and therapy, which requires new and innovative methods. 
Nanomaterial-based cancer theragnostic were found to be accurate, timely tools 
for cancer detection and extremely effective approaches for cancer therapy due to 
their unique physicochemical characteristics, comprising ultrasmall size, high reac-
tivity, and tunable functional alteration. The prospective action of nanomaterials 
approach in cancer theragnostic is interesting, and outstanding results are being



reported every year. Conclusively, this chapter reviews the application of 
nanomaterials that have emerged as ray of hope for the diagnosis and therapy of 
cancers. 
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Nanocellulose as a Sustainable 
Nanomaterial for Films and Coating Layers 
via Spray-Coating and Applications 
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, Narendhar Chandrasekar , Kirubanandan Shanmugam 
and Ramachandran Balaji 

Abstract 

Cellulose fibrous substrates such as paper and paper board are widely used mainly 
in packaging applications and also in various functional applications. The cellu-
lose materials are also biodegradable and, therefore, perfectly safe for the envi-
ronment. The hydrophilic nature of cellulose fibrils in the paper and paper board 
limits their water vapor-barrier properties. To mitigate these limitations, paper is 
often associated with other materials, such as plastics, wax, and aluminum, for 
their excellent barrier properties. However, these materials suffer from serious 
environmental issues, as they are difficult and inefficient to recycle. Recently, 
nanocellulose has been considered as an alternative natural nanomaterial to 
produce green and eco-friendly barrier materials for various applications such 
as food packaging materials, and substrates can be used for developing functional 
materials. Existing techniques to prepare free-standing nanocellulose films and 
barrier layers on paper substrates are commercially not feasible, and the produc-
tion cost was prohibitive. Therefore, other cost-effective and readily 
implementable methodologies are required to achieve nanocellulose barrier layers 
and free-standing nanocellulose films. Recently, a novel approach has been 
conceptualized using spray-coating techniques to produce cellulose 
nanomaterials film with excellent barrier properties. In spray-coating, the signifi-
cant reduction in the operation time for producing the nanocellulose films/

K. Shanmugam (✉) 
Saveetha School of Engineering, SIMATS, Chennai, Tamil Nadu, India 

N. Chandrasekar 
Department of BioNano Technology, Gachon University, Seongnam-si, Gyeonggi-do, Republic of 
Korea 

R. Balaji 
Department of Electronics and Communication, K. L. University, Vijayawada, India 

# The Author(s), under exclusive license to Springer Nature Singapore Pte 
Ltd. 2023 
F. A. Sheikh et al. (eds.), Interaction of Nanomaterials With Living Cells, 
https://doi.org/10.1007/978-981-99-2119-5_17

485

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-99-2119-5_17&domain=pdf
https://orcid.org/0000-0002-3461-9958
https://orcid.org/0000-0003-3276-0859
https://orcid.org/0000-0002-1868-2308
https://doi.org/10.1007/978-981-99-2119-5_17#DOI


nanocellulose barrier layers on the paper substrates recommends that this tech-
nique can be utilized for the development of a scalable process for the fabrication 
of self-standing nanocellulose films, barrier coating, and various cellulose-based 
nanocomposite.
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17.1 Introduction 

Past decades synthetic plastics have been the base material for developing various 
functional materials such as food packaging, flexible electronics, and coating on 
paper substrates (Muncke 2021). These materials are very odd to recycle, or nonbio-
degradable, and, their waste contaminates the ecosystems (Phelan et al. 2022). 
Recently, these materials are also one of the important sources for micro plastics 
and nano plastics contaminating the environment via land, water, and soil pollution 
(Jadhav et al. 2021). These microplastics and nano plastics are severe pollutants and 
have the ability to enter into humans via various sources such as food chain (Jin et al. 
2021). To mitigate these issues in the current world, biopolymers are the consider-
able base biomaterials for developing functional materials in the food packaging 
sector (Aulin and Lindström 2011). In general, these biopolymers are good in 
biodegrdability, ecofriendly with environment, the presence of potential functional 
groups in the biopolymers for chemical modification for various applications (Rouf 
and Kokini 2018). Cellulose is the predominant fibrous-based biopolymer and 
provides a possible platform for various modifications to fit numerous functional 
applications (Shanmugam 2019). Cellulose was used for the development of paper 
and paper boards for various applications (Aulin and Lindström 2011; Kirubanandan 
2022). 

Paper and paper board are the predominant cellulose fibrous materials and are 
used mainly in the sector of the packaging application and also the base fibrous 
substrates for printed flexible electronics and packaging wrap. These substrates are 
cellulose macrofibers having large pores in the fibrous structure. As a consequence, 
water vapor and oxygen are easily passing through the cellulose fibrous matrix and 
across the fibrous matrix. This phenomenon lowers the barrier performance of the 
paper substrates, and due to wetting with water vapor under high humidity, paper 
substrates are wetted and loose fibrous matrix resulting in widening the pores in the 
fibrous matrix and thereby their low mechanical properties. Furthermore, it was 
discussed that the cellulose fibrils are hydrophilic and susceptible to water vapor and 
water molecules. Especially paper and paper board have limitations in the packaging 
sector though these are biodegradable and perfectly safe for the environment 
(Qureshi et al 2022; Shanmugam 2020; 2021c, d; 2022a, b). To increase the barrier 
and mechanical properties of paper and paper board, coating techniques have been



developed for the surface of the paper substrates. These coating techniques engineer 
the surface of the paper substrates and also enhance various properties such as barrier 
performance, mechanical properties, and surface roughness. Wax and synthetic 
plastics are used as feed stock for coating the paper substrates via extrusion and 
lamination. However, these are not recyclable and could cause pollution to the 
environment (Kirubanandan 2022). To improve the properties of paper and paper 
board, coating nanocellulose on the paper and paper board is a novel approach, and 
cellulose nanofibers can cover the surface of the paper substrates via forming the 
barrier film on the paper surface via filling the surface pores of the paper and alter 
properties drastically than that of uncoated paper substrates (Aulin and Lindström 
2011; Kirubanandan 2022; Beneventi et al. 2015). 
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Nanocellulose is a nanomaterial that is made up of cellulose nanofibers and 
nanoparticles and produced from the pulps of various cellulose sources such as 
wood, hemp, grass, and cotton, via various methods such as mechanical, chemical, 
and enzymatic processes (Dufresne 2013). Nanocellulose is a carbohydrate-based 
fibrous nanomaterial and renewable, biodegradable, and ecofriendly nanomaterial 
used for various applications in the current era (Abraham et al. 2011). It is made by 
the breakdown of either cellulose macrofibers or microfibers via mechanical, chemi-
cal, or enzymatic process (Shanmugam 2019; Souza et al. 2020). The diameter of 
cellulose nanofibers varies from 5 to 100 nm with an average length of 8 μm 
(Dufresne 2013; Wang et al. 2018). It is a building block for the development of 
various functional materials such as the coating on paper substrates (Shanmugam 
2020) and paper board, thin films for biological applications, flexible sheets 
(Shanmugam 2021a) as substrates for flexible printed electronics, tissue engineering 
applications (Subha et al. 2022), composites (Maliha et al. 2020), and food packag-
ing (Azeredo et al. 2017). 

Nanocellulose is a potential alternative for synthetic plastics as this nanomaterial 
is a renewable, recyclable, compostable, and biodegradable nanofibers (Azeredo 
et al. 2017; Ahankari et al. 2021). Because of these unique properties, free-standing 
film is also developed and acts as a base substrate for developing various novel 
materials such as food packaging (Souza et al. 2020), flexible electronics substrates 
(Shanmugam 2021a), membranes for waste water and water treatment (Norfarhana 
et al. 2022; Onur et al. 2019), virus removal membrane, tissue engineering substrates 
(Subha et al. 2022), and nanocomposites (Shanmugam 2021b). The coating of paper 
substrates with nanocellulose was performed by the solvent casting, which is 
normally the time-consuming process for forming the barrier layers on the paper 
substrates; vacuum filtration, a conventional process for paper producing process 
and can be used for coating nanocellulose on the papers; roll-to-roll coating process; 
rod coating; bar coating; and recently reported spray-coating process (Shanmugam 
2021c). Like barrier coating nanocellulose on the paper substrates, the above 
techniques were implemented to fabricate the free-standing nanocellulose films 
(Shanmugam 2021c). Vacuum filtration is the most common and conventional 
technique for the preparation of nanocellulose film and has the disadvantage of 
significant time consumption. Vacuum filtration is the laboratory version of fourdri-
nier machine used for paper production at a conventional scale. In vacuum filtration,



time consumed for forming the nanocellulose film varied from 10 min to 24 h. Time 
consumption has been increased with nanocellulose suspension consistency for film 
formation. Furthermore, the film has imprints of the filter mesh from the vacuum 
filtration apparatus and affects the uniformity of the film and elevates the surface 
roughness of the film. Due to time constraints in the formation of film, this process is 
very odd to scale up and commercialization for large-scale production of free-
standing nanocellulose films. This method has high dewatering time or time con-
sumed for drainage of the water from nanocellulose suspension (Varanasi and 
Batchelor 2013). 
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The method available for the preparation of free-standing nanocellulose film has 
several limitations, either drawbacks in the film’s properties or the process inabilities 
for scale-up and commercialization. This is why the rapid and flexible process for 
coating nanocellulose on the paper substrates is required for coating process com-
mercialization (Shanmugam et al. 2017). Spraying or spray-coating was reported as 
a rapid and flexible process for either creating nanocellulose barrier layer on the 
paper substrates or producing free-standing nanocellulose film. It has many 
advantages, such as contour coating, forming homogenous layer on the base surface 
and contactless coating with substrates (Shanmugam and Browne 2021). 

This book chapter reveals the development of spraying process as a rapid and 
flexible method to prepare both free-standing nanocellulose films and its 
composites. This chapter deals with the literature review on the limitations of 
nanocellulose films preparation, concept, flexible process on spraying to make NC 
films, and application of spray-coating to make composites and smooth NC films for 
specific functionality. In addition to that, spraying nanocellulose on the paper 
substrates also implemented to enhance the barrier performance of the paper. This 
chapter has broadly dealt (1) the concept of developing free-standing nanocellulose 
film via spraying of NC on a polished impermeable surface and its operational limit, 
(2) convert a base concept into a full-fledged process of spray-coating of 
nanocellulose to produce free-standing NC film and composites, and (3) to apply 
full potential spray-coating process to make a barrier coating on the paper substrates. 

17.2 Nanocellulose 

Recently, the nanotechnology approach in the development of packaging materials 
(Paul and Robeson 2008) is booming and increased the attention on nanotechnology 
from the industry. Implementing nanocellulose as nanomaterials for packaging 
applications is a novel approach to replacing synthetic plastics, which causes a threat 
to the environment (Bras and Saini 2017). The nanocellulose-based packaging 
materials and other functional materials have biodegradability, biocompatibility, 
and good mechanical strength for a potential fit for a specific application (Azeredo 
et al. 2017). Nanocellulose is a carbohydrate fibrous-based biopolymer and 
this nanomaterial produced from the various pulps of wood, hemp, cotton, grass, 
etc. (Dufresne 2013). Nanocellulose can be produced from wood and also from other 
cellulosic material via various methods of high-pressure homogenization,



high-intensity ultrasonication, micro-grinding, microfluidization, electrospinning, 
steam explosion, and chemical processes such as acid hydrolysis, enzymatic hydro-
lysis, and 2,2,6,6-tetramethylpiperidine 1-oxyl radical (TEMPO) oxidation. This 
nanomaterial has good biocompatibility, biodegradability, and chemical stability 
(Shanmugam and Browne 2021). Recently, the research on the use of NC in 
developing barrier materials for packaging applications is increasing exponentially. 
Due to the high availability of NC, it could minimize the cost of the starting material 
for packaging products from NC and also offers a platform for recyclability and 
reusability, leading to a sustainable pathway (Shanmugam et al. 2019; Vartiainen 
et al. 2018). 
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Fig. 17.1 Hierarchical structure of wood fibers, network of microfibrils. (Miyashiro, D.; Hamano, 
R.; Umemura, K. A Review of Applications Using Mixed Materials of Cellulose, Nanocellulose 
and Carbon Nanotubes. Nanomaterials 2020, 10, 186. https://doi.org/10.3390/nano10020186 
under Open access) 

Nanocellulose (NC) also called as cellulose nanofibers (CNF) is one of the 
bio-based sustainable materials and has diameter and width of the fiber in nanometer 
(Dufresne 2013). The cellulose pulps from wood or cotton are subjected to delami-
nation of cellulose fibers into microfibers or nanofibers (Nechyporchuk et al. 2016). 
It is a long fiber with an average length of 8 μm with an aspect ratio of 142 for the 
microfibrillated cellulose. NC is a kind of fibrous matrix made up of various size 
distributions of cellulose nanofibrils and microfibrils with the entanglement of 
various sizes (Abraham et al. 2011). Figure 17.1 reveals the hierarchy of the 
cellulose fibers from the wood to nanofibers. This figure explains how nanofibers 
defibrillate from the cellulose macrofibers via various mechanical and chemical 
means such as homogenization, ball milling, and acid hydrolysis. 

17.2.1 Characteristics of Nanocellulose 

Having long and flexible nanocellulose fibers, this fibrous entanglement consists of 
two regions, namely, amorphous and crystalline regions. These fibers’ distribution 
and regions play a major role in the contribution of various functional properties, 
especially barrier performance of the nanocellulose films and coatings. Figure 17.2 
reveals the surface morphology of the cellulose nanofibrils/nanocellulose after two

https://doi.org/10.3390/nano10020186


passes high-pressure homogenization. The diameter of cellulose nanofibrils after 
high-pressure homogenization is evaluated to be 20 nm. The mechanical strength of 
NC is high elastic modulus (150 GPa) and high tensile strength (10 GPa) and is 
controlled by their cellulose nanofibrils’ diameter and length. The source, processing 
method, and particle type of the feed stock for cellulose nanofibers decide the 
diameter and aspect ratio of the cellulose nanofibrils in the nanocellulose matrix 
and also decide applicability and functionality in various areas (Abitbol et al. 2016; 
Shanmugam 2019). 
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Fig. 17.2 Cellulose nanofiber or nanocellulose containing various size distributions of cellulose 
nanofibrils 

Figures 17.2 and 17.3 show the surface morphology and topography of cellulose 
nanofibers/nanocellulose after high-pressure homogenization. The SEM 
micrographs confirm the cellulose nanofibrils are entangled together to form a 
fibrous mesh. In addition to that, the nanofibrils are distributed in various sizes, 
and some of the fibrils are aggregated via forming hydrogen bonding between 
hydroxyl group to adjacent nanofibrils. Figure 17.4 shows the size distribution of 
cellulose nanofibrils and confirms that the average diameter of cellulose nanofibrils 
is evaluated to be 73 nm, and most of the size of nanofibrils falls below 100 nm. 
Some of the cellulose nanofibrils showed greater than 100 nm due to the aggregation 
of cellulose nanofibrils (Shanmugam 2021c; Shanmugam et al. 2019).
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Fig. 17.3 Surface topography and morphology of cellulose nanofiber or nanocellulose

The diameter of cellulose nanofibrils ranges typically from 5 to 100 nm, and the 
length of each fibril is in several microns (Nair et al. 2014). Both crystalline and 
amorphous regions are the main regions in the fiber chain (Nair et al. 2014). The 
function of crystalline region contributes mostly to various functionalities of 
materials such as barrier and composites materials. For example, the barrier applica-
tion of nanocellulose film has a tortuous pathway produced by the crystalline regions 
in the films. As a result, the barrier performance of the NC film boosted and 
increased the diffusion pathway for water vapor, oxygen, and other gaseous 
molecules. The cellulose nanofibril diameter distribution of NC and its aspect ratio 
depends on the source, pretreatment processing, and fibrillation processes, and fiber 
diameter and length indirectly control its rheological and interfacial properties of NC 
suspension (Shanmugam 2021c; Shanmugam et al. 2019). 

The evaluation of diameter and aspect ratio of NC was performed with an image 
analysis of micrographs collected from SEM, TEM, and AFM. Sedimentation 
method is also used to evaluate their gel point of NC fibers. The gel point is defined 
as the point at which the lowest fiber concentration in the nanocellulose suspension 
formed and also a transition point from a highly dilute solution of NC fibers into a 
dense, thick, concentrated suspension. At this point, nanofibrils in the NC



suspension form a compact network of fibers due to hydrogen bonding between 
fibers. This network is known as the threshold of connectivity. Beyond this concen-
tration, the NC suspension loses its mechanical strength due to insufficient contact of 
fibers with each other. This property depends on the aspect ratio of nanocellulose 
fibers. This characteristic has an important effect on the drainage time in vacuum 
filtration for NC film fabrication (Shanmugam and Browne 2021). 
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Fig. 17.4 Size distribution of cellulose nanofibers or nanocellulose

The notable properties of nanocellulose are light in weight, optical transparency, 
chemical functionality and modification, dimensional stability, and good barrier 
properties. The compatibility of NC is excellent with other materials like 
bio-natural polymers, proteins, and living cells for developing scaffolds for tissue 
engineering and drug delivery/drug targeting vehicles. The presence of surface 
hydroxyl groups in the cellulose nanofibers provides a platform for chemical modi-
fication and functionalization such as hydroxy and amine terminals which can 
further the binding targets to the polymers. The viscosity of the NC suspension is 
one of the main criteria for coating nanocellulose on the paper substrates and other 
base surfaces. The NC suspension behaves as a non-Newtonian fluid such as 
pseudoplastics behavior under shear thinning fluids (Shanmugam 2021c). 

17.2.2 Production of Nanocellulose 

Wood, seed fibers (e.g., cotton, coir, etc.), bast fibers (flax, hemp, jute, ramie, etc.), 
and grasses (bagasse, bamboo, etc.) are the feed stocks for the production of



nanocellulose. Recently, carrot and bagasse are the source for the production of 
nanocellulose. In addition to that, the recycled cellulose fibers, such as waste paper, 
are subjected to homogenization for the production of nanocellulose. There are so 
many researches going on for the development of low-cost feed stock. Marine 
animals (tunicate), algae, fungi, invertebrates, and bacteria are less considered for 
the production of cellulose nanofiber nanomaterials (Nechyporchuk et al. 2016). The 
pulp from the wood is one of the most important feed stocks for NC production. The 
wood for pulp production was classified into hard wood and soft wood. The main 
difference between hard wood and soft wood is the structural difference in the 
hierarchy of cellulose fibers in the wood. Cellulose is the main component of 
wood, and the other components are hemicellulose, lignin, and inorganic substances 
present in the wood. Normally, hard wood is more rigid than that of soft wood. This 
is why soft wood is the most preferred for the nanocellulose production due to the 
least energy consumed for defibrillation or homogenization process. Similarly, the 
energy consumed for non-woody cellulose feed stock such as grass, carrot, and 
marine sources is low for the production of nanocellulose. The common problem 
for wood as feed stock for nanocellulose is the contamination of lignin 
with nanocellulose. Therefore, a few additional steps for the purification of 
nanocellulose are required to remove the lignin from the cellulose nanofibrils. 
Recently agricultural and food waste were used as a feed stock for the manufacture 
of nanocellulose. It consumes less energy for nanocellulose fibrillation free from 
other cellulose substances such as hemicelluloses and lignin. Refining processes are 
the challenging step for fibrillation from cellulose microfibrils to cellulose 
nanofibrils known as nanocellulose. Refining processes are classified into mechani-
cal, chemical, and enzymatic processes. Prior to refining processes, microfibrils 
are subjected to the purification process, such as delignification, and it reduced 
the energy consumption for fibrillation processes and produced high-quality 
nanocellulose fibers. 
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Disintegration is one of the most important processes in mechanical fibrillation of 
cellulose microfiber into cellulose nanofiber. Grinding comes under disintegration of 
fibers and the most efficient method for the production of nanocellulose. High-
pressure homogenization is the recently reported method for fibrillation of 
microfibrils into nanofibrils. The disadvantage of this method is a highly energy-
consuming process and requires 25,000 kWh/tonne of the production of 
microfibrillated cellulose. The mechanical process is a good fit for scale-up and 
commercialization for the large-scale production of nanocellulose. Especially, pres-
sure, NC suspension concentration, and number of passes in the method of high-
pressure homogenization strongly decide the energy consumption in the process. 
The various methods of mechanical disintegration of fibers are reported in 
Table 17.1. It summarizes the concept of cellulosic fibers reduction, its isolation 
methods, and its advantages and disadvantages (Osong et al. 2016; Shanmugam 
2019).

As discussed earlier, mechanical fibrillation process from microfibrils into 
nanofiber is an energy-consuming process, and it is one of the process constraints 
for scaling up and commercialization. In recent decades, the demand for cellulosic



nanomaterials is exponentially increasing its application in both research on devel-
oping new products and industries. Therefore, an energy-efficient process needs to 
scale up for large production of nanocellulose (Nechyporchuk et al. 2016). Chemical 
or enzymatic processes are proven low-energy processes compared with mechanical
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Table 17.1 Mechanical refining for production of nanocellulose (Osong et al. 2016) 

Methods for 
isolation of 
cellulosic fibers 

The concept of reduction of 
size Advantages Disadvantages 

High-pressure 
homogenization 

High-impact shearing forces 
reduce fiber size 

Quick, effective, 
and continuous 
process 
Good 
reproducibility 
Could control the 
degree of 
defibrillation 

Clogging 
Pretreatment of 
fibers required 
High passing time 
and high energy 
consumption 
Rise in temperature 
of suspension 

Microfluidization An intense collision with high 
impact led to the splitting of 
macrofibers into nanofibrils 

Less clogging 
Uniformity in size 
Lesser cycles 

Not suitable for 
scale-up 

Micro grinding The macrofibers are pressed 
in the gap between the stator 
and rotor disc in the grinder. 
High impact and frictional 
forces disintegrate the fibers 
into fibrils 

Less energy and 
cycle 
No pretreatment of 
fibers 

Maintenance cost is 
expensive 
Difficult in 
replacement of 
internal parts such 
as disk 
The crystalline 
nature of 
nanocellulose is 
reduced 

High-intensity 
ultrasonication 

Sound energy is utilized to 
disintegrate macrofibers into 
nanofibrils 

High-power output 
and the high 
efficiency of 
defibrillation 

Heat generation and 
noise pretreatment 
only lab scale 
application 

Refining High shearing forces used for 
disintegration 

Cryo-crushing The refined macrofibers are 
treated with liquid nitrogen, 
and it freezes the water in the 
fibers and then subjected to 
high-impact grinding for 
disintegration 

High 
disintegration 
performance 

Ice formation 

Steam explosion The suspension is heated at 
high pressure and then vented 
into a vessel with low 
pressure. It is a type of 
explosion for reduction of 
fibers 

– Chemical 
pretreatment 
required



disintegration processes and have improved fibrillation efficiency (Osong et al. 
2016). Various types of chemical processing of cellulosic nanofibers are presented, 
with their disadvantages and advantages in Table 17.2. 
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Table 17.2 Chemical processing for nanocellulose (Osong et al. 2016) 

Serial 
no. Chemical methods Reaction mechanism Advantages Disadvantages 

1. TEMPO-oxidation Oxidation of C6 hydroxyl 
groups into carboxyl 
groups and partially into 
aldehydes 

Shorter 
reaction time 

TEMPO is a 
poisonous and 
expensive 
chemical 
reagent 

2. Periodate chlorite 
oxidation 

Oxidation of the vicinal 
hydroxyl groups in the C2 
and C3 positions 

Increases 
carboxyl 
group 

Weakens the 
structure of 
cellulose 
Long reaction 
time 

3. Alkaline extraction Assistance with 
initializations of fibrils 

Lignin 
degraded 
Enhanced 
fibrillation 

Cellulose can 
be degraded 
High alkali 
concentration 

4. Carboxymethylation Incorporating 
carboxymethylated 
cellulose to the fibers. 
Enhancing anionic groups, 
reduction of fiber friction, 
disintegration into fibrils 

Improved 
fibrillation 
Reduced 
energy 
consumption 

Thinner NFC 
produced 

5. Acid hydrolysis The breaking of glycoside 
bonds 

High 
crystallinity 
or NC 

Use of strong 
mineral acids 
High 
controlled 
reaction 

Enzymatic processes were used to produce cellulose nanofibers/nanocellulose 
from the cellulose biomass. In this method, the cleavage of glycosidic bonds in the 
cellulose molecules was achieved via enzymatic hydrolysis. Cellobiohydrolases and 
endoglucanases are the common enzymes for the production of NC, and the former 
attacks the crystalline region of cellulose and later attacks the amorphous or disor-
dered region of cellulose. The yield of NC production via the enzymatic process 
depends on hydrolysis time, the concentration of enzymes in the reaction mixture, 
and types of enzymes used for hydrolysis. Normally, chemical and enzymatic 
process is performed before the mechanical process so that the clogging of mechani-
cal device can be avoided and less energy consumed. As a result, good fibrillation of 
cellulose pulp was achieved, and high-quality fibers were produced (Shanmugam 
and Browne 2021; Ribeiro et al. 2019).
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17.3 Nanocellulose Films 

Free-standing nanocellulose film is one of the predominant products of the 
nanocellulose nanomaterial (Varanasi and Batchelor 2013). This film plays a pre-
dominant role in various fields of application, because the film derived from 
nanocellulose has notable properties such as mechanical strength, barrier perfor-
mance, and surface properties (Aulin et al. 2010). Due to the outstanding perfor-
mance of nanocellulose films properties, the films were used as food packaging 
materials (Nair et al. 2014), base substrates for flexible printed electronics 
(Shanmugam 2021a), membranes for water and waste water treatment (Norfarhana 
et al. 2022), filtration media (Manukyan et al. 2019) for virus removal from the air, 
fabricating the nanocomposites (Garusinghe et al. 2018), tissue engineering 
scaffolds, and other biomedical applications (Werrett et al. 2018). Nanocellulose is 
biocompatible biopolymer with tissues, and the cellulose structure mimics the 
glycoaminoglycans in the extracellular matrix (ECM). This is why that this material 
can be used as base biomaterial for tissue engineering constructs (Luo et al. 2019), 
biomedical nanocomposite with antimicrobial agents for wound dressings (Maliha 
et al. 2020), drug delivery vehicle, and drug targeting applications (Shanmugam 
2021b). As discussed earlier in this chapter, nanocellulose is an ecofriendly 
nanomaterial with capability of biodegradability in the environment. So that, 
nanocellulose film can be used for laminating paper substrates via various methods 
for increasing the barrier performance of the paper against water vapor and oxygen 
(Kirubanandan 2022; Beneventi et al. 2014). 

The abovementioned is not limited in the application of nanocellulose films. 
There is many ongoing research in the free-standing nanocellulose films nowadays. 
This is why the demand of nanocellulose films increases exponentially, and 
nanocellulose can be a good alternative for synthetic plastics. The process 
constraints in the preparation of free-standing nanocellulose films are high energy 
consumption for nanocellulose production and time consumption in the film forma-
tion and its drying. There are many methods available for the fabrication of free-
standing nanocellulose film. Solvent casting, vacuum filtration, hot pressing, layer 
by layer coating, and spraying are the notable methods for developing self-standing 
nanocellulose films (Shanmugam 2019). The detailed description of each process 
will be discussed in the following headings. Due to process constraints in the 
production’s methods, the commercialization of nanocellulose films in the market 
is delayed. The main problem in the fabrication of film is the large processing time in 
the formation of film. This is why, the rapid method for forming the film is required 
and to speed up the production rate of the free-standing nanocellulose films. 
Therefore, a method should have ability to handle high suspension concentration 
of nanocellulose fibers. So that, the basis weight and thickness of the nanocellulose 
film can be tailored, and its effects could be observed in the mechanical strength, 
barrier performance, and various surface and bulk properties of the film. To con-
clude, a fast and flexible process is required to fabricate the nanocellulose films and 
to tailor the properties of the film through adjusting the process parameters in the film 
formation processes (Shanmugam 2021c).
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17.3.1 Solvent Casting 

The laboratory-scale technique for the fabrication of nanocellulose film is solvent 
casting. In this method, the nanocellulose suspension was poured into the Petri dish 
and allowed to dry the suspension for many hours. The drying consumed more than 
24 h to days, and the dried nanocellulose film was formed from the casting and it was 
peeled from the Petri dish (Syverud and Stenius 2009). The casted film has poor 
uniformity and shrinkages which affects various properties of nanocellulose films. In 
addition to that, the suspension concentration of nanocellulose decides the thickness 
and basis weight of the film which are important criteria for the film to control their 
barrier performance and mechanical strength of the films. Moreover, increasing the 
suspension concentration of nanocellulose would increase the drying time for the 
solvent casting to form the film. The disadvantages of this method are only labora-
tory scale performance in the film formation and formation of shrinkage and 
wrinkles on the nanocellulose film resulting in the weak mechanical strength and 
poor barrier performance. Due to the slow evaporation of the solvent from 
nanocellulose suspension casted on the Petri dish, it is inability to scale up for 
pilot scale and large-scale production of the films to meet the huge demand in the 
current era (Shanmugam 2019). 

17.3.2 Spin Coating 

Spin coating is a technique for fabricating these films on the surface and can be used 
for various research works on the thin film. This method is used to fabricate the free-
standing nanocellulose films with nanometric thickness. The films prepared via spin 
coating can be used for the study of the biological molecules’ interaction with the 
film and behavior of various biomolecules with hydroxyl group of the nanocellulose 
in the film. In this technique, high-speed spinning is utilized to remove the excess 
suspension of NC, thus leaving ultra-thin NC films. This is a laboratory scale method 
that can meet the research requirements of NC film as per the current demand in the 
laboratory research on nanocellulose films. It is the perfectly complete process to 
fabricate thin films for investigating at biomolecule interaction with cellulose fibrils 
(Shanmugam 2019; Shanmugam and Browne 2021). 

17.3.3 Roll-to-Roll Printing 

Roll-to-roll coating/printing is a rapid and fast process for the fabrication of 
nanocellulose films in a semi-batch or continuous operation mode. In addition to 
that, this method is also applicable for the coating of nanocellulose on the cellulose 
substrates such as paper and other paper board in a continuous board. The coated 
nanocellulose on the paper substrates formed as barrier film to increase the barrier 
performance of the paper with the elevated mechanical strength. In a similar manner, 
the nanocellulose coating on the plastic substrates was performed, and the



nanocellulose film on the plastic can be peeled. The film can be peelable from the 
plastic substrates and can be used as the base material for developing various 
functional materials. The surface roughness of the nanocellulose film from this 
method was 400 nm, and it was replicated from the plastic substrates. This surface 
roughness of the film can be used for developing flexible and printed electronics 
substrates. The thickness and basis weight of the nanocellulose film can be con-
trolled by nanocellulose suspension concentration, types of plastic substrates, and 
velocity of the webs in the coating process (Shanmugam 2019; Shanmugam and 
Browne 2021). 
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17.3.4 Layer by Layer Assembly 

This is the method of fabricating the nanocellulose film from nanometer to micron 
thickness via coating. By this technique, this method is applicable for thin functional 
film and also coating on the substrates for specific application. This method is 
normally used in the surface engineering of the substrates or film via coating. This 
method was also used in the surface functionalization of the substrates in the 
nanometer range of thickness of the functional materials (Shanmugam 2019). 

17.3.5 Vacuum Filtration 

Currently, this is the method for conventional practice for the production of free-
standing nanocellulose films (Varanasi and Batchelor 2013). This method is a 
laboratory version of fourdrinier machine for large scale production of paper and 
its related cellulose fiber materials. In vacuum filtration process, the nanocellulose 
suspension was poured into the column, and there is a metallic mesh at the bottom of 
the column. The water in the nanocellulose suspension was drained through the 
mesh when applying the vacuum at the bottom of the column. As a result, the 
nanocellulose fibers form a sheet on the metallic mesh, and the wet film was peeled 
from the mesh after couching with blotting paper. The wet film was peeled for the 
subjection to drying via drum drier. The retention of nanocellulose fibers on the 
mesh depends on the type of mesh and their pore size. If the size of mesh is small, it 
leads to the longest drainage time for dewatering from the suspension. In filtration 
process, the drainage time increased exponentially with nanocellulose suspension. 
As a consequence, the time taken for wet film formation on the mesh varied from 
10 min to 24 h. Time consumption in the filtration to form the wet film of 
nanocellulose can be reduced by fibrillation of nanocellulose via high-pressure 
homogenization, ball milling, and acid hydrolysis of cellulose nanofibers. As a 
result, the drainage or dewatering time was achieved to 10 min (Varanasi and 
Batchelor 2013). Apart from time consumption as one of the process constraints, the 
basis weight and thickness of wet film increased when filtration time progresses. The 
progressed wet film on the mesh acts a resistance for further filtration processes. The 
nanocellulose film after drying has shortcomings such as filter markings on the film,



and it affects the uniformity and surface roughness of the film (Shanmugam 2019). 
Various stages of vacuum filtration have been shown in Fig. 17.5. 
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Fig. 17.5 Vacuum filtration for NC film fabrication. (Reprinted adapted with permission from 
Sehaqui et al. 2010) 

17.3.6 Spraying Process 

Spray-coating is a process of formation of mist or atomized particles on the base 
surface (Czerwonatis 2008). This coating has many advantages than that of other 
coating process, such as rod coating, bar coating, etc. (Shanmugam et al. 2017). This 
method has been reported recently for the development of free-standing 
nanocellulose films and nanocellulose coating on the paper substrates as well 
(Shanmugam et al. 2017). It has the concept of spraying nanocellulose fibers 
suspension on the solid surface and results in the formation of film after drying 
process (Magnusson 2016). The solid surface as a base surface is used as either 
permeable substrates such as paper and paper boards or impermeable substrates such 
as stainless steel plate, fabric media, and silicon wafers (Shanmugam 2021c). 
Spraying provides various advantages such as contour coating, contactless coating 
with a base surface, and topography of the base surface not influencing the coating 
process (Shanmugam 2021c). 

The spraying fibers is a novel approach for the fabrication of nanocellulose films 
in a free-standing mode (Shanmugam et al. 2017). Figure 17.6 shows various 
sequences of the spraying process. In spray-coating process, the sequences consist 
of the formation of spray jet of cellulose nanofibers from the nanocellulose suspen-
sion and then atomization of the sprayed jet into the mist of the cellulose nanofibers 
suspension. The atomization consists of liquid lamella disintegration and disintegra-
tion of the jet of nanocellulose suspension. The fine droplets formed from atomiza-
tion coalesce on the contact surface, and a film is formed on the base surface. 
Spraying of these nanofibers onto the solid surface causes coalescence of sprayed 
droplets due to the film-forming properties of the cellulose polymers via hydrogen 
bonding between hydroxyl groups between adjecent fibres. The film that is formed 
on the surface can be peeled from the substrates after drying (Shanmugam and 
Browne 2021) (Table 17.3).
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Fig. 17.6 Sequences in the spraying process on the base surface. (With permission from 
Shanmugam, K.; Browne, C; Nanoscale Process. 2021, 247–297, Elsevier) 

Table 17.3 Processing time in conventional method for nanocellulose films 

Processing method Processing time Basis weight (g/m2 ) 

Spray deposition 10–27 min 13.7–124 

Vacuum filtration 3 min 56.4 

Membrane filtration 55 min 56 

Filter paper-based filtration ~48 h NA 

Fabric filtration 1–3 h 55  

Current spray-coatinga <1 min 52.8–193.0 
a Shanmugam et al. (2017) 

Spraying nanocellulose fiber on the base surface was classified into two process, 
namely, (1) spraying nanocellulose fibers on the permeable substrates such as paper 
substrates and paper boards. Recently, spraying cellulose nanofibers on the packag-
ing paper, blotting paper, and news print paper was carried out, and it was increased 
their barrier performance of the paper substrates with increased mechanical strength. 
(2) Spraying cellulose nanofibers on the impermeable solid substrates such as 
stainless steel plate, super polished stainless steel plates, and silicon wafers for the 
production of free-standing nanocellulose films (Shanmugam 2021c). In the case of 
spraying cellulose nanofibers on the permeable substrates, this method provides high 
coat weight on the paper substrates than that of any other method such as rod 
coating, bar coating, and vacuum filtration. The spraying nanocellulose on the 
surface is independent on suspension concentration and dependent on the viscosity 
of the nanocellulose suspension. This method is applicable for production of 
nanocellulose barrier layers on the paper substrates (Beneventi et al. 2014). It was 
observed that spraying high solid content of nanocellulose suspension on the paper



substrates could reduce the water content for reducing the drying load in the drying 
process of nanocellulose coating on the paper surface (Shanmugam 2022b). 
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In the process of spraying fibers on the impermeable substrates, the deposition of 
nanocellulose fiber on the stainless steel plate was carried out to fabricate the 
free-standing cellulose film (Shanmugam 2021c). The other impermeable substrates 
are fabric surface (Beneventi et al. 2015), stainless steel plates (Shanmugam et al. 
2017), and silicon wafers (Shanmugam et al. 2020). In addition to that, spraying 
microfibrillated cellulose on 3D brass architecture was attempted to fabricate 3D 
dimensional free-standing film. In this approach, the wrinkles and scratches on the 
spray-coated film were observed. There are pros and cons for each method for 
fabrication of free-standing nanocellulose film (Magnusson 2016). Based on the pros 
and cons in the reported spraying process, the new method on spraying was 
developed and discussed this method how it would be the performance in rapidity 
and flexible when compared with other conventional methods (Shanmugam 2021c). 
To conclude, solvent casting is a slow method in the fabrication of free-standing 
nanocellulose films. It consumes unlimited time in the evaporation of solvent from 
nanocellulose suspension, and also the film has poor uniformity due to the formation 
of wrinkles on the films. In the case of vacuum filtration process, the drainage time 
was increased with the solid content in the nanocellulose suspension. The peeling of 
the nanocellulose wet film from the filter mesh is a crucial task and also marks on the 
films which were shortcomings in this method. This is why the following criteria on 
the preparation of the free-standing nanocellulose films and nanocellulose barrier 
coat on the paper substrates have been derived. Based on these criteria, the spray-
coating was developed (Shanmugam 2019). 

17.4 Criteria for Fabrication of Free-Standing Nanocellulose 
Films and Barrier Coating on the Paper Substrates 

The preparation of free-standing nanocellulose films or barrier coating on the paper 
substrate is slow in the existing methods and inability to scale up into conventional 
scale to meet the large scale production. The rate of manufacturing of self-standing 
nanocellulose films or coating on the paper substrates is very slow when compared to 
the manufacture of plastic films or synthetic plastic coating on the paper substrates 
via extrusion. Speed and flexibility in the manufacture of nanocellulose films and 
barrier coating on the paper is required to meet the demand of the films and increased 
its application in various fields. 

. Increase film properties via rapid preparation method. 

. Tailor the thickness and basis weight of the NC film via processing method 
without increasing the operation time. 

. Engineer the strength and bulk properties of NC film by varying the NC suspen-
sion concentration without affecting operation time in the method. 

. Produce a film with an outstanding uniformity comparable to the conventional 
method such as vacuum filtration.
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. Produce NC film in a single step to avoid further processing such as dewatering, 
vacuum drying, and couching of the wet film. 

. Produce a smooth nanocellulose film and engineer their roughness for developing 
potential material without any additional treatment in the methods for the engi-
neering of the surface roughness like any physical and chemical treatments 
(Shanmugam and Browne 2021). 

17.4.1 Proof of Concept of Spray-Coating 

The concept was developed on the spraying or spray deposition of nanocellulose 
suspension on the polished metal surface to fabricate the wet nanocellulose film 
(Magnusson 2016). Through the literature review studies, spraying nanocellulose on 
the base surface causes the replication of the surface roughness of the base surface to 
the nanocellulose films (Shanmugam et al. 2017). As a result, the surface roughness 
of the film can be tailored or lowered to produce smooth surface. As per the 
requirement for the new spraying process, the question is that “is it possible to 
scalable process for continuous production of nanocellulose films like synthetic 
plastic films” or “nanocellulose coating on the paper substrates in a continuous 
mode to produce barrier coating on the paper substrates.” During the spraying 
process itself, the process should have a capability to tailor the mechanical and 
bulk properties of the film. Spraying is an answerable process for satisfying these 
requirements for the production of nanocellulose films (Shanmugam 2021c) 
(Fig. 17.7).

The spraying of nanocellulose suspension was carried out on the surface of 
polished circular stainless steel plate. The base surface of the polished stainless 
steel plate was very smooth and had very minimal scratches. Figure 17.8 shows the 
experimental setup for the proof of concept for spraying nanocellulose on the 
stainless steel plate. In this experimental setup, there are professional spray system, 
conveyor, and seating arrangement for keeping the stainless steel plate after sprayed 
nanocellulose suspension. Nanocellulose (NC) supplied from DAICEL Chemical 
Industries Limited (Celish KY-100S) was utilized to prepare free-standing films. NC 
sample was used at consistencies ranging from 0.5 to 2.0 wt.%, prepared by diluting 
the original concentration of 25 wt.% with distilled water and mixing for 15,000 
revolutions in a disintegrator. The viscosity of the NC suspension was evaluated by 
the flow cup method which evaluates the process of coating fluid flow through an 
orifice to be used as a relative measurement of kinematic viscosity, with the results 
expressed in seconds of flow time in DIN-Seconds (Shanmugam et al. 2017).

In this concept, the nanocellulose was sprayed on the circular stainless steel plate 
which is kept on the conveyor. The speed of the conveyor and nanocellulose 
suspension were considered as process variables. These parameters can influence 
the bulk properties of free-standing nanocellulose films. In this approach, the 
nanocellulose suspension was varied from 0.25 to 2.00 wt.% for spraying suspension 
on the stainless steel plate kept on the conveyor at constant speed or velocity. The 
nanocellulose suspension is fixed for spraying on the plate, and the conveyor’s speed



can be varied in the experimental setup. As a result, the quantity of spray depos-
ited nanocellulose was high at the lowest velocity than that of higher velocity. As 
a consequence, very thick and high basis weight of the film can be fabricated. By 
this way, the properties of the nanocellulose films can be tailored (Shanmugam et al. 
2017; Alsaiari et al. 2022). In order to achieve the uniform and good quality 
nanocellulose films, there are number of variables hidden in the spray-coating 
process and also in the spray-coating experimental setup. Atomization is the integral 
part of spraying fiber on the base surface. Atomization depends on the viscosity of 
the sprayable liquid and the orifice in the spray nozzle. The formation of spray 
jet also depends on the diameter of orifice and nozzle type in the spray gun. There are 
three spray patterns, namely, circular, elliptical, and rectangular patterns. These 
spray patterns can be created by either spray gun or orifice position and fan types 
in the spray system (Wagner n.d.-a). Apart from the equipment side, the viscosity of 
the nanocellulose suspension should be in the sprayable range for developing films. 
In this case, the nanocellulose suspension was varied from 0.25 to 2.00 wt.% fiber
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Fig. 17.7 Function of spray gun for spraying nanocellulose fibers of droplets. (Modified image 
from Wagner, WAGNER ProjectPro 117 0418B Owner’s Manual, n.d.)



content for optimum spraying operation. The sprayable behavior of nanocellulose 
suspension depends on their solid content and crucial step in the formation of 
nanocellulose films (Shanmugam et al. 2018). 
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Fig. 17.8 Proof of concept for spray-coating for the production of nanocellulose films. (With 
permission from Shanmugam, K et al., Cellulose 2017, 24, 2669–2676)

The spraying of nanocellulose suspension on a polished circular stainless steel 
plate which is kept on the variable speed conveyor was carried out. The professional 
Wagner spray system (Model Number 117) was used to spray the nanocellulose 
suspension at a pressure of 200 bar. In this spray system, the type 517 spray tip was 
used and produced an elliptical spray jet of 22.5 cm width and spray jet angle of 50°. 
The vertical distance between the spray nozzle to the circular steel plate was 
30.0 ± 1.0 cm known as spray distance. The velocity of the conveyor was operated 
at 0.32 cm/s during the spraying of NC on the plate. The professional Wagner spray 
system is a pressure-driven spray system and requires 30 s run before coating 
nanocellulose on the base surface. This was allowed to reach the equilibrium in 
the spraying process (Shanmugam et al. 2017). 

After spray-coating of nanocellulose on the base surface, such as stainless steel, 
the wet film on the stainless steel plate was dried under standard laboratory 
conditions. It is suggested that the wet film can be dried in the fume hood, and the 
air flow can help the drying film easily. Normally the drying of the wet nanocellulose 
film will be taken more than 24 h at a temperature of 25 °C. The dried film was stored 
at 23 °C and 50% RH for evaluation of mechanical and barrier properties. As 
spraying is a new method, the performance of this method and the spray-coated 
film was compared with the existing method. The vacuum filtration was considered 
to be a conventional method for the fabrication of the nanocellulose films. The film 
also was made via vacuum filtration process and can be considered as an ideal film 
for comparison of spray-coated nanocellulose film (Shanmugam et al. 2017) 
(Fig. 17.9).

Vacuum filtration is used to fabricate the standard nanocellulose films for using as 
standard film to compare with spray-coated nanocellulose film. In short summary,



600 mL of NC suspension with 0.2 wt.% concentration was poured into a cylindrical 
container having a 125-mesh filter at the bottom and then filtered until it formed a 
wet film on the mesh. The wet film was carefully separated using blotting papers and 
then dried at 105 °C in drum drier for around 10 min. The film prepared by this 
method is used as a reference film to compare the uniformity and thickness of the 
spray-coated film. In addition to that, the tensile and barrier performance of the 
spray-coated film was compared with the film prepared via filtration. Based on the 
laboratory scale to achieve the proof of concept for the preparation of nanocellulose 
films, the operation time for forming wet film was less than 1 min. When comparing 
with vacuum filtration, the operation time for spraying nanocellulose film is quite 
very low. In vacuum filtration, the drainage time or dewatering time increased with 
nanocellulose suspension consistency (Varanasi and Batchelor 2013). As a result, 
the film formation on the mesh consumed varied from 10 min to 24 h (Shanmugam 
et al. 2017). Similarly, the water removal from the spray-coated nanocellulose wet 
films is one of the shortcomings in the spray-coating process (Shanmugam 2019). 
When comparing with filtration, water consumption in spray-coating process is very 
minimal. It was explained with various examples and studies in the spray-coating for 
production of free-standing nanocellulose films. In this spraying operation, the solid 
content in nanocellulose suspension was varied from 1 to 2.00 wt.% for the prepara-
tion of thin films to thick nanocellulose films. The developed laboratory scale spray-
coating experimental setup is able to handle up to 2.5 wt.% of nanocellulose 
suspension. 2.5 wt.% of nanocellulose suspension contains 97.5 wt.% water and 
rest nanocellulose fibers, so that the concentration becomes 39 g of water per g of 
cellulose nanofibers, which is much lower than of 499 g of water per g of cellulose 
fibers in the vacuum filtration process. As a consequence, the drainage time for 
forming nanocellulose film was increased in the filtration process. In the case of 
spraying process, the operation time is independent of nanocellulose suspension 
concentration. To conclude, the spraying operation provides minimal operation time 
for the formation of nanocellulose films. The basis weight and thickness of the
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Fig. 17.9 The effect of fan and orifice in the spray patterns and spray jets for spraying nanofibers. 
(Modified from Wagners Manual, n.d.)



nanocellulose films were easily tailored via adjusting the nanocellulose suspension 
concentration in the spraying process. The biggest limitation in this process is the 
formation of wet film, and drying consumes more time to get dried nanocellulose 
film. It can be resolved by using infra-red radiation drying or waste heat utilized for 
drying the nanocellulose film at conventional scale (Shanmugam 2019). 
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17.4.2 Spray-Coated Nanocellulose Films 

Nanocellulose films are a potential nanomaterial which can be used as an alternative 
for synthetic plastics (Shanmugam and Browne 2021). Due to the huge demand of 
nanocellulose films to replace synthetic plastics, the fast and flexible method was 
required to meet large-scale manufacturing capabilities. Spraying is a fast and 
flexible process for the production of free-standing nanocellulose films (Shanmugam 
2019). In this approach, spraying nanocellulose suspension on the polished metal 
surface such as stainless steel produces a unique nanocellulose film with two distinct 
surfaces (Shanmugam 2021c). The surface exposed to the air is called free surface or 
rough surface. The film via spraying was adhered to the metal surface and peeled 
from the metal surface easily and also replicated the surface smoothness from the 
metal side. As a result, the nanocellulose film from metal side was very smooth 
(Shanmugam et al. 2017, 2020). 

Figures 17.10 and 17.11 show the spray-coated nanocellulose films in the form of 
circular and rectangular shapes. The film was very compact and had two unique 
surfaces. Through spray-coating, the stable and homogeneous film was produced. 
The basis weight and thickness of the film was tailored via process variables such as 
nanocellulose suspension consistency and engineering variables such as velocity of 
the conveyor. The scanning electron microscopy (SEM) micrographs of spray-
coated nanocellulose film reveal the structure, morphology, and topography of 
cellulose nanofibers with fiber diameter distribution in the film (Shanmugam 
2021c; Shanmugam et al. 2017).

17.4.3 Scanning Electron Microscopy of Spray-Coated 
Nanocellulose Films 

SEM micrograph reveals that spray-coated nanocellulose films have two unique 
surfaces, namely, rough and smooth surface. The film was very compact and glossy 
in the smooth side. It is one of the added advantages in the spraying nanocellulose 
suspension on the polished metal surface, and this method has capacity to replicate 
the part of the surface roughness from the base surface to the film. As a result, the 
film was glossy and shiny, and the smoothness can be used in the construction of 
various functional materials such as printed and flexible electronics, OLED devices, 
solar cell construction, and sensors. The rough side of the film has porous and more 
surface roughness than that of the smooth side. The surface roughness of the spray-



coated nanocellulose films was evaluated through various methods and discussed in 
the later part of this chapter (Shanmugam et al. 2020) (Fig. 17.12).
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Fig. 17.10 Spray-coated nanocellulose films—circular shape

Figure 17.13 shows the cross-sectional view of spray-coated nanocellulose films. 
It reveals the cellulose nanofibers in the spray-coated are compressed and 
intertwined with neighboring fibers. The spray-coated nanocellulose films have 
many layers in the film and compressed well revealed in the SEM micrographs. It 
is also revealed that the film would have a complex tortuous pathway for diffusion of 
water vapor, air, and oxygen. As a consequence, the barrier performance of the film 
would be improved, and the film would become an impermeable sheet which can be 
a potential alternative packaging material for synthetic plastics (Nair et al. 2014).

The rough side of the nanocellulose film has surface roughness similar to the 
surface of the film via vacuum filtration. The rough surface of the film confirms that 
the film contains densely packed various sizes of free fibers and clumps of cellulose 
fibers and is further free from pinhole. Figure 17.14 shows the rough side of the 
nanocellulose film (free surface) which is the side directly to contact with atmo-
spheric. The surface topography of the film is asymmetric structure exclusively the 
pore size on the rough surface differed from the smooth surface. The fibers are well 
connected between different fibers size and form fibrous matrix of various pore sizes.



In the rough side of the film, there are free fibers towards the atmospheric and high 
surface roughness.
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Fig. 17.11 Spray-coated nanocellulose films—rectangular shape

17.4.4 Thickness Investigation and Thickness Mapping 
of Spray-Coated Nanocellulose Films 

Thickness is the crucial parameter for spray-coated nanocellulose films. The varia-
tion in thickness not only affects the uniformity of the film but also causes their 
effects on the tensile properties and barrier properties. As discussed earlier, thickness 
of the film/sheets can be tailored by adjusting the suspension consistency to 
be sprayed on the metal plate. Figure 17.15 shows the thickness detail of 2.00 wt. 
% microfibrillated cellulose/nanocellulose film prepared via spray-coating.



Figure 17.15 shows thickness details about seven films and maximum and minimum 
thickness of each film mentioned in the plot. The average thickness of each film has 
also been mentioned in the plot. The thickness of the 2.00 wt.% varies from 200 to 
250 μm. * signs in the plot signifies that there is an outlier in the thickness data which 
can be omitted for evaluation.
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Fig. 17.12 The micrograph of spray-coated sheet at 10 μm

Figure 17.15 reveals the consistency of the production of nanocellulose films via 
spray-coating and shows minimal variation in thickness. When spray the 2.00 wt.%
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Fig. 17.13 Cross-section of spray-coated nanocellulose film

Fig. 17.14 Smooth side of spray-coated nanocellulose film



on the stainless steel plate, the thick and good basis weight of the film was formed. 
Due to the handling of wet film on the plate, the movement of NC suspension in wet 
film causes the variation in thickness (Fig. 17.16).
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Fig. 17.15 Thickness of the 2.00 wt.% nanocellulose/MFC film via spray-coating

Figures 17.17 and 17.18 reveal a thickness of 1.25 and 1.00 wt.% of spray-coated 
nanocellulose films. In these plots, there were maximum variations in thickness of 
the films. 1.25 and 1.00 wt.% nanocellulose suspension behave watery suspension 
due to the low solid fiber content in the suspension. Due to the sprayed watery 
suspension on the plate, there was chance to move the suspension in the wet film 
resulting in the thickness variation on the film. This problem was resolved by the 
spraying of high solid content in the nanocellulose suspension. The spraying above 
1.5 wt.% nanocellulose suspension can minimize thickness variation of the film and 
improves the uniformity of the films. The spray system in the current experimental 
setup has limitations in the spraying of nanocellulose suspension up to 2.00 wt.% 
NC suspension. The addition of CMC or MMT into nanocellulose suspension 
decreases the viscosity of the suspension (Shanmugam 2021b; Shanmugam et al. 
2020). So that, the spray behavior of the nanocellulose suspension would be 
increased beyond 2.0 wt.%. Alternatively, high performance spray system was 
recommended to handle the high viscous nanocellulose suspension for producing 
high thickness and basis weight nanocellulose films (Shanmugam 2019) 
(Fig. 17.19).
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Fig. 17.16 Thickness variation of 1.75 wt.% nanocellulose film
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Fig. 17.17 Thickness variation of 1.25 wt.% nanocellulose film



17 Nanocellulose as a Sustainable Nanomaterial for Films and Coating. . . 513

Film 8Film 6Film 5Film 4Film 3Film 2 

175 

150 

125 

100 

75 

50 

Thickness of the sheet made by 1.00 Wt% of MFC 
T

hi
ck

ne
ss

 in
 m

ic
ro

ns
 

Film 1 

Fig. 17.18 Thickness variation of 1.00 wt.% nanocellulose film 
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Fig. 17.19 Thickness variation of nanocellulose film prepared via vacuum filtration
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17.4.5 Thickness Mapping of Spray-Coated Nanocellulose Films 

Thickness evaluation of spray-coated nanocellulose films was performed by L&W 
thickness analyzer. Thickness mapping of spray-coated nanocellulose film was 
performed with thickness data to evaluate the uniformity of the film and compared 
with the film via vacuum filtration. The circular portion of the film was divided into 
six regions and thickness measured on these regions. The thickness mapping of 
center rectangular region of the circular film was plotted by contour plot via Origin 
Pro 9.1. The concept of thickness mapping is shown in Fig. 17.20 and used for the 
evaluation of uniformity of the film (Shanmugam et al. 2017; Alsaiari et al. 2022). 

Figures 17.21, 17.22, 17.23, 17.24, 17.25, and 17.26 show the thickness mapping 
of various spray-coated nanocellulose films. The mapping of thickness confirms that 
the spray-coated film has good uniformity and comparable with the film via vacuum 
filtration. Generally, thickness of the spray-coated film is thicker than that of vacuum 
filtered film. When comparing the film via vacuum filtration, the spray-coated film 
has good uniformity in thickness. At the lowest concentration of nanocellulose 
suspension sprayed on the stainless steel plate, the nanocellulose film has poor 
uniformity and maximum variation in thickness of the films. Normally, the low 
nanocellulose suspension concentration is watery and hard to be stagnant on the steel 
plate. As a result, the film becomes very thin and has poor uniformity due to the huge 
variation in thickness. The suspension consistency increased for spraying, the wet 
film was improved stamina for stagnant film and gives good thickness and basis
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Fig. 17.20 Mapping of the thickness of the NC film. The thickness is measured in the center region 
of the film. The square section of the center part of the film is used for contour plotting. The gray 
point of thickness used for mapping to confirm the uniformity of the film. (With permission from 
Shanmugam, K et al., Cellulose 2017, 24, 2669–2676) 



weight film after drying. This is why the contour plot on thickness mapping confirms 
good uniformity in the high concentration suspension sprayed than that of the film 
made via the lowest concentration of NC. The spray-coated nanocellulose film has 
comparable uniformity with the film prepared via vacuum filtration (Shanmugam 
2021c) (Fig. 17.27). 
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Fig. 17.21 Thickness mapping of 1.00 wt.% of spray-coated nanocellulose films

17.4.6 Uniformity of Spray-Coated Nanocellulose Films 

The uniformity of the nanocellulose film was evaluated by the instrument known as 
paper perfect formation tester. This instrument measures the optical uniformity of 
cellulose substrates such as papers and paper board and was implemented to evaluate 
the uniformity of spray-coated nanocellulose films and compared with the film via 
vacuum filtration. This instrument directly measures the quality of formation of the 
film via passing the light across the film. So the quality of the film was evaluated by 
the length scales from 0.5 to 60 mm. The final data was reported in Relative 
Formation Value (RFV) of each component in spray-coated nanocellulose films 
when comparing with the standard film from vacuum film. RFV less than/equal 
to/greater than 1 signifies poor/better/good uniformity of the film. Figure 17.28 
shows the optical uniformity of spray-coated nanocellulose film performed by 
paper formation tester (Shanmugam et al. 2018). Figure 17.29 is the standard or 
reference film prepared via vacuum filtration. The image reveals that the film has
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Fig. 17.22 Thickness mapping of 1.25 wt.% of spray-coated nanocellulose films 
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Fig. 17.23 Thickness mapping of 1.5 wt.% of spray-coated nanocellulose films



poor uniformity and RFV value less than 1 and required increased suspension 
consistency for spraying to make thick film with cellulose nanofibers. When 
spraying nanocellulose suspension on the stainless steel plate, there is a chance of 
entrainment of air bubbles in the film. It will affect the uniformity of the film. The 
uniformity of the nanocellulose is highly interlinked with tensile properties, barrier 
performance, and other bulk properties such as basis weight and thickness. Increas-
ing the suspension concentration would increase the uniformity of the film. In 
addition to that, the reengineering of spray process and spray system drastically 
improves the uniformity of the spray-coated nanocellulose films (Shanmugam 
2021c; Shanmugam et al. 2018).
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Fig. 17.24 Thickness mapping of 1.25 wt.% of spray-coated nanocellulose films

17.4.7 Surface Roughness of Spray-Coated Nanocellulose Films 

The spraying nanocellulose suspension on the polished metal surface is a novel 
approach for the development of smooth nanocellulose films. The film via spray-
coating has two unique surfaces, namely, (1) rough surface which the film exposed 
to the air and (2) the smooth surface which the film adhered to the metal side. In this 
spraying process, the replication of surface smoothness of the base surface such as 
polished stainless steel plate was transferred to the nanocellulose film resulting in 
smoothness of the film (Shanmugam 2021c; Shanmugam et al. 2017). The rough



side and smooth side of the film have played a major role in the construction of 
various functional materials such as flexible electronics, printed electronics, solar 
cells, and microfluidic devices (Shanmugam 2021a). The surface roughness of the 
film was a crucial parameter in these applications. Therefore, the measurement of 
surface roughness of the film was performed via Atomic Force Microscopy (AFM), 
Optical Profilometry (OP), and Parker Surface Print Instrument (PPI). AFM and OP 
deal about the nanoscale surface roughness of the film, and PPI mentions the 
macroscale roughness of the films. 
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Fig. 17.25 Thickness mapping of 1.5 wt.% of spray-coated nanocellulose films

17.4.7.1 Atomic Force Microscopy of Nanocellulose Films 

17.4.7.2 Atomic Force Microscopy of Nanocellulose Films 

17.4.7.3 Atomic Force Micrographs of Film Prepared by Vacuum 
Filtration 

17.4.7.4 Atomic Force Micrographs of Sheet Prepared by Vacuum 
Filtration 

AFM micrographs reveal the surface roughness of the spray-coated film and 
vacuum-filtered film. The spray-coated nanocellulose film is very smooth replicated



from the polished metal surface and minimum porous than that of the rough side of 
the film. Sometimes fiber aggregates on the smooth side or rough side of the film 
elevate the surface roughness of the film. The formation of fiber aggregates can be 
resolved by the addition of rheology modifier into the nanocellulose suspension. The 
most common rheology modifiers are nanoclay, such as bentonite and carboxy 
methyl cellulose (CMC) (Shanmugam 2019). AFM micrographs reveal that the 
smooth surface of the sprayed film has a glossy, shiny appearance. The RMS 
roughness from the rough side is 414.0 nm for 10 μm × 10 μm film area and 
51.4 nm for 2 μm × 2 μm film area, whereas the RMS surface roughness of the 
smooth side is only 81.1 nm for 10 μm × 10 μm film area and 16.7 nm for 2 μm × 
2 μm film area. AFM measurements of the film via vacuum filtration show the sides 
had a surface roughness of 417.7 nm (Side 1) and 330.8 nm (Side 2) at an inspection 
area of 10 μm × 10 μm, which is approximately the same as the rough side of the film 
prepared by spray-coating. Figures 17.30 and 17.31 show the AFM micrographs of 
spray-coated nanocellulose films, and Figs. 17.32 and 17.33 show the AFM 
micrographs of the vacuum-filtered nanocellulose film (Shanmugam et al. 2017).
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Fig. 17.26 Thickness mapping of 1.5 wt.% of spray-coated nanocellulose films
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Fig. 17.27 Thickness mapping of nanocellulose films prepared via vacuum filtration

17.4.7.5 Optical Profilometry Images for Spray-Coated 
Nanocellulose Films 

17.4.7.6 Optical Profilometry Images of Vacuum Filtered 
Nanocellulose Films 

17.4.7.7 Optical Profilometry Images of Base Surface: Circular Polished 
Stainless Steel Plate 

The optical profilometry is one of the non-destructive measurements of surface 
roughness of the nanocellulose film prepared via spray-coating and vacuum filtra-
tion. Figures 17.34 and 17.35 show optical profilometry images of nanocellulose 
films. Similarly, the RMS roughness of the NC film measured using the optical 
profilometry at an inspection area of 1 cm × 1 cm is 2087 nm on the rough side and 
389 nm on the spray-coated side when compared with NC film prepared via vacuum 
filtration with RMS value of 2673 nm on side 1 and 3751 nm on side 2. The 
RMS measurement on these specimen has performed on the 50 × magnified optical 
profilometry images. From 5 × magnified optical profilometry images, the RMS 
value was found to be 5000 nm on rough side and 2500 nm on smooth side for spray-
coated nanocellulose film (Figs. 17.36 and 17.37). In the case of vacuum filtered 
nanocellulose film, the RMS was determined 5900 nm on side 1 and 6400 nm on



side 2. These values conclude that the spraying nanocellulose suspension on the 
polished metal surface produces the film with a significant smoothness which was 
replicated from the stainless plate. The spraying provides one-step method for 
tailoring the surface roughness/smoothness of the film without any further/chemical 
treatment. Figure 17.38 shows the optical profile images of the circular polished steel 
plate. The RMS of the base surface was evaluated to be 195 ± 33 nm, and this part of 
the surface roughness has been replicated to the nanocellulose films. By the spray-
coating method, the surface roughness of the nanocellulose films can be tailored via 
spraying nanocellulose suspension on various smooth substrates (Shanmugam et al. 
2017).
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Fig. 17.28 Uniformity of spray-coated nanocellulose film

17.4.7.8 Parker Surface Print Instrument for Evaluation of Macroscale 
Roughness 

Parker surface print instrument was used to evaluate the surface roughness of 
the paper and paper boards at macroscale. This same instrument can be applicable 
for the measurement of surface roughness of nanocellulose film at macroscale level.



The surface roughness of the spray-coated film was evaluated to be 10.8 ± 0.17 μm 
on the rough side of the film and 5.5 ± 1.4 μm on the smooth side. The roughness of 
the vacuum filtered nanocellulose film was determined to be 10.6 ± 0.3 μm on the 
filter side and 9.9 ± 0.1 μm on the free side of the film. These investigations conclude 
that the spray-coated films have lowest surface roughness on the spray-coated side 
even at macroscale. It is another advantage in the spraying method which provides 
the finishing quality of the film on the coated side without any addition treatment. 
The spray-coated side of the film is very shiny, glossy, and reflective in the film and a 
kind of finishing quality provided by spraying on the polished base surface 
(Shanmugam 2021c). Table 17.4 summarizes the surface roughness of nanocellulose 
films predicted from various approaches.
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Fig. 17.29 Uniformity of vacuum filtered nanocellulose film

17.4.8 Bulk Properties of Nanocellulose Films 

The bulk properties of the nanocellulose film can be tailored by the process 
parameters and engineering parameters in the experimental setup of spray system. 
Thickness and basis weight of the film are the bulk properties and play a major role 
in the tensile properties and barrier performance of the film. The process parameters



such as effect of nanocellulose suspension consistency were only discussed in this 
section. The nanocellulose suspension consistency plays a major role in the 
controlling thickness and basis weight of the nanocellulose films. Figure 17.39
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Fig. 17.30 AFM image of spray-coated sheet. The sheet prepared by 1.5 wt.% NC spraying on the 
base surface
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Fig. 17.31 AFM image of spray-coated film
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Fig. 17.32 AFM image of the sheet prepared via vacuum filtration



526 K. Shanmugam et al.

Side 1 

Side 2 

Fig. 17.33 AFM image of the sheet prepared via vacuum filtration



shows the effect of nanocellulose suspension consistency on the basis weight and 
thickness of the film. 
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Fig. 17.34 Optical profilometry images of 5 × spray-coated nanocellulose films

Figure 17.39 shows that the mass per unit area of the nanocellulose film exhibited 
a linear increase when the suspension concentration of NC increased from 1.00 to 
2.00 wt.%. The mass of the film per unit area was mainly controlled by the solid 
content in the suspension and unlikely by the velocity of the conveyor (Shanmugam 
et al. 2017, 2018). Moreover, the film obtained at optimized velocity was free from 
the pinholes in the sheet and has high thickness and contains densely packed fibers of



various sizes and particles (Shanmugam et al. 2018). The maximum mass of spray-
coated nanocellulose film is 195 g/m2 . The film has thickness of 240 μm and 
homogenous in nature (Shanmugam et al. 2018). The professional Wagner spray 
systems are capable to spray these MFC/NC suspensions beyond this concentration. 
The nanocellulose suspension shows non-Newtonian behavior and has time-
dependent viscosity. The fibers/particles increased in the suspension increase their 
viscosity. As a result, the spraying of high solid content in the suspension is really 
challenging, and the high shear force required to spray the suspension through the
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Fig. 17.35 Optical profilometry images of 50 × spray-coated nanocellulose films



nozzle is needed. However, while increasing the solid/fiber content in the suspen-
sion, the disintegration of the fibers in the suspension is difficult. As a consequence, 
the fluidity of the suspension would be lost, and handling of these suspensions 
through nozzle is difficult and has more chances of clogging the nozzle. Further-
more, the high shear force is required to pump and spray the high fiber content of the 
slurry (Shanmugam 2021c).
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Fig. 17.36 Optical profilometry images of 5 × vacuum filtered nanocellulose films
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Fig. 17.37 Optical profilometry images of 50 × vacuum filtered nanocellulose films

17.4.9 Mechanical and Barrier Performance of Nanocellulose Film 

The spray-coated nanocellulose film has compact structure and two unique surfaces, 
namely, rough surface and smooth surface. The rough surface is normally porous 
whereas the smooth surface is glossy and shiny. The effect of the surface roughness 
and smoothness of the film on the barrier performance of the film remains obscure. 
The rapidity of spraying process increases the potentiality of the nanocellulose films



to replace synthetic plastics for barrier applications. The air permeance of the 
spray-coated nanocellulose film was evaluated to be less than <0.003 μm/Pa s, 
concluding that the film was impermeable and a good barrier against air, oxygen, and 
other gaseous substances. When compared with the film via vacuum filtration, the 
spray-coated film has comparable air permeance and fit to be a potential packaging 
material (Shanmugam et al. 2017). 
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Fig. 17.38 Optical profilometry images of base surface—circular stainless steel plate (50× 
magnification)

The barrier against water vapor is an important property of the nanocellulose 
films (Nair et al. 2014; Belbekhouche et al. 2011). Normally synthetic plastics have 
excellent barrier against water vapor and play as conventional packaging materials 
(Jadhav et al. 2021; Ilyas et al. 2018). The plastic film is nonbiodegradable, good 
recyclability into various materials, cause the threat to the environment via land 
disposal of plastics, generation of microplastics and penetration into the food chain 
(Rajmohan et al. 2019). To mitigate these problems, nanocellulose films can be used 
as a packaging material (Kirubanandan 2022). Cellulose nanofiber is a hydrophilic



nanomaterial capable for resisting water vapor transmission across the film (Ilyas 
et al. 2018). Under high moisture environment, cellulose nanofibrils are susceptible 
to water and water vapor, and fibers become well wetted and loosen cellulose
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Table 17.4 Surface roughness of nanocellulose films prepared via spray-coating and vacuum 
filtration 

Films preparation 
method Technique used Surface RMS roughness 

Spray-coating Atomic force 
microscopy 

Rough 414.0 nm 
(10 μm × 10 μm) 

51.4 nm 
(2 μm × 2 μm) 

Smooth 81.1 nm 
(10 μm × 10 μm) 

16.7 nm 
(2 μm × 2 μm) 

Optical profiler 
50× image 

Rough 2086.69 nm 

Smooth 389 nm 

Vacuum filtration Atomic force 
microscopy 

Free 
side 

417.7 nm 
(10 μm × 10 μm) 

102.3 nm 
(2 μm × 2 μm) 

Filter 
side 

330.8 
(10 μm × 10 μm) 

70.7 nm 
(2 μm × 2 μm) 

Optical profiler 
50× image 

Free 
side 

2673 nm 

Filter 
side 

3751 nm
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Fig. 17.39 Effect of suspension concentration on the mass per unit area of the nanocellulose film 
using spray-coating at a constant velocity of 0.32 cm/s. Each point is a minimum of four replicates. 
Replicates were prepared sequentially



nanofiber matrix resulting in widening the pores. As a consequence, the water vapor 
and other gaseous molecules are transferred more amount and increased their 
permeability (Garusinghe et al. 2018; Garusinghe 2017). To tailor the barrier 
performance of nanocellulose films, spray-coating can be very helpful to fulfill this 
criterion as the operation time in this method is independent of the nanocellulose 
suspension concentration (Shanmugam 2021c). Therefore, thickness and basis 
weight of the film can be tailorable easily (Maliha et al. 2020; Alsaiari et al. 
2022). The spraying nanocellulose suspension on the polished metal surface 
produces a compact film that is glossy and shiny (Shanmugam et al. 2017). The 
water vapor transmission rate (WVTR) of the spray-coated nanocellulose film was 
reported to be 35.6 ± 8.5 g/m2 day whereas the WVTR of the vacuum filtered 
nanocellulose film was found to be 33.9 ± 3.5 g/m2 day (Shanmugam et al. 2017). 
These values confirm the spray-coated nanocellulose films have potential barrier 
against water vapor, and these values can be reduced further and brought nearly into 
the barrier properties of synthetic plastics through the incorporation of nanoclay into 
the nanocellulose matrix (Shanmugam et al. 2021). Nanocellulose film consists of 
tortuous pathway for transfer of gaseous and water vapor molecules across the film. 
Due to the complex cellulose nanofibrous structures, the diffusion pathway for water 
vapor and gaseous substances was increased and barrier performance was enhanced. 
Another consideration is the reduction of pore size in the nanocellulose films and 
increased barrier performance than that of normal cellulose substrates such as paper 
and paper boards (Nair et al. 2014). 
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Mechanical properties of nanocellulose films are very important in the design of 
packaging materials and barrier coating on the paper substrates (Beneventi et al. 
2015; Shanmugam 2021c). The tensile properties of the film depend on the fabrica-
tion methods, types of cellulose fibers from the feed stock, diameter and length of 
nanofibers, and their aspect ratio (Shanmugam 2019). The tensile properties of 
spray-coated nanocellulose films were comparable with the film via vacuum filtra-
tion (Shanmugam et al. 2018). The tensile index of the spray-coated nanocellulose 
film and film via vacuum filtration was evaluated to be 60.2 ± 1.5 and 
62.3 ± 3.4 Nm/g, respectively (Shanmugam et al. 2017). The tensile stiffness of 
these films was found to be 946 ± 86 kN/m for spray-coated film and 941 ± 78 kN/m 
for vacuum filtered film, respectively (Shanmugam et al. 2017). These values 
suggest that the spray-coated nanocellulose films have comparable strength with 
the film prepared via vacuum filtration. The cellulose nanofibers in the nanocellulose 
films form the compactness via hydrogen bonding with neighboring fibers and 
resulting good strength and modulus. The strength of the film also depends on 
their thickness and basis weight of the film. As discussed earlier, spraying can 
only provide the opportunity for tailoring thickness and basis weight of the film 
via simply adjusting the nanocellulose suspension concentration and varying engi-
neering parameters in the spray-coating experimental system. As a result, the 
engineering of strength of nanocellulose films can be achieved via spraying effec-
tively (Shanmugam et al. 2018).
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17.4.10 Critical Parameters in Spray-Coating 

Spraying nanocellulose suspension on the polished metal surface is a rapid process 
for fabrication of nanocellulose films. The operation time for forming wet film on the 
plates consumes less than a minute. In the practice to confirm the proof of concept, 
the processing time was consumed around 50.2 s to fabricate the 15.9 cm diameter of 
the film. The time consumed to form the same diameter of film and basis weight of 
60 g/m2 in filtration processes was around 10 min. In vacuum filtration process, the 
drainage time exponentialy increased with NC suspension consistency. In spraying, 
the operation time was independent of suspension consistency to fabricate the film. 
However, there are a number of critical parameters involved in the spraying process 
to effect on the formation of nanocellulose films. The following critical parameters in 
the spraying process were discussed (Shanmugam 2019). 

17.4.11 Nanocellulose Suspension Consistency 

NC Suspension consistency is one of the critical parameters in spraying process 
(Shanmugam et al. 2017). Increasing the suspension consistency for spraying would 
elevate the thickness and basis weight of the film linearly (Shanmugam et al. 2017; 
Alsaiari et al. 2022). The current spray system has inability to spray the suspension 
beyond 2.00 wt.% nanocellulose suspension consistency (Shanmugam et al. 2018). 
This problem can be solved by the addition of rheology modifiers such as CMC 
(carboxy methyl cellulose) (Shanmugam et al. 2020) and MMT (Montmorillonite) 
nanoclay (Shanmugam 2021b) into the nanocellulose suspension. As a result, the 
suspension can be sprayed at higher solid concentration to form the composite films. 
Another observation on the spraying nanocellulose suspension was the flow behav-
ior of spray jet from the spray nozzle. The spraying of low suspension concentration 
(0.25–0.5 wt.%) produce wide and wavery spray jet due to the low viscosity of the 
suspension. In this case, the spray jet was reflective when the spray jet hits the base 
surface (Kirubanandan 2022). As a consequence, the poor uniformity of the film was 
formed (Shanmugam et al. 2018). This case can be suitable for coating nanocellulose 
as barrier layers on the paper substrates (Kirubanandan 2022; Qureshi et al. 2022). 
The paper substrates absorbed the water in the nanocellulose suspension and formed 
cellulose nanofibers coating on the paper surface and minimized the reflection of the 
spray jet. In the case of spraying high suspension concentration (0.75–2.25 wt.%), 
the reflection of spray jet from the base surface was minimized with increased solid 
concentration of cellulose nanofibers. Due to the increased viscosity of suspension at 
higher concentration, the spray jet velocity reduced and less wide of the spray jet. As 
a result, the uniformity of the film formed was increased. Normally, spraying high 
concentration of nanocellulose suspension will be useful for fabrication of thick and 
dense free-standing nanocellulose films (Shanmugam et al. 2018).
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17.4.12 Adhesion Between Nanocellulose Suspension and Base 
Surface 

The adhesion between nanocellulose suspension and base surface and wettability of 
suspension on the base surface play a major role in the formation of film or barrier 
layer on the substrates. Normally, the circular stainless steel plate was highly 
polished and surface was hydrophobic. Spraying low solid nanocellulose suspension 
concentration on the plates forms liquid droplets which are highly moveable on the 
plate resulting in the poor formation of the films. The contact angle between sprayed 
nanocellulose droplets and circular stainless steel plate was large as visually 
observed. To mitigate this problem, spraying high concentration nanocellulose 
suspension on the plate easily wet the plate, and the spray-coated suspension was 
very stagnant (Shanmugam et al. 2018). However, spraying low NC suspension 
concentration on the paper substrates easily wets the paper surface and forms the 
barrier coating on the paper surface effectively (Qureshi et al. 2022). The paper 
substrates should absorb water from the spray-coated nanocellulose suspension 
immediately (Shanmugam 2021c). So, the adhesion and wettability of the coating 
will be improved (Shanmugam 2019). 

17.4.13 Spray Distance in the Experimental Setup 

Spray distance between spray tip to the base surface is a very important parameter 
which affects the spray pattern, spray width, and spray jet from the spray nozzle. The 
optimum distance is required to develop uniform film formation and coating on the 
substrates. The optimization of spray distance depends on the nanocellulose suspen-
sion consistency. If the viscosity of the suspension is low, the distance should be 
sufficiently large around 50 cm, so that the reflectivity of spray jet from the base 
surface should be minimized and the formation of the film will be good. The distance 
should be small and maintained around 30 cm in the case of high suspension 
consistency. So that high suspension nanocellulose easily deposits on the plate and 
forms the film effectively without any reflection from the plate (Alsaiari et al. 2022; 
Shanmugam et al. 2018). 

17.4.14 Base Surface 

The formation of barrier layer on the substrates and film on the base surface depends 
on the surface morphology and topography of the base surface (Shanmugam et al. 
2020). The wettability of the base surface is very important in the formation of films. 
There are many base surfaces classified into permeable substrates and impermeable 
substrates. Permeable substrates such as news print paper, packaging paper, and 
blotting paper are used as a base surface for coating nanocellulose on their surface 
for improving their barrier performance (Shanmugam 2022). Blotting paper and 
news print paper are easily wetted by the water and adhesion force easily controlled



between paper surface and nanocellulose coating. Low concentration of 
nanocellulose suspension was required for barrier coating on the paper substrates. 
The impermeable substrates are circular stainless steel plates, ordinary stainless steel 
plate, super polished stainless steel plate, and silicon wafer. The smoothness of these 
substrates increased the same order in the above materials. Due to the smoothness of 
the substrate, the surface was more hydrophobic, and the spray-coated nanocellulose 
suspension forms droplets with high contact angle and poor wettability. This prob-
lem was resolved by spraying high suspension consistency of nanocellulose 
(Shanmugam et al. 2020). 
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17.4.15 Spray Systems 

In the current investigation, the spray system used is professional Wagner system 
which is used in paint spray practice. The performance of spraying nanocellulose 
suspension can be increased by the spray system improvement. The lowest version 
of spray system has inability to spray high suspension concentration beyond 2.00 wt. 
%, because the formation of cellulose nanofibers aggregated in the spray nozzle 
blocks the spray pattern and avoids formation of spray jet. As a result, the poor 
uniformity of the film was formed with less thickness and basis weight. With 
increase in the version of spray system, the equipment was capable to handle the 
high suspension nanocellulose concentration without any block of fiber aggregates 
in the spray nozzle. Nanocellulose suspension shows non-Newtonian behavior and 
has time-dependent viscosity. The fibers/particles increased in the suspension 
increase its viscosity. As a result, the spraying of high solid content in the suspension 
is really challenging, and the high shear force required to spray the suspension 
through the nozzle is needed. However, while increasing the solid/fiber content in 
the suspension, the disintegration of the fibers in the suspension is difficult. As a 
consequence, the fluidity of the suspension would be lost, and handling of this 
suspension through nozzle is difficult and more chances of clogging the nozzle. 
Furthermore, the high shear force is required to pump and spray the high fiber 
content of the slurry (Shanmugam 2019). 

17.4.16 Velocity of the Conveyor 

The velocity of the conveyor is another important parameter in the experimental 
setup of spray system, and this parameter effects on the basis weight and thickness of 
the nanocellulose film (Shanmugam et al. 2017). Once the optimum NC concentra-
tion with good solid content was evaluated and fixed for spraying on the base 
surface, the changes in the velocity of the conveyor produce thickness and basis 
weight of the interest of the film. At the low velocity of the conveyor, the NC 
suspension was deposited more on the base surface and results in good thickness and 
basis weight of the film formed with excellent uniformity. At higher velocity of the 
conveyor, less amount of nanocellulose was deposited via spraying and resulted in



thin film formation. The challenge is the operation of conveyor at the lowest velocity 
or speed in the experimental setup spray system. The tailoring between suspension 
consistency and velocity of the conveyor is a key to success in the fabrication of 
good nanocellulose film with an excellence in uniformity (Shanmugam et al. 2018). 
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17.4.17 Other Engineering Parameters for Improving the Spray 
System 

Spraying nanocellulose suspension on the polished metal surface produces a wet 
film of nanocellulose. The drying of nanocellulose film requires fast process for the 
removal of water from wet spray-coated NC film. In paper and pulp industry, there 
are some waste heat that can be utilized for the drying processes. In the case of the 
continuous processes, the roll-to-roll coating integrated with spray system can be 
implemented for the fabrication of nanocellulose film and drying continuously via 
infrared (IR) dryer. The computer simulation of spray pattern and jet analysis will be 
helpful for further improvement of the spraying processes and to achieve an excel-
lence in the uniformity of the film (Shanmugam 2019). 

17.4.18 Application for Spray-Coating 

The concept of spraying nanocellulose on the base surface was applicable to the 
coating of paper substrate for increasing their barrier properties (Aulin and 
Lindström 2011; Czerwonatis 2008) and mechanical strength (Shanmugam 2019). 
There are many coating methods available for coating nanocellulose on the paper 
surface. There are bar coating, rod coating, vacuum filtration, solvent casting, and 
spray-coating (Shanmugam 2021c). The nanocellulose coating on the paper 
substrates forms a barrier layer on the paper surface (Syverud and Stenius 2009). 
This layer resists against the transfer of water vapor and gaseous substances air, 
oxygen, and others. As a result, the barrier performance and mechanical strength of 
the coated paper substrates are elevated. The pure paper substrate has wide pores in 
the cellulose fiber structure resulting in significant passage of air and water vapor 
(Shanmugam 2020). To mitigate this issue, the paper can be coated with the 
synthetic plastics/wax/extrusion with some synthetic polymers to increase the barrier 
performance and mechanical properties of the paper substrates (Shanmugam 2021c). 
However, these coatings on the paper surface are not recyclable and can cause a 
threat to the environment via pollution to the land. This is why the coating of the 
paper or paper board with nanocellulose was required to increase the material 
compatibility of the coating with paper materials. Moreover, the nanocellulose is a 
biodegradable and ecofriendly nanomaterial, and the coating gives tortuous pathway 
on the paper surface resulting in the enhancement of the barrier properties of the 
paper substrates (Nair et al. 2014). 

Figure 17.40 shows SEM micrograph of the uncoated paper showing the presence 
of pores in the surface, and it allows the transfer of air and water vapor significantly.



The coating of nanocellulose on the paper can fill these pores and forms a barrier 
layer on the paper surface (Shanmugam 2021d). The porosity of the paper ensures 
good control on the transport of the gaseous substances. The pores also ensure the 
diffusion of air or water vapor in a controlled manner across the paper substrates. 
The coating NC on the paper substrate can tailor the surface, barrier, and tensile 
properties of the substrates (Kirubanandan 2022; Shanmugam 2021c). 
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Fig. 17.40 SEM micrograph of plain packaging paper 

Figure 17.41 shows the SEM micrograph of the paper coated with nanocellulose 
via spray-coating. The surface of the spray-coated paper shows the particles of 
nanocellulose and cellulose nanocrystal on the surface creating the complex pathway 
for the diffusion of water vapor, air, and oxygen. The nanocellulose consists of 
amorphous and crystalline region in the cellulose nanofibrous matrix (Nair et al. 
2014). These regions play a major role in the creation of complex tortuous pathway 
for transfer of water vapor, air, and oxygen. As a result, the barrier performance of 
the coated substrates was increased (Hubbe et al. 2017).

Figures 17.41 and 17.42 reveal the SEM micrograph of the uncoated paper 
exploring that the pores on the surface of the paper surface are widely opened. 
The fibers in the paper substrates have good diameter and length size. The spraying 
nanocellulose on the paper surface forms a good cover/layer on the surface of the 
paper and paper substrates. The surface pores on uncoated paper substrate reveal a 
wide opening and allow the transfer of water vapor and oxygen easily resulting in 
poor barrier potential. The surface pores can be blocked by the coating paper 
substrate with nanocellulose (Shanmugam 2021c, 2022).



17 Nanocellulose as a Sustainable Nanomaterial for Films and Coating. . . 539

Fig. 17.41 SEM image of nanocellulose coated paper via spray-coating

Fig. 17.42 SEM micrograph of uncoated paper
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Fig. 17.43 SEM micrograph of coated paper 

Figure 17.43 shows the micrograph of the spray-coated paper with 1.25 wt.% of 
the nanocellulose at low magnification. The micrograph (100 μm) shows the depos-
ited cellulose fiber clumps and fibers on the surface of the base sheet. It also 
confirmed the different sizes of the fiber entangled with cellulose fiber clumps on 
the surface. Moreover, the micrograph (100 μm) confirms the complete coverage of 
micro-fibrillated cellulose coating formulation on the base sheet/paper substrate. 
When compared to the micrograph (100 μm) of the uncoated paper, the coated 
paper showed that the coating formulation filled many surface pores and void space 
between the cellulose fibers (Shanmugam 2021d). 

Figure 17.44 shows the SEM micrograph of the coated paper with 0.25 wt.% of 
nanocellulose on the paper surface via spraying. 0.25 wt.% coating gives the fill of 
the pores with nanocellulose fibers. The low concentration of cellulose nanofibers in 
nanocellulose suspension gives pores filling than that of forming the layers on the 
surface of the papers (Shanmugam 2021d).

Figure 17.45 shows the SEM micrograph of the uncoated paper showing clearly 
the large pores on the paper surface. It is also confirmed that the fibers are big in 
diameter and length. The size of surface pores in paper substrates are not uniform 
and form a wide opening resulting in the poor performance in barrier and mechanical 
strength (Kirubanandan 2022).

Figure 17.46 reveals the 1.25 wt.% nanocellulose coated on the paper surface via 
spray-coating. In this micrograph, the barrier layers of nanocellulose on the paper 
surface completely covered and form a protection against water vapor and air across
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Fig. 17.44 SEM micrograph of coated paper

Fig. 17.45 SEM micrograph of uncoated paper



the paper. The spraying provides a homogeneous coating of nanocellulose on the 
paper surface without any cracks and pinholes. It confirms the potential for scale up 
to industry for large scale production (Kirubanandan 2022). 
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Fig. 17.46 SEM micrograph of spray-coated nanocellulose on the paper surface 

17.4.19 Air Permeance of Spray-Coated Nanocellulose Paper 

Figure 17.47 shows the air permeance of the spray-coated nanocellulose barrier 
layers on the paper substrates. The plot reveals that the air permeance of the coated 
sheet drastically reduced with the concentration of NC for spray-coating on the paper 
substrates. At lower percentages of NC, NC filled the surface pores of the paper 
substrates resulting in the air permeance of the paper substrates reduced from the



initial value of 3.15 μm/Pa s. This is the value of air permeance of the uncoated 
paper. At higher percentages of NC coating, the spray-coated NC forms the barrier 
layer on the paper surface and results in the elevation of barrier properties. The 
coated sheet was completely impermeable against air and becomes a greener
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Fig. 17.47 Air permeance of the nanocellulose coated paper via spray-coating

Fig. 17.48 Coating of biopolymers on the paper and paper board



packaging material. As discussed earlier, the basis weight of the coat and thickness 
of the coat was linear in the case of NC coating on the paper substrates 
(Kirubanandan 2022).
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Figure 17.48 reveals the necessary of the coating of the biopolymers on the paper 
and paper board. Generally, papers are cellulose macrofiber substrates which have 
highly porous substrate allowing air, water vapor, and oxygen in a considerable 
quantity. The result is that the paper has poor barrier performance and mechanical 
strength. To resolve this issue, the paper substrates were coated with wax or 
extrusion with aluminum or synthetic plastics. These coats on the paper substrates 
are not ecofriendly and not recyclable. This is why the biopolymer coat on the paper 
substrates is required to enhance the barrier performance and mechanical strength of 
the paper. In this attempt, nanocellulose coating on the paper substrates was 
performed by spray-coating and increased the barrier performance via NC barrier 
coat on the paper substrates (Shanmugam 2021c).

Figure 17.49 reveals the spray-coated nanocellulose barrier layers on the paper 
surface, and the coated surface shows nanocellulose layers on the paper substrates. 
Increasing the nanocellulose suspension for spray-coating would increase the dense 
layer on the paper substrates. As earlier discussed, low NC suspension can fill the 
surface pores of the paper whereas high NC suspension would form the barrier layers 
on the substrates to make the sheet completely impermeable against air and water 
vapor (Kirubanandan 2022).

Figure 17.50 shows the concept of the continuous process for spray-coating 
nanocellulose on the paper substrates. Roll-to-roll coating or dow web coating can 
be used to satisfy the proof of concept for nanocellulose coating in a continuous 
process. Dow web coating can be integrated with spray system for spraying 
nanocellulose on the paper web and then dried by infrared (IR) heater for effective 
removal of water from the spray-coated nanocellulose suspension. The dried paper 
substrates can be rolled into a web for commercial application (Shanmugam 2021c).

17.4.20 Application of Spray-Coated Nanocellulose Films 

Spray-coated nanocellulose film can be used as a good substrate for various 
applications especially barrier materials (Shanmugam et al. 2021), antimicrobial 
materials (Maliha et al. 2020), substrates for flexible electronics (Shanmugam 
et al. 2020), etc. As discussed earlier, spray-coated nanocellulose films have two 
unique surfaces, namely, rough surface and smooth surface on the metal side. The 
smoothness of the film can be used in the construction of functional materials 
(Shanmugam 2021c). Moreover, nanocellulose is a biodegradable and ecofriendly 
material and provides a platform for recycling. So that it can be used as an alternative 
for synthetic plastics.
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Fig. 17.49 Spray-coated nanocellulose barrier layers on the paper substrates

17.4.21 Flexible and Printed Electronics 

Cellulose nanofiber is an ecofriendly nanomaterial used for fabrication of various 
functional materials. It is an alternative for synthetic plastic and other petroleum-
derived materials (Dufresne 2013). Due to demand of CNF film, fast and rapid 
method for fabrication of CNF film is required. A new method on spray-coating to 
prepare smooth cellulose nanofiber (CNF) films was developed. In this method,



spraying CNF suspension (Shanmugam et al. 2017) onto a smooth and polished 
surface was carried out and then allowed the wet film to dry in air under standard 
laboratory conditions. Spraying has a notable advantage such as contour coating and 
contactless coating with the base substrate. The basis weight and thickness of the 
CNF film is tailorable by adjusting CNF suspension in spraying process. CNF film 
prepared via spray-coating has unique two-sided surface roughness with the surface 
in contact with the surface much smoother than the air-contact side. The surface 
roughness is one of the controlling parameters in barrier performance of the CNF 
film, and alterations in surface roughness switch the wettability.The RMS roughness 
of the two surfaces investigated by optical profilometry was found to be 2087 nm on 
the rough side and 389 nm on the spray-coated side, respectively. The spray-coated 
CNF film has ultra-high smoothness on the side exposed to the polished stainless 
steel surface. The factors including the size of cellulose fibrils and surface smooth-
ness of base surface control the roughness of the film which was used in the 
development of flexible electronics. The factors controlling surface smoothness 
requirements for substrate applications in flexible and printed electronics are cellu-
lose nanofibrils diameter and types of base surface and it has been shown in 
Fig. 17.51.
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Fig. 17.50 Concept for continuous process for spray-coating nanocellulose on the paper substrates

Normally, paper is a cellulose substrate which has biodegradability and recycla-
bility and was used as the substrate for flexible and printed electronics. It undergoes 
high water absorption and possesses high surface roughness. These properties limit 
the development of printed electronics on the paper substrates. Additionally, the 
surface roughness of the paper substrates varies from 2 to 10 μm and limits the 
spreadness of the conductive ink on the paper substrates. Spray-coated nanocellulose 
film has good smoothness and good barrier against the air and water vapor 
(Fig. 17.52).
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Base/Contact Surface 

Cellulose Fibres 

Fig. 17.51 Factors controlling the surface roughness of the films

Fig. 17.52 The printed circuits on the spray-coated nanocellulose films
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Fig. 17.53 Bismuth-based nanocellulose composite prepared via spray-coating

17.4.22 Bismuth-Based Nanocellulose Composite 

Figure 17.53 shows the bismuth-based nanocellulose composite via spraying, and it 
is used as an antimicrobial barrier material. Apart from the barrier performance, 
these composites can be applicable to anti-microbial packaging materials, biomedi-
cal bandages, and anti-microbial coating on the surface. Phenyl bismuth bis 
(diphenylphosphinate) is used as a broad-spectrum antimicrobial agent used for 
the incorporation into the nanocellulose suspension for the development of 
composites (Herdman 2021; Shanmugam and Browne 2021). The anti-microbial 
zone of the 5 wt.% bismuth loaded composite was 15 mm zone of inhibition 
against both gram-negative microorganisms such as Escherichia coli (E. coli) and 
Pseudomonas aeruginosa (P. aeruginosa); gram-positive bacterium such as Staph-
ylococcus aureus (S. aureus); and anti-microbial-resistant pathogens, namely, 
vancomycin-resistant Enterococcus (VRE) and methicillin-resistant Staphylococcus 
aureus (MRSA) via disc diffusion test. The addition of phenyl bismuth bis 
(diphenylphosphinate) into nanocellulose suspension did not affect the operation 
time for spraying process which is independent of suspension concentration. The 
bismuth-nanocellulose suspension can be used for spray-coating the paper substrates 
to create bifunctionality coating on the paper surface such as barrier performance 
with antimicrobial coating (Maliha et al. 2020). 
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17.4.23 Silver Nanowires-Nanocellulose Composites 

Silver nanowire (AgNWs) is a one-dimensional nanostructure with varying 
diameters from 10 to 200 nm, with lengths from 5 to 100 μm. Silver nanowires 
were incorporated into the spray-coated nanocellulose film to fabricate the conduc-
tive composite for various applications. In this approach, the spray-coated 
nanocellulose films were used as base substrates for the metallization with silver 
wires to become the conductive surface. The adhesion between silver nanowires and 
spray-coated nanocellulose film was very challenging to prepare the conductive 
surface. This composite can be used as electrode for various applications (Czibula 
et al. 2017). 

17.4.24 Biomedical Device 

The spray-coated nanocellulose film was used as base substrate for the incorporation 
of antimicrobial agents such as antibiotics and nanoclay for dermal wound repair. 
Cellulose nanofiber is the most familiar inexhaustible, recyclable, and 
nanocomposite material. The spray-coated cellulose nanofibers were impregnated 
with silver nanoparticles and Montmorillonite (MMT) via spraying to improve the 
mechanical strength and liquid absorption of cellulose nanofiber film. The AgNPs 
show good antioxidant and antimicrobial activity for better wound closure. The cell 
viability assay of the composite was analyzed using 3T3 fibroblast cell by MTT 
assay. The antidiabetic assay for the plant extract and AgNPs was observed to be 
56% and 61%. The CNF-MMT-AgNPs can be used in various wounds for soft tissue 
repair due to their good biocompatibility and cost-effective nature (Subha et al. 
2022). 

17.4.25 Nanocellulose-MMT Composite 

The production of smooth Montmorillonite–Cellulose nanofiber composite function-
ing as a green barrier material has been developed via spray-coating process. The 
effect of MMT loading into the cellulose nanofiber suspension for producing 
nanocomposite is independent of the operation time and is important and perfect 
for scale up of the process. The barrier, surface, and topography of the spray-coated 
nanocomposites were comparable with the nanocomposites via vacuum filtration as 
a conventional method performed. The air permeance and water vapor permeability 
of the spray-coated nanocomposites are well achieved to confirm the green materials 
were in fact barrier material. Aggregation of MMT clays on a further increase of 
MMT in nanocomposite resulted in the elevation of WVP, so the effectiveness of 
spray-coating for producing sustainable nanocomposites as an alternative for syn-
thetic plastics is significant. Figures 17.54 and 17.55 reveal the morphology and 
topography of pure nanocellulose film and nanocellulose-MMT composite via
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Fig. 17.54 Pure nanocellulose film via spray-coating 

Fig. 17.55 Nanocellulose-MMT composite prepared via spray-coating



spray-coating. The SEM micrograph of the nanocellulose-MMT composite was 
shown that the MMT was well placed in the cellulose fibrous matrix and results in 
promoting a tortuous pathway for gases and water vapor. As a result, the barrier 
performance of the composite was best compared to that of pure nanocellulose films 
(Shanmugam 2021b; Shanmugam et al. 2021).
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17.4.26 Spray-Coated Nanocellulose as Layers for Membrane 
Development 

Depth type composite filters were implemented to remove various contaminants 
from waste water via mechanical entrapment and adsorption. Adsorption of one type 
of charged contaminants and microparticle filtration are treated via depth filtration. 
Cellulose nanofiber (CNF) layer spray-coated on the surface of the filters was a 
perfect fit for depth filtration. Depth filter was fabricated with cellulose, perlite, and 
PAE via both vacuum filtration and spray-coating to form as a base sheet. The 
performance of CNF top coating has molecular weight cut-off up to 80% for two 
different molecular weights. Furthermore, the removal of positively charged 
contaminants increased significantly after adding CNF layer on the membrane. 
The coating of the layer via spray-coating is also robust in terms of getting an 
adequate internal strength within the interface of base sheet and top layer. The 
concept of top barrier coating is a promising and easy method to alter the filter 
performance and used in membrane fabrication for waste water treatment (Onur et al. 
2019). 

17.5 Recommendations 

The iterations for spray-coating will greatly vary the smoothness of the resulting 
films. The power applied, distance between spray nozzle and substrate, and the rate 
of coating can be automated by robotic arms which will greatly give an accurate 
detail of how to get extremely smooth surfaces. The pores size can be manipulated 
by the concentration of the polymer and solvent as well as the environmental 
conditions where the experiment is performed. The reproducibility and uniformity 
of the reaction conditions can lead to even more appreciable results for the films to 
act as base for printed electronics. Based on the proof of concept and laboratory scale 
experiments on spray-coating, it has the ability to scale up for conventional scale 
production of nanocellulose film. The version of professional spray-coating equip-
ment increases to enhance handling of high suspension of NC for the production of 
good uniformity nanocellulose films.
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17.6 Conclusion 

In conclusion, spray-coating to produce smooth nanocellulose films was 
conceptualized and focuses on application of spray-coated nanocellulose film and 
spray-coated barrier layers on the paper substrates. The smoothness of the spray-
coated nanocellulose film plays a major role in the performance of the material in the 
fabrication of various cellulose-based functional materials such as printed electron-
ics and flexible electronics. Spray-coating enhances the scope of nanocellulose films 
as high-performance barrier materials and a potential alternative for synthetic plastic 
packaging. Through spray-coating, the operation time for forming nanocellulose 
film is less than a minute. This method has excellent potential for rapidity for 
manufacturing nanocellulose films when compared with vacuum filtration. The 
drying of spray-coated wet film takes more than 24 h under air drying in a controlled 
laboratory environment. Improving the drying process on the wet film is a future 
research work and out of the scope from the current work. The formation of film via 
spraying is the proof of the concept and compared the quality of the spray-coated 
film with the film prepared from vacuum filtration. The drying of the wet film takes 
much longer than the film formation. Spraying of nanocellulose on the polished 
impermeable surface produced the films with a shiny surface, which could be a 
platform for the numerous functional devices with a sustainable approach. 
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Nanoparticle-Based Drug Delivery System 
for Beginners 18 
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Abstract 

Nanoparticles are the simplest form of structures with sizes in the nanometer 
range. They possess unique physicochemical properties such as high surface area, 
nanoscale size, and optical characteristics. The nanoparticle synthesis and the 
study of their size and properties are important in medicine as well as in 
biotechnology applications. Nanoparticle-based delivery provides a new drug 
delivery method for the treatment of chronic human diseases by site-specific 
and target-oriented delivery of a variety of drugs. The synthesis, characteristics, 
and applications of different types of nanoparticles having potential in nano-drug 
delivery systems (NDDSs) are described. The article illustrates various properties 
of nanoparticles and then, based on composition, classifies these nanoparticles in 
multiple categories. The advantages of different types of nanoparticles are men-
tioned along with many applications with emphasis on drug delivery, and then we 
briefly describe herein the future of nanoparticles in targeted drug delivery. 

Keywords 

Targeted drug delivery · Liposomes · Drug carrier · Synthesis · Applications 

18.1 Introduction 

Nanotechnology is an emerging branch of science that created a bridge between 
biological and physical sciences through diverse synthetic strategies, particle struc-
ture, and size modification in different fields of science. This engineering technology 
deals with the preparation of nanoparticles which range from 1 to 100 nm in size and
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primarily influences nanomedicine and nano-based drug delivery systems (Patra 
et al. 2018). The term nanoparticle is a combination of the words “nanos” (Greek: 
dwarf) and “particulum” (Latin: particle). Nanoparticles (NPs) are the particulate 
substances with a diameter of 100 nm (Laurent et al. 2010) with up to three-
dimensional configurations depending on overall shape (Tiwari et al. 2012). By 
this definition, NPs have at least one nanometric dimension. For instance, 3D 
nanostructures and quantum dots are typically placed at the upper and lower ends 
of this scale, respectively. NPs have improved biological, physical, and chemical 
capabilities in comparison with their original equivalent materials (Dolez 2015).
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Fig. 18.1 Advantages of 
targeted drug delivery 

Nano-drug delivery system (NDDS) is one of the promising applications of 
nanotechnology in medical sciences and human healthcare, which includes various 
classes of nanomaterials which can increase the water solubility or stability of the 
drug, prolong cycle time, the high uptake rate of target cells or tissues, reduction in 
enzyme degradation which also improves the effectiveness of many therapeutic 
drugs (Deng et al. 2020). In NDDS, different drug administration routes can be 
used, such as inhalation, oral administration, or intravenous injection. The early 
developed NPs were not able to cross the biological barriers to delivery, but in the 
present time substantial research is being directed toward the development of 
biodegradable polymeric nanoparticles, which incorporate complex architecture, 
bio-responsive moieties, and targeting agents to enhance the drug delivery system 
and tissue engineering. Hence, with this advancement, controlled release of drugs, 
stabilizing labile molecules (e.g., proteins, peptides, or DNA) from degradation, and 
site-specific drug targeting can be accomplished (Singh and Lillard 2009; Mitchell 
et al. 2021) (Fig. 18.1). 

18.2 Properties of Nanoparticles 

Nanoparticles are ultrafine units that are measured in nanometers (nm; 1 nm = 10-9 

m) with submicroscopic size and unique material characteristics and thus can be 
classified into various types. According to the Commission of the European Union, 
2011, nanoparticles can be defined as “a natural, incidental or manufactured material



containing particles, in an unbound state or as an aggregate or as an agglomerate and 
where, for 50% or more of the particles in the number size distribution, one or more 
external dimensions is in size range 1–100 nm.” NPs are of different shapes, sizes, 
and structures (www.britannica.com). The nanoparticles have three general physical 
properties which are highly mobile in the free states, have enormous specific surface 
areas, and may exhibit quantum effects. 
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A particle of 200 nm size or larger activates the vascular and lymphatic systems, 
which filter and clear out the foreign matter or chemicals and remove them from 
circulation quickly. Thus, the size of the ideal nanoparticles is approximately 
100 nm. The particles of this size can cross the blood-brain barrier using 
endothelium-tight junction openings with the help of hyperosmotic mannitol, 
which provides target-specific controlled delivery of macro- and micromolecules 
of therapeutic agents which are used in the treatment of diseases like brain tumors 
and cancers (Prokop and Davidson 2008; Singh and Lillard 2009; Rizvi and Saleh 
2018). 

In drug distribution, due to hydrophobicity, surface, non-modified nanoparticles 
have opsonization properties, and then they also cleared by the mononuclear phago-
cyte system (MPS). Therefore, in the human body, deliverable drugs with their 
suitable nanoparticles are coated with polymers/surfactants or biodegradable 
copolymers which have hydrophilic characteristics, e.g., polyethylene glycol 
(PEG), polyethylene oxide, poloxamer, poloxamine, and polysorbate 80. This 
minimizes the opsonization and increases the circulation of nanoparticles (Singh 
and Lillard 2009; Chandrakala et al. 2022). Thus, the above description illustrates 
that in NDDS, drug release or delivery of any therapeutic agents into the human 
body depends on the size and surface area of particles. The controlled particle size 
and surface area properties contribute to faster polymer degradation as well as drug 
release. 

The ideal NDDS should have a high drug-loading capacity and an efficient drug-
release system. Drug loading can be accomplished by the incorporation method 
(incorporation of the drug at the time of nanoparticle formulation) and adsorption/ 
absorption method (absorption of the drug after nanoparticle formation). Some 
studies have shown that the ionic interactions and isoelectric point (pI ) can be 
very effective in increasing drug loading (Singh and Lillard 2009). The release of 
the drug depends on the type of nanoparticle used in the system; if nanocapsules 
were used, then the release is controlled by drug diffusion through the polymeric 
layer, and if nanospheres are used, then the drug is physically and uniformly 
dispersed by erosion of the matrix. The drug release from nanoparticle-based 
formulation is affected by many factors like pH, temperature, drug solubility, 
adsorbed drug, matrix swelling, and the combination of erosion and diffusion 
processes (Rizvi and Saleh 2018).

http://www.britannica.com
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18.3 Classification of Nanoparticles 

According to the composition of the materials, morphology, size, and physical and 
chemical properties, various nanomaterials can be categorized as carbon-based NPs, 
lipid-based NPs, metal, ceramics, and semiconductor. The following is a description 
of important nanomaterials and their features, which are compatible for use in 
NDDSs: 

18.3.1 Carbon-Based NPs 

Carbon nanotubes (CNTs) and fullerenes are two primary groups found in carbon-
based NPs. Nanomaterials comprised of globular hollow cages, such as allotropic 
forms of carbon, are found in fullerenes. They have sparked significant commercial 
interest in nanocomposites for a variety of applications, including fillers (Saeed and 
Khan 2014, 2016), efficient gas adsorbents for environmental remediation (Ngoy 
et al. 2014), and support medium for various inorganic and organic catalysts 
(Mabena et al. 2011; Ngoy et al. 2014). The fullerene-based delivery system has 
the potential to carry multiple drug payloads with other chemotherapeutic drugs, 
e.g., Taxol® (Ashcroft et al. 2006) can load 40 fullerenes onto a single skin cancer 
antibody called ZME-108, which can be used to deliver drugs directly into 
melanomas. Thus, multiple drugs can be loaded into a single antibody in a sponta-
neous manner (Singh and Lillard 2009). Carbon-based NPs also have promising 
futures in different fields of nanotechnology due to their abundance in nature as 
various allotropes, minimal cellular toxicity, flexible engineering, and exceptional 
physical qualities at the atomic scale. The exceptional electrical conductivity, great 
anisotropic thermal conductivity, and mechanical durability of carbon-based NPs are 
frequently combined with polymer materials and nanocomposites (Parvej et al. 
2022). 

18.3.2 Liposomes and Micelles 

Liposomes are made up of at least one phospholipid bilayer and an aqueous core, 
which can load hydrophobic drugs and carry the drug to target cell membranes. 
Liposome-based drug delivery system is FDA-approved and also called as “contact-
facilitated drug delivery” (Nagalingam 2017;  Li  et  al.  2019). Their morphological 
similarity to cellular membranes is one of the key characteristics that made them 
excellent as a nanocarrier for bioactive compounds or pharmaceutical agents (e.g., 
medicines, genes). Liposomes show many advantages as a type of drug carrier, such 
as they are nontoxic, non-immunogenic, sustained-release drugs, prolonging drug 
action time, etc. (Yingchoncharoen et al. 2016). Liposomes cannot develop for the 
entrapment for hydrophilic and ionic molecules (Chandrasekaran and King 2014), 
but by expanding their use, LNPs can form unilamellar or multilamellar vesicular 
structures, which allow liposomes to entrap, carry, and deliver hydrophilic,



hydrophobic, and lipophilic drugs (Sarfraz et al. 2018). Liposomes which deliver 
nucleic acids form micellar structures within the particle core. Micelles are spherical 
and amphiphilic copolymer assemblies that can accommodate hydrophobic drugs. 
Their outer shell is hydrophilic that makes the micelle water soluble. Some examples 
of micelle formulations are sterically stabilized micelles (SSM) which have been 
used as nanocarriers for CPT (CPT-SSM) for cancer treatment, SP1049C 
(doxorubicin-encapsulated pluronic micelles), NK911, and Genexol-PM (pacli-
taxel-encapsulated PEG-PLA micelle). Micelles have several advantages over 
other drug delivery systems but also have drawbacks (Fig. 18.2). 
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Fig. 18.2 Targeted drug delivery using liposomes as a drug carrier 

18.3.3 Metal NPs 

Metal NPs are completely made up of metal precursors. These NPs have unique 
optoelectrical features due to their well-known localized surface plasmon resonance 
(LSPR) characteristics. In the visible zone of the electromagnetic spectrum, NPs of 
alkali and noble metals, such as Cu, Ag, and Au, have large absorption band. Metal 
NPs with regulated facet, size, and shape are important in today’s cutting-edge 
materials (Dreaden et al. 2012). Metal NPs are used in a variety of scientific fields 
due to their excellent optical characteristics. Gold NP coating is commonly used for 
SEM sampling to improve the electronic stream, which aids in the acquisition of 
high-quality SEM images.
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(a) Copper NPs: Copper NPs have received a lot of attention due to low cost, 
chemical stability, and simple preparation (Basher et al. 2019). They have a high 
melting point, excellent thermal and electrical conductivity, and high ductile 
strength and are strongly localized. They have been used as a coloring agent 
since antiquity. Even now, as pigment ingredients in inkjet printing, they are a 
feasible alternative to noble metal NPs (gold and silver). They are frequently 
employed in biological and pharmaceutical applications due to their catalytic 
and antibacterial properties. However, there have been reports of potential 
negative biological effects of copper NPs on embryogenesis (Khan et al. 2022). 
Copper oxide (CuO) NPs are present in spherical shape with a diameter of 
1–30 nm with large specific surface area. The copper atom is linked to oxygen in 
a rectangular shape in the monoclinic crystal structure. Saha et al. (2018) 
demonstrated that the other characteristics of CuO NPs are heavily influenced 
by its morphology. Grigore et al. (2016) highlighted the major features of CuO 
NPs in the light of their synthesis process and biomedical uses. The CuO NPs 
with a few nanometers in diameter have been reported to have weak ferromag-
netic activity (Zhang et al. 2014), but Joy et al. (1998) and Bisht et al. (2010) 
found that standard zero field cooled (ZFC) magnetization was not present. The 
antibacterial characteristics of CuO NPs are used to prevent bacterial infection in 
the textile industry and hospitals. Verma and Kumar (2019) demonstrated 
biomedical applications of CuO NPs due to its sensing and therapeutic 
properties. 

(b) Aluminum NPs: Aluminum NPS are used as powder in rocket fuel to boost 
combustion speed and stability due to their catalytic activity and high energy 
release. Because they have a wide optical absorption band, the LSP resonances 
can be modulated from UV to NIR by manipulating their shape. They are also 
suited for application in photovoltaic solar cells due to their high radiative 
efficiency (Temple and Bagnall 2011). Aluminum NPs are known to cause 
cellular toxicity and DNA damage (Zhang et al. 2018). 

(c) Gold NPs: Gold NPs are the oldest and most widely used metal NPs. Due to 
their better physical properties, nanoscaled gold particles have been widely 
used. More crucially, by manipulating their morphology (both size and shape), 
solvent, surface ligand, temperature, etc., these properties can be fine-tuned. 
Localized SPR is more pronounced in spherical gold NPs than in other 
plasmonic particles, resulting in significant radiative, absorption, and scattering 
characteristics. Gold NPs have a fluorescence quenching ability and an absorp-
tion peak at 400–550 nm, depending on particle size, making them attractive in 
bioimaging, probing, colorimetric sensing, and sensor construction (Yeh et al. 
2012). They are used to sputter coat the material in a scanning electron micro-
scope (SEM) in order to obtain a high-quality image by increasing the electronic 
stream. Furthermore, gold particles are a common vehicle for carrying thera-
peutic compounds, targeted medications, genes, and targeting agents on their 
surface due to their huge specific surface area and high electron density 
nanoscale.
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(d) Silver NPs: Silver NPs have a wide range of use in biomedical devices, 
medication, highly conductive composites, and the textile industry due to their 
unique physical properties. Silver NPs have excellent SPR, strong absorption, 
and NP characteristic packing near 400 nm and tunable scattering capabilities at 
longer wavelength, making them ideal for bioimaging, molecular labeling, and 
improved optical spectroscopy. As reported by Zhang et al. (2016), nanoscaled 
silver has long been regarded as a popular biomaterial with antibacterial action. 
Their antimicrobial properties are commonly employed to reduce biofouling. 
They have also shown promise against the HIV virus and cancer cell death. 
Furthermore, their anti-inflammatory properties make them ideal for wound 
healing. The toxicity of silver NPs is mostly determined by their size. When 
compared to particles made from other heavy metals like gold, platinum, and 
zinc, silver NPs have demonstrated a high level of antibacterial activity and a 
low level of cytotoxicity (Crisan et al. 2021). They have the ability to adhere to 
cells, inhibit enzyme activity, weaken the cell membrane, and ultimately cause 
cell death (Tang and Zheng 2018). 

(e) Iron NPs: Iron NPs have excellent thermal and electrical conductivities with 
strongest magnetic properties of any magnetic NP (Rubel and Hossain 2022). 
Iron NPs exhibit surface plasmon resonance (SPR) which is important in 
memory tape, magnetic data storage, and magnetic resonance imaging (MRI). 
Iron NPs with a diameter of about 2 nm have magnetic characteristics, and the 
magnetic anisotropy energy constant increases as the particle size increased 
(Bedker et al. 1994). Magnetic NPs of iron oxide of less than 10 nm in size 
exhibit super paramagnetic properties that play crucial role for a variety of 
biomedical applications. The suitability of iron oxide NPs as a contrast agent 
for magnetic resonance imaging (MRI) and as a nanocarrier for bio-elements 
such as drugs, proteins, and therapeutic genes has been investigated. However, 
poisoning is frequently one of the drawbacks that make large magnetic 
components unsuitable for medicinal applications of these important NPs. 

(f) Platinum NPs: Platinum NPs with exceptional chemical and optical 
characteristics are gaining popularity in industrial and biological applications. 
Platinum NPs when suspended in aqueous solution create a brownish-red or 
black nanofluid. They have a high level of thermochemical stability, corrosion 
resistance, and catalytic activity. They can be used in catalytic converters, 
hydrogen peroxide (H2O2) breakdown, nitric acid synthesis, proton-exchange 
membrane fuel cells (Reddington et al. 1998), pollution reduction, etc. At 
ambient temperature, carbon-coated platinum NPs also demonstrate ferromag-
netic properties. They are frequently utilized as dopants with other metallic 
particles to make ultraefficient alloys. 

(g) Lead NPs: Lead NPs are black spherical powder, apparently prone to oxidation 
and susceptible to water and humid ammonia (Bochenkov et al. 2004). They 
have potential applications in electron microscopy for real-time imaging due to 
their optical and redox characteristics.
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(h) Cobalt NPs: The appearance of pure cobalt NPs are in the form of gray or black 
granules. The high magnetic characteristic of this NP is most suitable for 
imaging, sensing, and targeted delivery of biological molecules and medicines. 
The detailed toxicity of cobalt NPs has been studied on osteoclast-like cells (Liu 
et al. 2015c). 

18.3.4 Ceramics NPs 

Ceramic NPs are inorganic nonmetallic solids and found in amorphous, polycrystal-
line, thick, porous, or hollow forms (Sigmund et al. 2006). These NPs are used in 
various applications like catalysis, photocatalysis, dye, photodegradation, and imag-
ing (Thomas et al. 2015). Ceramic NPs possess superior mechanical strength, 
thermochemical stability, and environmental resistance. One significant drawback 
of ceramic NPs is the potential for toxicity in medicinal applications such as drug 
administration. 

18.3.5 Semiconductor, Inorganic and Nanoshell NPs 

Semiconductor materials are intermediate between metals and nonmetals (Ali et al. 
2017; Khan et al. 2017). Semiconductor NPs contain broad bandgaps, and bandgap 
tuning causes considerable changes in their characteristics. Therefore, they are used 
in photocatalysis, photo optics, and electronic devices (Sun et al. 2000). Due to their 
optimal bandgap and band edge positions, large numbers of semiconductor NPs 
have been discovered in water splitting applications (Hisatomi et al. 2014). When 
compared to single semiconductor particles, nanoshells have a higher luminescence 
quantum yield. Changing the shell material and thickness, as well as the core form, 
improves the tunability of other optical parameters, including absorbance and 
scattering (Nayak et al. 2017). 

(a) Germanium NPs: Germanium (Ge) is the second most extensively used indi-
rect bandgap (0.66 eV at bulk scale) semiconductor in group IV. Ge is usually 
found in the crystal structure of diamonds, which can vary in a cluster of more 
than 40 atoms. Ge NPs are a grayish black powder with an average diameter of 
70–120 nm. The mechanical stability of Ge clusters has been determined by the 
crystal structure (Pizzagalli et al. 2001). Ge has greater static dielectric constant 
and lower effective mass of the electron-hole pair. In addition, electrochemical 
etching of Ge has not been as successful. By utilizing differential surface tension 
and size purification, the emission spectra of Ge NPs may be fine-tuned to 
narrow lines. The Ge NPs have wide range of uses in microelectronics. 

(b) Magnesium oxide NPs: Magnesium oxide (MgO) are normally white powder 
as NPs, but depending on the presence of foreign elements, they might be brown 
or black. The size of MgO NPs influences the optical characteristics. Stankic 
et al. (2005) used UV diffuse reflectance spectroscopy to study the optical
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characteristics of MgO nanocubes. The MgO NPs are effective while absorbing 
harmful ions from aqueous solutions (Hoque et al. 2018). Furthermore, by 
employing them as a chemical additive, their catalytic action can be exploited. 
They also have high-temperature dehydrating capabilities, reduce corrosion, and 
cleanse water by reducing bacterial development. At low concentrations, MgO 
has a strong antibacterial action at the nanoscale, making it a potential plant 
pathogenic antibacterial agent for disease management (Cai et al. 2018). 
Ceramics undergo grain development and a considerable increase in fracture 
toughness when treated with MgO NPs (Tan et al. 2013). 

(c) Gallium nitride NPs: Gallium nitride (GaN) is a semiconductor material of the 
group III–V family with a 3.4 eV direct bandgap. It has hexagonal (wurtzite) 
single crystal structure and can be manufactured at the nanoscale in a variety of 
morphological assemblages (NPs, nanorods, nanotubes, nanowires, and so on) 
using various synthesis procedures. Due to quantum confinement, GaN NPs 
have a high mechanical toughness and outstanding thermal and optical 
characteristics that depend on nanocrystal size. GaN NPs are utilized in a variety 
of devices, including LEDs, LDs (laser diodes), biosensors, solar cells, field-
effect transistors, photocatalysts for water splitting, and piezoelectric 
nanogenerators, due to tunable optical and dielectric properties (Lan et al. 2016). 

(d) Indium NPs: The hexagonal (wurtzite) and cubic (zinc blende) crystal forms of 
indium phosphide (InP) have bulk bandgaps of 1.42 and 1.35 eV, respectively. 
It has better electron mobility than GaAs, making it a good contender for 
high-speed optoelectronic devices and digital circuits (Zafar and Iqbal 2016). 
Furthermore, InP quantum dots are potential to be future competitor of 
cadmium-based quantum dots in terms of luminescence efficiency due to their 
decreased toxicity (Brichkin 2015). With a direct bandgap of around 0.354 eV, 
indium arsenide (InAs) is one of the least extensively utilized group III–V 
semiconductor compounds. Gray crystals having cubic (zinc blende) structure 
can be found. As InAs have properties similar to GaAs, they are frequently 
combined with InP to get the most out of their small bandgap and strong electron 
mobility. InAs photodiodes are frequently used in infrared detectors and diode 
lasers. Microorganisms have been reported to be acutely hazardous to both InAs 
and GaAs (Nguyen et al. 2020). 

(e) Silicon NPs: Silicon NPs (SiNPs) are biologically compatible, metal-free quan-
tum dots that exhibit size and surface tailorable photoluminescence. Silica NPs 
are mesopores (2–50 nm pores) of silica that display unique physicochemical 
properties. These nanocarriers can be prepared in a variety of sizes and shapes 
including nanohelices, nanotubes, nanozigzags, and nanoribbons (Meier et al. 
2007). The nanostructure of these materials influences their optical, chemical, 
and material properties and hence plays an important role in their future-
generation applications in sensors, battery electrodes, optical materials, contrast 
agents, etc. Nanosilica or silica NPs are commercial terms for nanoscaled silicon 
dioxide (SiO2) particles. There are two varieties of silica NPs based on structure: 
P-type and S-type NPs, both of which are white powder. The P-type particles 
have a higher specific surface area and porosity than S-type particles. As
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nanopowders, they have minimal toxicity, pozzolanic reactivity, and filling 
ability (Challa and Das 2019). Because P-type silica NPs have a high UV 
reflectivity, they can be used as a protective covering. 

(f) Titanium nitride NPs: Mechanically, titanium nitride (TiN) NPs are extremely 
strong. Their hardness and wear resistance are exceptional, allowing them to be 
used with other ceramics in cutting equipment and bearing materials to extend 
their life. The transmission electron microscopic observation of TiN NPs 
indicates that they are virtually spherical, with sizes of 5–20 nm. Because of 
their high thermal conductivity and melting point (2950 °C), they can endure 
high temperatures. TiN has a low sintering temperature, making it ideal for 
embedding in nanocomposites. They have outstanding UV protection and 
infrared absorption. The scattering efficiency is not as great as gold NPs, and 
the plasmonic performance of single cubic crystal-structured TiN is nearly as 
good (Kaskel et al. 2003; George et al. 2009). 

(g) Alumina NPs: Alumina NPs are white powder with a spherical shape. At a 
certain particle size, structures of alumina NPs are temperature dependent, and 
this dependence is altered by particle shrinking. At the nanoscale, the most 
stable-phased alumina, for instance, stabilizes at a lower temperature. This 
considerably improves the nanoceramic’s flexural strength (Zemtsova et al. 
2015). Superior qualities of alumina NPs are used in cutting tools, integrated 
circuits, and transparent ceramics. 

(h) Titania NPs: Titanium dioxide (TiO2) NPs are n-type semiconductors that 
occur naturally in a variety of polymorphic crystal forms. They can be made 
in a variety of ways, i.e., crystal, powder, nanotube or nanorods, and thin films. 
Titania NPs are highly effective in blocking UV rays while remaining harmless. 
Furthermore, their transparency makes them useful for making skin-protective 
cosmetics such as sunscreens, vanishing creams, and beauty creams. They can 
also be used to process ink and as a surface coating. They also have strong 
photocatalytic properties (Hossain et al. 2017, 2018a, b), making them useful for 
the production of disinfectants and antibacterial chemicals. 

(i) Calcium NPs: Calcium phosphate (CaP) NPs are present in a variety of shapes 
and sizes. Tricalcium phosphate (Ca3(PO4)2) and hydroxylapatite (Ca5(PO4)3) 
are the most prevalent types. The ratio of Ca to P has a big impact on the 
properties of these NPs. CaP is a common bone substitute due to its biocompati-
bility and likeness to the inorganic mineral compositional constituent in the 
skeleton of human. As a widely utilized nonviral vector in gene therapy, 
nanoscale CaP can thus play an important role. Because calcium carbonate 
(CaCO3) is abundant in nature, it is one of the cheapest inorganic materials 
available. Slow biodegradability is an additional benefit. Calcium carbonate 
exists in three polymorphic crystal forms—calcite (trigonal), aragonite (ortho-
rhombic), and vaterite—depending on the synthesis conditions (hexagonal). 
Calcite is the most chemically stable of these minerals, whereas vaterite is the 
least stable (Biradar et al. 2011). Chemically, nanosized CaCO3 particles are 
harmless, making them environmentally beneficial. They can also be employed 
for regulated and harmless drug distribution because of their biocompatibility.
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According to recent pharmaceutics research, building an enteric drug delivery 
method using calcium carbonate in a tablet-encapsulated form is possible 
(Render et al. 2016). Furthermore, they have a good radiopacity characteristic. 

18.4 Synthesis of NPs 

The following two methods are employed for the synthesis of NPs: (1) the bottom-up 
or building-up method and (2) the top-down method (Daniel and Astruc 2004; Wang 
and Xia 2004), which are further divided into several subcategories based on the 
operation, reaction state, and procedures used. 

18.4.1 Bottom-Up or Building-Up Synthesis 

In bottom-up or building-up synthesis procedure, NPs are produced from relatively 
simple elements. Two methods, viz., sedimentation and reduction procedures, are 
included in this category. Other minor methods like spinning, green synthesis, 
sol-gel, and biological synthesis are also included (Iravani 2011). Using this method, 
TiO2 anatase NPs containing graphene domains have been created (Mogilevsky 
et al. 2014). Needham et al. (2016) have used a solvent-exchange approach to create 
low-density lipoprotein (LDL) NPs of limit size for medical cancer medication. 
Nucleation is the bottom route in this procedure, followed by growth, which is the 
top approach. The LDL nanoparticles were made without using phospholipids 
having high hydrophobicity which is important for the administration of drugs 
(Needham et al. 2016). 

18.4.2 Top-Down Synthesis 

For syntheses of NPs, the destructive technique is used in top-down procedure. For 
the synthesis, first, the large-sized molecules are broken into smaller units, and then 
appropriate sized NPs are synthesized. In this direction, grinding and milling, 
chemical vapor deposition (CVD), physical vapor deposition (PVD), and other 
decomposition process technologies are generally employed (Iravani 2011). Coco-
nut shell (CS) NPs were produced using this method. Initially the raw CS powders 
were finely milled for various intervals of time using ceramic balls and planetary mill 
as per the requirement of the size of the NPs. The reddish tint vanished with each 
hour increment as the NPs shrank in size (Bello et al. 2015). From the top-down 
methods, different approaches like mechanical milling, laser ablation, etching, 
sputtering, and electro-explosion are used for the production of NPs for 
nanostructured materials. By using a top-down laser irradiation approach, mono-
crystalline, well-uniform, and spherical-shaped Au nanospheres have been created 
(Liu et al. 2015a, b).
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Both top-down and bottom-up techniques were used to prepare monodispersed 
spherical bismuth (Bi) NPs (Wang and Xia 2004). The colloidal characteristics of 
these NPs are found to be excellent. In bottom-up approach, bismuth acetate was 
boiled in ethylene glycol, but in the top-down approach, bismuth was converted to 
molten form and then emulsified within boiled diethylene glycol to synthesize NPs. 
The size of the NPs produced by both procedures ranged from 100 to 500 nm (Wang 
and Xia 2004). Because of the feasibility and less hazardous nature of processes, 
green and biogenic bottom-up syntheses are widely used. These techniques are both 
cost-effective and environmentally beneficial as they normally use plant extracts 
from biological systems to synthesize NPs. To prepare NPs, bacteria, yeast, fungi, 
Aloe vera, tamarind, and even human cells have been employed. The 
microorganisms and plant extracts were used as reducing agents to synthesize Au 
NPs from wheat and oat biomass (Ahmed and Ikram 2016; Parveen et al. 2016). 

18.5 Applications of NPs 

NPs possess a variety of potential applications, namely, in preparation of food, 
environmental cleanup, preclinical medicine, clinical medicine, physics, optics, 
and electronics. According to reports, 90% of drugs are insoluble in water and 
thus are not able to reach their targets (Carissimi et al. 2021). Various studies have 
been performed to improve drug delivery and higher efficacy of targeted drug 
delivery. In recent times, the development of nanoparticle-based delivery systems 
has instigated site-specific and target-oriented delivery of a variety of drugs or 
therapeutic agents or natural-based active compounds for the treatment of various 
chronic human diseases. In NDDSs, targeted drug delivery using nanomaterials or 
nanoformulations can be done actively or passively. In active targeting, therapeutic 
agents such as antibodies or peptides conjugated to a tissue- or cell-specific ligand, 
which anchors them to reach at the receptor site of the targeted cell. In passive 
targeting, conjugated therapeutic drug and nanocarrier reach the target organ through 
bloodstream, and this type of target method is influenced by pH, temperature, 
molecular site, and shape (Singh and Lillard 2009; Patra et al. 2018). For NDD, 
the main target sites in the body are lipid components or receptors of cell membrane 
and cell surface proteins or antigens. NDDSs show their most applications are in the 
delivery of chemotherapeutic agents, immunotherapeutics, anti-inflammatories, 
antibiotics, anesthesia, hormones, etc. The most commonly used targeting agents 
for drug delivery are liposomes, peptides, antibodies, designed proteins, nucleic acid 
aptamers, and other small organic molecules (Rizvi and Saleh 2018; Carissimi et al. 
2021). For the development of immunotherapeutics, T cells are the direct targets in 
the pathology and in giving immunotherapies in diseases like T cell lymphocytic 
leukemia, T cell lymphoma, and human immunodeficiency virus (HIV) infection 
(Cevaal et al. 2021) (Fig. 18.3).
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Fig. 18.3 Application of nanoparticle-based drug delivery system 

18.5.1 Cancer Therapy 

The use of nanotechnology in cancer detection, therapy, and management has 
opened a new area of research. NPs increase the intracellular concentration of 
medications while avoiding toxicity in healthy tissue, through either active or 
passive targeting. To establish and regulate drug release, targeted NPs can be 
developed and adjusted to be pH-sensitive or temperature-sensitive. Within the 
acidic TME, the pH-sensitive drug delivery system can distribute pharmaceuticals. 
Temperature-sensitive NPs release medications into the target site in response to 
temperature changes brought on by sources such as magnetic fields and ultrasonic 
waves. Furthermore, NPs’ physicochemical properties, such as shape, size, molecu-
lar mass, and surface chemistry, play an important role in the process of immuno-
therapy using NPs. The immune system plays a crucial role in the establishment and 
growth of cancer cells. The development of immunotherapy has transformed cancer 
treatment. NPs have been discovered to aid in the delivery of chemotherapy to 
specific targets and can also be utilized in conjunction with immunotherapy. Immune



checkpoint blockade therapy, cancer vaccine therapy, and chimeric antigen receptor 
(CAR)-T cell therapy are all examples of immunotherapy techniques aimed at 
stimulating the immune system against cancer cells. Moreover, the nanotechnology 
has given tremendous outcomes for cancer diagnosis, detection, and therapy and 
circumventing multidrug resistance (Levinsen et al. 2016). The inorganic NPs like 
dendrimers, micelles, liposomes, and nanotubes are used for the delivery of chemo-
therapeutic agents. Many metal NPs such as silver, gold, palladium, platinum, zinc 
oxide, titanium oxide, and metal sulfides have also been used in the drug delivery 
systems for cancer treatment. 
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18.5.2 HIV/AIDS Treatment 

For the treatment of HIV/AIDS, highly active antiretroviral therapy (HAART) is 
used in which multiple drugs (three or more) were given in a combined form. Many 
studies have shown that the nanoparticles loaded with antiretroviral drugs were able 
to target monocytes and macrophages in vitro. For example, poly(lactic-co-glycolic 
acid) (PLGA) was used to prepare nanoparticles in which three antiretroviral 
drugs—ritonavir, lopinavir, and efavirenz—were entrapped, and this NDDS 
sustained drug release for over 4 weeks (28 days), while free drugs were eliminated 
within 48 h (2 days) from the body (Destache et al. 2009; Rizvi and Saleh 2018). 

18.5.3 Diagnosis and Testing 

The use of nanoparticles for diagnostic purposes is a highly explored area of NDDSs. 
Nanoparticles help in diagnosis and identification of the stage of diseases which can 
report the location and provide information regarding treatment responses (Patra 
et al. 2018; Rizvi and Saleh 2018). The development of quantum dots allows 
monitoring of various biological events simultaneously by tagging which can be 
defined by many customized specific colors. Their absorption spectrum ranges from 
UV to a wavelength of a visible spectrum which provides photostability, high 
quantum yield, and tunable emission spectrum. Size of the nanodot specifies the 
spectrum where individual particle falls, e.g., larger particles have longer 
wavelengths and narrow emission (Rizvi and Saleh 2018). According to studies, 
theranostic nanoparticles such as surfactant aggregates (micelles and vesicles), 
dendrimers, drug conjugates, core-shell particles, and carbon nanotubes are used 
for monitoring of pathway and localization of nanoparticles at the site of drug target 
and also monitor action of drug to assess therapeutic response by combining both 
drug and imaging agent (Bhojani et al. 2010; Janib et al. 2010).
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18.6 Other Applications of NPs 

18.6.1 Nosocomial Infections 

Hospital acquired infections (nosocomial infections) are the greatest cause of death 
(Wenzel 2007). The 60–70% of nosocomial infections are linked to bacterial con-
tamination of medical devices that have been implanted (Donlan 2001; Bryers 
2008). The antimicrobial properties of a large number of synthesized NPs such as 
silica/iron oxide NPs, graphene, graphene oxide, bifunctional Fe3O4-Ag NPs, tita-
nium, copper, zinc, silver, and gold have been investigated (Kang et al. 2008; 
Rodrigues and Elimelech 2010; Narayanan and Sakthivel 2011; Santos et al. 2012; 
Mejias Carpio et al. 2014; Musico et al. 2014;Rodrigues et al. 2015). 

18.6.2 Preparation of Food 

Nanotechnology-based applications are used to improve the procurement of raw 
materials, sorting and grading, primary processing, packing, transportation and 
storage, and food processing. Enhancing palatability, toxin elimination, enzyme 
deactivation, spoilage organisms, pathogens, and additional fortification and enrich-
ment with micronutrients are the key deliverables of food processing in which 
nanotechnology based techniques are invariably used. Nanostructured food 
ingredients are being produced with the promise of better taste, texture, and consis-
tency. Nanotechnology is also used to extend the shelf life of various food 
ingredients and reduce the amount of food waste caused by microbial infestation 
(Pradhan et al. 2015). 

18.6.3 Solar Power 

Nanotechnology-enhanced prototype solar panels convert sunlight to electricity 
more efficiently than normal designs, paving the way for less expensive solar 
power. Because they can be produced in flexible rolls rather than isolated panels, 
nanostructured solar cells are already cheaper to make and install. Through improved 
catalysis, nanotechnology is increasing the efficiency of fuel generation from regular 
and low-grade raw petroleum materials as well as fuel consumption (Hussein 2015). 

18.6.4 Cleanup of the Environment 

Nanotechnology is helpful in identification and cleaning up of environmental toxins. 
Through quick, low-cost detection and treatment of contaminants in water, nano-
technology could assist in addressing the demand for affordable, clean drinking 
water. For energy-efficient desalination, a thin film membrane incorporating 
nanopores has been developed. The molybdenum disulfide (MoS2) membrane



filtered two to five times the amount of water as contemporary filters. NPs are being 
created to remove industrial water contaminants from groundwater by chemical 
processes that render the pollutants harmless. This method would be less expensive 
than systems that require the water to be pumped out of the ground for treatment. 
Current cleanup technology is not significantly and economically adequate to solve 
all of today’s cleanup needs. Nanotechnology is one of the most important trends in 
science and perceived as one of the key technologies of the present century (Zhang 
and Elliot 2006). Nanoscale iron particles are very effective for the transformation 
and detoxification of a wide variety of common environmental contaminants, such as 
chlorinated organic solvents, organochlorine pesticides, and PCBs (Rickerby and 
Morrison 2007). 
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18.6.5 Energy Harvesting 

The NPs have large surface area and optical characteristics and they are catalytic in 
nature. NPs were frequently used to generate energy from photoelectrochemical 
(PEC) and electrochemical water splitting (Mueller and Nowack 2008; Avasare et al. 
2015; Ning et al. 2016). There are many advanced choices for generating energy 
such as solar cells and piezoelectric generators (Fang et al. 2013; Lei et al. 2015; 
Gawande et al. 2016; Li et al. 2016). Nanotechnology can be used for affordable and 
safe drinking water through filtration and purification system (Mishra et al. 2012; 
Rabbani et al. 2016; Mobasser and Firoozi 2017). 

18.6.6 Agriculture 

Nanotechnology has been used to modify the genetic architecture of crop plants 
(Prasad et al. 2017). For targeted or controlled release of agrochemicals, nano-coated 
fertilizers, nano-sized nutrients, carbon-based nanomaterials, or engineered metal 
oxide and nano-pesticides are used, and they also have full biological effect without 
overdosing (Iavicoli et al. 2017). 

18.6.7 Improving Life Standards with Nanoelectronics 

The nanotechnology has a lot of promise for improving the capabilities of electronic 
components, particularly in terms of reducing their size, weight, and power con-
sumption. Indeed, because electronic components are typically small and light, 
shrinking these dimensions to the nanoscale level allows for the creation of elec-
tronic devices with far greater capabilities, as it allows for the incorporation of far 
more components while also reducing the device’s size and weight. The advances in 
nanotechnology may enable the development of new types of electronic components 
that can be employed in both traditional and modern electronic devices. Researchers



are working on a memory chip that could have a memory density of one terabyte per 
square inch or higher (Bhatia et al. 2013). 
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18.7 Nanotechnology in Future 

Nanotechnology has the potential to generate multifunctional materials in the con-
struction and maintenance of safer, smarter, lighter, and more efficient vehicles like 
spacecraft, airplanes, and ships. Nanotechnology also provides a number of options 
for nanoengineered materials in automotive products such as structural parts made 
up of polymer nanocomposites, high-power rechargeable battery systems, thermo-
electric materials which can be used for temperature control, lower rolling-resistance 
tires, high efficiency and low-cost sensors or electronics, smart solar panels having 
thin films, fuel additives, and improved catalytic converters for cleaner exhaust and 
extended range. 

The nanoengineering of steel, aluminum, asphalt, or concrete and other cementi-
tious materials with their recycled forms has a lot of potential as they can enhance the 
performance, resiliency, and life span of roadways and infrastructure of transport 
components while lowering their costs. Nanotechnology proves its great usage in 
either chemical or physical modification of individual atoms and molecules at a 
specific location. This new age technology also makes possible to develop devices 
which can scan and manipulate objects at near atomic scale (Kubik et al. 2005). 

18.8 Conclusion 

Nanotechnology established itself as an advanced field of science where intense 
research is carried out to implement the technology. The size of NPs ranges from a 
few nanometers to 500 nanometers. Based on material used in synthesis, NPs are 
classified as carbon-based, metal-based, ceramic, semiconductor, nanoshell, etc. NPs 
can also be categorized into organic and inorganic NPs. Morphology, structure, 
particle size, surface area, and optical properties are used in characterization of 
different NPs. Each category of NP has a significant application based on its 
properties. Despite the fact that NPs are valuable for a variety of applications, their 
unpredictable use and discharge pose significant health risks. Due to recent advances 
in nanotechnology, poorly soluble, poorly absorbed and labile biologically active 
compounds have been re-modified into viable, delivery able pharmaceuticals. In 
recent years, toxicity profiling of NPs has become a popular study topic all around 
the world. Natural NPs have been around for a long time in the ecosystem, and they 
contain some processes that make them less toxic to living things. In past few years, 
NPs are tested for many new and different applications which enhance the efficiency 
and performance of the object or process, and subsequently cost is reduced which 
makes NP-based nanotechnology accessible to everyone. Thus, nanotechnology has 
a great future because of its efficiency and environment-friendly properties.
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Abstract 

Osteoarthritis is the most prevalent disease of the joints with increased prevalence 
and incidence upon the progression of age. It is the key source of socioeconomic 
cost, disability, and pain globally. It occurs as a result of the complex communion 
of systemic and local factors. The disease has multifactorial epidemiology com-
prising of biomechanical, biological, and genetic elements. In order to recognize 
the best therapies to prevent or inhibit the progression of the disease and to find the 
best remedies for symptomatic relief, epidemiologic and clinical research in the 
field is critical. The treatment options for the disease include non-pharmacologic, 
pharmacologic, surgical, and intra-articular routes or the combinatorial use of 
these therapies to attain optimal outcomes. Pharmacological interventions in 
treating the disease are mostly inclined to reduce the symptoms and improve the 
functional status of the affected joint. The drug regulatory agencies have not yet 
approved any disease-modifying drug formulation that will stop or slow-down the 
progression of the disease apart from relieving the symptoms. 

Keywords 

Osteoarthritis · Cytotoxic · Symptoms · Treatment · Diagnostic 

19.1 Introduction 

Osteoarthritis is a global epidemic and a devastating disease. In the United States and 
other developed countries, osteoarthritis is the most common disease affecting the 
joints and the most prevalent cause of disability and chronic pain among the 
elderly (Murray et al. 2013). Knees, hands, spine, and hips are osteoarthritis’ most 
commonly affected sites. The symptoms include remarkable malfunction of the 
joints, pain, moving disability, and joint stiffness. Among adults aged 60 years or 
more, approximately 13% of women and 10% of men suffer from symptomatic knee 
osteoarthritis (Lawrence et al. 2008). Osteoarthritis of the knee joints affects almost 
19% of the adult population in America and contributes more than 80% to the total 
load of the disease (Vos et al. 2012; Lawrence et al. 2008). The predominant cause of 
knee osteoarthritis appears to be the inflammation and disintegration of joint tissues 
caused by mechanical loading (Felson 2013; Robinson et al. 2016). The prevalence 
of knee osteoarthritis increases with increasing age (Felson et al. 2000). In the United 
States, the increased life expectancy since the twentieth century has contributed to 
knee osteoarthritis as the wear and tear of the joint tissues increases with age (Loeser 
2013). Moreover, the increased body mass index (BMI) in the American population 
is an established risk factor contributing to knee osteoarthritis. The increase in BMI 
contributes to the development of knee osteoarthritis because of the adiposity 
inflammation and the mechanical stress of the joint tissues (Wluka et al. 2013). 
Hence the prevalence of osteoarthritis increases with the obesity epidemic and aging. 
The etiology of osteoarthritis is multifactorial and complex, with genetic, mechani-
cal, and biological components (Loeser et al. 2016). Repetitive use of joints, intra-



articular crystal deposition, knee injury, joint laxity, joint misalignment, old age, 
female gender, peripheral neuropathy, obesity, and muscle weakness are the key 
factors contributing to the development of osteoarthritis in the load-bearing joints. 
The changes in the structure and composition of the cartilage matrix due to aging and 
various genetic factors also contribute to the development of osteoarthritis (Sellam 
and Berenbaum 2010). 
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In osteoarthritis, different components of the joint, like connective tissue 
constituents, the lining of the synovial joint, and periarticular bone, are affected. 
The formation of osteophytes, degradation of cartilage, inflammation of synovial 
joints, and changes in the subchondral and periarticular bone are the characteristic 
features of osteoarthritis (Sellam and Berenbaum 2010; Zhang and Jordan 2010). 
During osteoarthritis, enzymes like MMP-3 (matrix metalloproteinase-3), MMP-13 
(matrix metalloproteinase-13), and aggrecanases accumulate within the joint spaces 
and cause degradation of the cartilage matrix (Goldring and Goldring 2007; 
Hashimoto et al. 2013). Post-traumatic osteoarthritis (PTOA) is a type of osteoar-
thritis that is caused due to the mechanical injury of the joint tissue. In 78% of young 
adults, radiological changes emerge, and 40% develop radiological osteoarthritis in 
the injured knee after 14 years of tear in the anterior cruciate ligament. The disinte-
gration of the joint is irreversible and rapid. Unfortunately, the disease cannot be 
reversed once the damage is radiologically evident. Post-traumatic osteoarthritis 
progression can be averted by immediate therapeutic intervention post-
injury (Goldring and Goldring 2007). 

Initially, the development of osteoarthritis involves the increased cellular prolif-
eration and enhanced synthesis of proteinases, matrix proteins, growth factors, and 
proinflammatory cytokines by the chondrocytes. Therefore, the chondrocytes serve 
as the cellular mediators of osteoarthritis (Yang et al. 2013). The other tissues and 
cells within the joint, like the subchondral bone and the synovium, also contribute to 
the pathogenesis of the disease (Lee et al. 2005). The articular chondrocyte, which is 
usually involved in the maintenance of cartilage, is not able to restore the original 
architecture of the cartilage matrix in osteoarthritis (Bau et al. 2002). The present 
therapeutic interventions that address chronic pain in osteoarthritis are inadequate, 
and currently, no structure-reforming treatment is accessible (Brown et al. 2006). 

19.2 Osteoarthritis: Pathophysiology 

Age is the prime risk factor that contributes to the pathophysiology of osteoarthri-
tis (von Porat et al. 2004). Present-day clinical research is primarily engrossed in 
understanding the effects of aging on the cartilage and the development of osteoar-
thritis (Goldring and Goldring 2007; Felson 2013). Multiple mechanisms contribute 
to the age-induced degradation of joints and the progression of osteoarthri-
tis (Sacitharan 2019). During the progression of osteoarthritis, considerable apopto-
tic or necrotic loss of chondrocytes occurs in the middle and peripheral cartilage 
zones (Lotz and Carames 2011). Apoptotic loss of chondrocytes occurs due to 
reduced cellular metabolism, reduced mechanical defense of the joints, and the 
production of various proinflammatory cytokines. The loss of chondrocytes results



in the reduction of cartilage volume and increased breakdown of the extracellular 
matrix, leading to the loss of cartilage and the progression of osteoarthri-
tis (Heinegard and Saxne 2011; Stockwell 2011). 
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The principal cause of osteoarthritis is the degradation of the matrix components 
of the articular cartilage by the matrix-degrading enzymes like MMPs that degrade 
collagen and the members of ADAMTS (a disintegrin and metalloproteinase with 
thrombo-spondin motif) that degrade aggrecan (Buckwalter and Mankin 1998; 
Nagase et al. 2006). In osteoarthritis, chondrocytes produce enhanced levels of 
cytokines like TNF-α and IL-1β, which activate the matrix-degrading enzymes and 
hence lead to the degradation of matrix components (Goldring and Otero 2011). In 
osteoarthritis, mononuclear cell infiltration in the synovial membrane is also 
detected. Significant evidence further supports the activation of innate immune 
responses in osteoarthritis. The inflammation associated with osteoarthritis further 
promotes tissue breakdown and advances the painful episodes of the dis-
ease (Scanzello and Goldring 2012). 

Cytokines like TNF-α and interleukin-1 also play a crucial role in the pathophys-
iology of rheumatoid arthritis (Orlowsky and Kraus 2015; Glyn-Jones et al. 2015). 
Blocking these cytokines, mainly TNF-α is an effective treatment for rheumatoid 
arthritis (Mclnnes and Schett 2007; Calich et al. 2010; Chevalier et al. 2013; 
Goldring and Berenbaum 2015). In osteoarthritis, levels of IL-1 are also enhanced 
in the cartilage, and both TNF-α and IL-1 are present in the synovial fluid of 
osteoarthritic joints. Also, the intra-articular administration of IL-1 in animal models 
results in the development of osteoarthritis-like disease (Feldmann and Maini 2001; 
Smith et al. 1997; Melchiorri et al. 1998). The introduction of the antagonist of IL-1 
receptor in the animal models of osteoarthritis diminishes the loss of cartilage. Trails 
that investigated the efficacy of TNF-α in the treatment of osteoarthritis showed that 
the blockade of TNF-α modestly decreased the progression of the disease. The 
inhibition of IL-1β has also shown promising results in patients suffering from 
hand and knee osteoarthritis; however, the patients exhibited infections in the 
upper respiratory tract following IL-1β blockade (Smith et al. 1997). TNF-α and 
IL-1 also increase the levels of inducible nitric oxide synthase (iNOS) and COX-2 
(Cyclooxygenase 2) in the chondrocytes and hence promote the synthesis of nitric 
oxide (NO) and prostaglandin E2 (PGE2) in these cells (Melchiorri et al. 1998; 
Pettipher et al. 1986; Pelletier et al. 1997). Nitric oxide, a cytotoxic free radical, 
enhances the apoptosis and ER stress associated with osteoarthritis. PEG2 
counteracts IL-1-mediated effects on the synthesis of cartilage matrix by enhancing 
the expression of COX2, which may serve as a counteractive mechanism in chon-
drocyte dedifferentiation induced by IL-1 (Amin and Abramson 1998; Melchiorri 
et al. 1998; Heinegård and Saxne 2011). 

MMPs are the main proteolytic enzymes that are involved in the etiology of 
osteoarthritis (Nagase et al. 2006). Collagenases, which constitute the prime class of 
MMPs, are involved in the progression of osteoarthritis. Collagenases catalyze the 
cleavage of collagen fibrils at a single point. MMP-8 catalyzes the cleavage of type I 
collagen, whereas MMP-13 catalyzes the cleavage of type II collagen (Neuhold et al. 
2001). MMP-1 is involved in the cleavage of type III collagen. Ectopic expression of



MMP-13 in mice leads to the development of osteoarthritis-like disease (Little et al. 
2009). Furthermore, the knockout of MMP-13 in mice results in protection from 
surgically induced osteoarthritis. In normal cartilage, MMPs are expressed as 
pro-proteins (pro-MMPs). However, in the osteoarthritic synovial tissue and carti-
lage, the expression of MMP-2, MMP-9, MMP-13, MMP-14, MMP-16, and 
MMP-28 is increased (Hofmann et al. 1992). Apart from MMPs, another family of 
metalloproteinases known as the ADAMTS (ADAMTS1–ADAMTS19) is also 
involved in the degradation of matrix components (Stanton et al. 2011). The 
substrates of this family of proteins contain a type I thrombospondin motif. The 
ECM proteins contain this motif and serve as the substrates for these 
metalloproteinases. The matrix proteins, including fibromodulin and decorin, are 
cleaved by these metalloproteinases (Nagase and Kashiwagi 2003). The deletion of 
ADAMTS5 in the mice cartilage has been shown to inhibit inflammatory arthritis 
and cartilage disintegration (Glasson et al. 2004). The proteolytic activity of these 
proteases (ADAMTS and MMPs) is regulated by TIMPs (tissue inhibitors of 
metalloproteinases) (Milner et al. 2006). TIMP-3 inhibits aggrecanases-induced 
degradation of aggrecan from retinoic acid, or IL-1-stimulated cartilage 
explants (Nagase and Kashiwagi 2003). It also serves as a dynamic inhibitor of 
ADAMTS4 and 5 under in vitro conditions (Gendron et al. 2003) (Fig. 19.1).
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IGF-1 (Insulin-like growth factor 1) is also involved in the pathophysiology of 
osteoarthritis (Sah et al. 1994). The stimulation of the cartilage explants or bovine 
chondrocytes with IGF-1 has been shown to increase the synthesis of proteoglycans. 
In addition, the stimulation of periosteal mesenchymal cells with TGF-β and IGF-1 
regulates the differentiation and proliferation of these cells during 
chondrogenesis (Fukumoto et al. 2003). In chondrocytes, TGF-β increases the 
expression of IGF1 receptors without modulating their ligand affinity. Deficiency 
of IGF-1 in mice results in the development of lesions in the articular 
cartilage (Tsukazaki et al. 1994). Moreover, adding IGF-1 to the chondrocyte grafts 
in equine and murine models stimulates chondrogenesis in cartilage 
defects (Ekenstedt et al. 2006). IGF-1 is hence essential in the maintenance of the 
integrity of articular cartilage. Significant evidence suggests that the potential of the 
chondrocytes to respond to IGF-1 diminishes in osteoarthritis and with age (Fortier 
et al. 2003; Goodrich et al. 2007; Loeser et al. 2000; Morales 2008). 

The TGF-β family of mitogenic growth factors plays a crucial part in cell 
migration, apoptosis, differentiation, and cellular proliferation (Massagué 1998; 
Aashaq et al. 2018). Enhanced levels of TGF-β have been reported in the synovial 
fluid of patients suffering from osteoarthritis. The synovial tissue, bone, and cartilage 
express all the TGF-β isoforms (TGF-β1, TGF-β2, and TGF-β3) and the TGF-β 
receptors, and they are known to play diverse functions within these tissues (Blom 
et al. 2004;  Shen  et  al.  2014). However, the function of TGF-β in the pathophysiol-
ogy of osteoarthritis is ambiguous. The expression of the dominant negative mutant 
of the TGF-β type II receptor in the skeletal tissue of transgenic mice results in the 
progression of skeletal disintegration (Serra et al. 1997). Furthermore, the deletion of 
TGF-β type II receptors in the articular chondrocytes of mice results in a phenotype 
resembling osteoarthritis. In addition, the exogenous expression of TGF-β1 in the 
osteoblasts of mice results in the sclerosis of the subchondral bone and the



development of spontaneous osteoarthritis; however, inhibiting the activity of 
TGF-β in the subchondral bone stabilizes its architecture and diminishes the pathol-
ogy of osteoarthritis (Hiramatsu et al. 2011; Zhen et al. 2013). 
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Fig. 19.1 Proteolytic degradation of collagen in osteoarthritis

19.3 Markers of Osteoarthritis 

The constituents of the extracellular matrix, like the degradation products or the 
precursors of proteoglycan and collagen, the enzymes, and the cytokines have the 
prospect to serve as the biochemical markers of osteoarthritis. The concentration of 
these markers can be measured in the synovial fluid, urine, and blood. The 
concentrations are linked to tissue metabolism (Van Spil et al. 2010). Various 
biochemical markers have been advocated, but these have not been corroborated



for use in clinical practice. The aim of the biochemical markers is to recognize the 
pathological changes associated with a disease. The tissue disintegration markers, 
including cartilage oligomeric matrix protein and C-terminal telopeptide of collagen 
type II (CTX-II), have been validated for clinical use and are the most widely used 
biomarkers for osteoarthritis (Garnero et al. 2001). The specificity and sensitivity of 
biochemical markers is bad compared to that of the imaging tests. The limitation 
associated with the use of biochemical markers in osteoarthritis is the site of 
origination; hence their predicted values are useless unless the disease is restricted 
to a particular joint. The use of synovial fluid for the assays overcomes the limitation, 
but its use is restricted due to the lack of patient acceptability (Hoch et al. 2011). The 
use of joint-specific post-translational modifications of proteins appears to be a 
promising area, but further research in this field may warrant their usefulness as 
the markers of osteoarthritis. With the progression of protein biology, the figure of 
the analytical biomarkers for osteoarthritis has dramatically increased over the past 
decade. The proteomic investigation of the cartilage has revealed several joint-
specific biomarkers of osteoarthritis (Dam et al. 2009; Catterall et al. 2012). In the 
future, the use of biochemical markers for the diagnosis of osteoarthritis may 
comprise a broad range of analytical assays apart from disease phenotyping to 
ascertain a suitable treatment. 
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19.4 Risk Factors of Osteoarthritis 

A number of risk factors encompassing age, mechanical injury, gender, obesity and 
diet, and genetics contribute to the development of osteoarthritic joints. This disease 
occurs as a result of complex crosstalk between local and systemic factors (Onnerford 
et al. 2012; Neogi and Zhang 2013). The essence of the risk factors varies for the 
progression and the onset of the disease, different stages of the disease, and for the 
different joints. For the development of osteoarthritis, aging serves as a prominent 
risk factor (Reynard and Loughlin 2012; Gly-Jones et al. 2015). The risk for the 
development of both symptomatic and radiographic osteoarthritis increases with 
increasing age. Increased incidence of osteoarthritis in the hand, hip, and knee joints 
has been observed with aging. Global estimates show that 18% of women and 9.6% 
of men over 60 suffer from symptomatic osteoarthritis (Felson et al. 2000; Lotz and 
Loeser 2012). According to the Framingham osteoarthritis study, 27% of the popu-
lation in the age group of 63 to 70 have radiographic knee osteoarthritis, and the 
incidence increases to 44% in the population aged 80 years and above (Shane 
Anderson and Loeser 2010; Zhang et al. 2002). According to this study, the 
pervasiveness of symptomatic osteoarthritis of the knee is 9.5% in all subjects. 
However, it escalated in women but not in men with age (Murray and Lopez 
1996). The escalated incidence and pervasiveness of osteoarthritis with age may 
be an outcome of enhanced predisposition to various biological changes and risk 
factors that accompany aging. Osteoarthritis of the hip joint is less common com-
pared to knee osteoarthritis. Osteoarthritis in the hand joint is most common in the 
elderly population (Shane Anderson and Loeser 2010). Osteoarthritis of the hand 
does not affect the moving ability as knee and hip osteoarthritis. According to the



Framingham estimates, almost 26% of women and 13% of men over the age of 
70 suffer from the symptomatic osteoarthritis of the hand affecting at least one 
joint (Zhang et al. 2002). 
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Apart from age, gender also plays a role in the development of osteoarthritis. 
Studies have shown that women have a greater risk of developing osteoarthritis over 
50 years compared to men. However, men are more likely to develop osteoarthritis 
than women below 50 years of age. According to the studies conducted by Peter-
Alhambra and colleagues on Spanish patients, women have a 1.52 times greater risk 
of developing osteoarthritis in the joints of hip, knee, and hands (Prieto Alhambra 
et al. 2014). The sex differences for the development of osteoarthritis in hip and knee 
joints peaked in the age group of 70–75 years. However, for hand osteoarthritis the 
difference peaked at 50–55 years of age (Srikanth et al. 2005). The prevalence of 
osteoarthritis in women increases around menopause, suggesting the role of 
hormones in the development of this disease. In contrast, several studies have 
shown the positive role of both exogenous and endogenous estrogen in osteoarthri-
tis. Intake of either placebo or progestin and estrogen showed no remarkable 
difference in the pervasiveness of knee osteoarthritis and the physical disability 
associated with it (Wluka et al. 2000; Nevitt et al. 2001). 

According to the Framingham study, subjects having the highest tercile of 
25-hydroxyvitamin D have threefold less risk of knee osteoarthritis progression 
compared to those in the low (<27 ng/mL) and the middle tercile (27–33 ng/ 
mL) (McAlindon et al. 1996a). However, this distribution does not show any effect 
on the development of hip osteoarthritis. The dietary insufficiency of vitamin C is 
also linked to the increased progression of knee osteoarthritis (McAlindon et al. 
1996b). High levels of vitamin K in the serum decrease the pervasiveness of 
radiographic osteoarthritis of the hand. However, the supplementation of vitamin 
K does not show a positive effect on the radiographic osteoarthritis of the 
hand (Neogi et al. 2008). Metabolic syndrome and obesity also serve as the key 
risk factors of osteoarthritis, particularly knee osteoarthritis (Sellam and Berenbaum 
2013). The odds ratio (OR) for the development of osteoarthritis is 2.96 for over-
weight individuals compared to normal ones (Hunter et al. 2002). Type 2 diabetes 
and dyslipidemia also serve as potential risk factors for osteoarthritis independent of 
obesity. Obesity or being overweight increases the load on the joints and may be the 
prime cause of hip or knee osteoarthritis. Studies have shown that a weight loss of 
5 kg in women decreases the risk of symptomatic knee osteoarthritis development by 
50% (King et al. 2013). Weight loss also reduces the disability and pain associated 
with knee osteoarthritis. The combination of exercise and weight loss has been 
shown to be effective in reducing the pain and functional disability associated with 
osteoarthritis. However, weight loss or exercise alone does not ameliorate the 
symptoms (Messier et al. 2004). 

The history of the previous injury serves as a key risk factor for osteoarthritis. The 
major causes of posttraumatic arthritis include injured joint structures like meniscal 
tear, cartilage damage, and ligament injury (Brown et al. 2006; Thomas et al. 2017). 
A study conducted by Brown and colleagues revealed that almost 12% of all 
osteoarthritis cases are caused due to mechanical injury. Posttraumatic osteoarthritis



constitutes 2% of hip osteoarthritis, 10% of knee osteoarthritis, and 20–78% of ankle 
osteoarthritis (Brown et al. 2006). Increased physical activity in occupations like 
lifting, jumping, bending, squatting, and kneeling also increases the risk of knee 
osteoarthritis. Evidence has shown that farmers, forestry and construction workers, 
and military personnel are at increased risk of osteoarthritis development (Coggon 
et al. 2000). Athletes also suffer from joint degradation due to articular cartilage 
damage caused by excessive loading of joints. Almost 80% of American football 
players with previous knee injuries suffer from osteoarthritis 10–30 years post-
competing (Allen et al. 2010; Sandmark et al. 2000; Cameron et al. 2011; Kujala 
et al. 1995). 
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Fig. 19.2 Risk factors of osteoarthritis

Apart from the risk mentioned above, a link has been established between genetic 
factors and osteoarthritis. Osteoarthritis susceptibility is polygenic in nature, and 
over 80 genes are involved in the pathogenesis of osteoarthritis (Peach et al. 2005). 
These genes include IGF-1 (insulin-like growth factor 1) and the receptors for 
vitamin D. Apart from this, osteoarthritis has been linked to the SNP in the growth 
and differentiation factor gene 5, which is implicated in the healthy development of 
cartilage and bone (Spector and MacGregor 2004). Several studies have recognized 
hereditary factors as the prime components for the development of primary 
osteoarthritis (Hunter et al. 2004; Valdes and Spector 2009). 70% of cases of hand 
osteoarthritis are caused due to hereditary factors. However, 50% of hip osteoarthri-
tis and 10–30% of knee osteoarthritis are also estimated to be controlled by hereditary 
factors. Evidence also advocates a hereditary link to the joint that may develop 
osteoarthritis. Several epigenetic mechanisms like histone modification and DNA 
methylation are presently being examined for their role in osteoarthritis (Musemeci 
et al. 2015;  Barter  et  al.  2012)  (Fig.  19.2). 
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19.5 Symptoms of Osteoarthritis 

The most eminent symptom associated with osteoarthritis is pain. The pain 
associated with the disease progressively increases with time. The pain may be 
intense, sporadic, or continuous aching pain. The pain also increases with increased 
physical activity (Hawker et al. 2008). During the early stages of the disease, the pain 
is anticipated and triggered by certain specific activities. However, as the disease 
progresses, routine activities are affected, and the pain becomes more constant and 
cannot be anticipated (Neogi 2013). During the advanced stages of the disease, the 
constant and dull pain is accompanied by uncertain episodes of severe and intense 
pain. The degree of pain and the radiological findings are not always consistent. 
Some patients suffer from intense pain; however, the radiological findings are scanty 
and vice-versa (Altman et al. 1991). Different factors like socio-cultural, environ-
mental, and psychological factors contribute to the experience of pain in 
osteoarthritic patients (Fautrel et al. 2005). Apart from the pain, other symptoms 
of osteoarthritis include joint deformity, moving disability, locking of joints, 
swelling of joints, and grating and clicking of joints. Osteoarthritic patients also 
suffer from morning stiffness that gets better in 30 min. However, in rheumatoid 
arthritis, the morning stiffness lasts longer. The systemic symptoms, including 
abnormal serological tests, weight loss, and fever, should not accompany osteoar-
thritis, because these symptoms point toward other conditions like malignancy or 
infection. Osteoarthritis results in compromised physical activity and loss of inde-
pendence to do routine activities. It significantly affects the quality of life by 
negatively influencing both physical and mental well-being (Fautrel et al. 2005; 
Salaffi et al. 2005) (Fig. 19.3).

19.6 Diagnostic Approaches of Osteoarthritis 

Osteoarthritis is a vigorous and metabolically active disorder affecting joints by 
inducing morphological changes (van der Kraan 2012; Spector and MacGregor 
2004). The morphological changes associated with the disease are assessed using 
radiography (Zhang et al. 2009). The main characteristics of osteoarthritis include 
subchondral cysts, sclerosis of subchondral bone, osteophytes, and narrowing of 
joint spaces (Lethbridge-Cejku et al. 1995; Peterson and Jacobson 2002). 
Radiographs have poor reproducibility and hence are insensitive to the early diag-
nosis (initial degradation of cartilage) and disease progression (Odding et al. 1998). 
Also, many structures of the joint, like ligaments, menisci, and cartilage, are not 
visualized on the radiographs (Benson and Croft 2008). The lesions of the bone 
marrow are also not visualized on the radiographs. The radiographs also provide 
scant evidence of effusion and synovitis. The MRI provides an alternative method 
for visualizing essential anatomic structures like soft and hard tissue (Neogi et al. 
2009). It is used to observe the diffuse and focal changes in the cartilage and is 
resilient to changes in the position of the joint (Mobasheri 2012). The MRI also 
detects synovitis changes, lesions in the subchondral marrow, meniscal disruptions,



and damage in the soft tissue structures within and surrounding the joint. The 
examination of the synovial fluid, urine, or blood is usually not required in the 
diagnosis of osteoarthritis. Still, it may be used to substantiate or rule out the 
coexistence of other inflammatory disorders like rheumatoid arthritis, gout, or 
pyrophosphate crystal deposition in individuals with signs and symptoms of the 
disease (Mobasheri 2012). 
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Fig. 19.3 Symptoms of osteoarthritis
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19.7 Treatment Options of Osteoarthritis 

The treatment options and therapeutic interventions for osteoarthritis have dramati-
cally widened over the past decade. The main aim of the treatment is to improve the 
quality of life by controlling pain with minimal side effects and to improve joint 
function and mobility. The management of the disease involves the combinatorial 
use of pharmacological and non-pharmacological therapies (Hochberg et al. 2012). 
The pharmacological remedies for the initial management of osteoarthritis include 
nutritional supplements, paracetamol, topical or oral application of NSAIDs like 
tramadol, and the injectable intra-articular corticosteroids like chondroitin sulfate 
and glucosamine. Patients not responding to initial treatment therapies are given 
opioids and injectable intra-articular hyaluronic acid, duloxetine. Surgical interven-
tion is recommended in patients not responding to non-invasive treatment therapies. 
The surgical methods include arthroplasty, correction osteotomy, and debridement/ 
lavage. The non-pharmacological interventions include physical and educational 
remedies. The physical approaches include a range of motion exercises, muscle 
strengthening, and aerobic activity. However, the educational approaches include 
walking aids, joint protection strategies, and changes in lifestyle (exercise and 
dietary changes). The physiotherapy approaches, including manual therapy, thermal 
techniques, and electrotherapy, are also recommended in certain patients (Zhang and 
Doherthy 2006; Zhang et al. 2007, 2008, 2009). 

19.7.1 Non-pharmacological Intervention 

The change in lifestyle relieves many symptoms of osteoarthritis. The most impor-
tant modifiable risk factor for osteoarthritis treatment is obesity (Messier et al. 2011). 
In obese patients, weight loss alleviates the risk of developing symptomatic osteoar-
thritis and reduces the symptoms once the disease has appeared (Pai et al. 1997). 
Studies have shown that reducing the weight by 10% results in a remarkable 
reduction in a load of knee joints. Also, the weight loss of 5 kg in women reduces 
the risk of symptomatic knee osteoarthritis by 50%. The weight loss results in a 
favorable change in the bone and cartilage biomarkers. It also helps in improving the 
structure of the cartilage (Gudbergsen et al. 2012). It has been shown that constant 
physical exercise improves the quality of life and physical function and also helps in 
pain reduction in knee osteoarthritis (Deyle et al. 2005). This improvement in 
symptoms is comparable to that caused by NSAIDs. Before starting the home 
exercise, most patients follow a therapy program from an occupational or physical 
therapist that gives them access to both the equipment and direction and hence helps 
in getting better results. Apart from exercises, bracing may also prove effective in the 
treatment of knee osteoarthritis (Rannou et al. 2010; Zhang et al. 2017). In the case 
of lateral and medial knee osteoarthritis, the relief of symptoms is observed by 
unloading knee braces (Anandacoomarasamy et al. 2012; Fransen et al. 2015). 
However, in the case of patellar osteoarthritis, taping or the use of a peripatellar 
device containing sleeves may prove to be useful. A medial or lateral wedge in the



soles is also effective in managing osteoarthritis (Bhatia et al. 2013). The use of rigid 
or semi-rigid thumb base splints is used for joint immobilization in carpometacarpal 
osteoarthritis. Education and self-management also serve as capable approaches for 
the treatment of pain in osteoarthritis. In self-management, the symptom manage-
ment and disease consequences are put in the patients’ hands. It includes self-
tailoring, problem-solving, decision-making, self-monitoring, self-efficacy, and 
patient-physician partnership. The self-management programs have proven to be 
advantageous and have been shown to alleviate disability and pain associated with 
arthritis (Du et al. 2011). Social isolation, anxiety, depression, and psychological 
dysfunction have been shown to increase the pain associated with osteoarthritis. 
Psychotherapy sessions and CBT (cognitive behavioral therapy) to modify negative 
behavior and thinking also help in the treatment of osteoarthritis (Helminen et al. 
2015). 
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19.7.2 Pharmacological Intervention 

The first line of treatment for osteoarthritis is acetaminophen and NSAIDs (Helminen 
et al. 2015; Derry et al. 2016). NSAIDs have proven efficient in treating 
osteoarthritic pain. In patients suffering from gastrointestinal disease, NSAIDs, 
nonselective NSAIDs, and COX-2 inhibitors should be used with care and be 
given with gastro-protective agents. NSAIDs are more effective than acetaminophen 
in the treatment of osteoarthritic pain. Acetaminophen modestly works for 
osteoarthritic pain. However, it is preferable and safe in case NSAIDs are 
contraindicated (Towheed et al. 2006). The topical application of NSAIDs also 
provides an attractive treatment option for managing osteoarthritic pain. The topical 
application of diclofenac and ketoprofen has been shown to be effective in treating 
the pain from osteoarthritis. Narcotic analgesics and weak opioids are also used in 
osteoarthritis in case the other pharmacological therapies are contraindicated or fail. 
However, the recommendations issued by the Centre for Disease Control and 
Prevention in 2016 should be followed while treating patients with opioids (Dowell 
et al. 2016). In addition, the inhibitors of serotonin-norepinephrine reuptake are also 
included in the pharmacological treatment options of osteoarthritis. The first random 
trial of duloxetine showed a remarkable reduction in average pain scores compared 
to the placebo (Chappell et al. 2011). NSAIDs along with duloxetine have been 
shown to be more effective than NSAIDs alone in treating osteoarthritic pain. These 
studies resulted in the approval of duloxetine by FDA (Food and Drug Administra-
tion) for treating chronic knee osteoarthritis (Brown and Boulay 2013; Bennett et al. 
2012). 

19.7.3 Surgical Intervention 

Patients with severe osteoarthritis who don’t respond to conservative pain manage-
ment and whose quality of life is severely affected by the disease have total joint



arthroplasty as an option (Skou et al. 2015). It remarkably reduces pain and improves 
joint function in patients with severe knee or hip osteoarthritis. Studies have shown 
significant relief in pain and quality of life post-1 year of surgery compared to 
conservative management. Patients usually stay for 2 or 3 days in the hospital 
although many patients leave the hospital sooner post-surgery. Post-surgical preven-
tion of complications is critical (Chen et al. 2012). The early complications of the 
surgery include deep vein thrombosis, wound dehiscence, failed prosthesis, and 
infections. The outcomes of the surgery can be improved by early mobilization, 
and it may reduce the hospital stay as well. Hip precautions are to be followed in 
patients with total hip arthroplasty (THA) in order to prevent the dislocation of the 
hip. In the case of posterior approach total hip arthroplasty, the precautions include 
avoiding internal hip rotation, adduction, and hyperflexion (Bade and Stevens-
Lapsley 2012). However, in the case of direct anterior approach total hip 
arthroplasty, the external hip rotation, adduction, and hyperextension should be 
avoided. Post-surgery the rehabilitation program needs to be followed. However, 
there is a lack of consensus with regard to the intensity, duration, and frequency of 
physical rehabilitation. The physical rehabilitation programs include strengthening 
the quadriceps, gait training, range of motion, and training in routine life activities. 
In the case of patients with morbid obesity, bilateral total joint arthroplasty, or 
elderly patients (age greater than 85 years), acute physical rehabilitation is 
recommended (Chen et al. 2012; Quinn et al. 2018). In patients with total hip 
arthroplasty, most of the functional gains are observed within the initial 6 months. 
However, with total knee replacement, the gain of function may take up to 1 year. In 
a total knee replacement, the strength of the quadriceps may get reduced by 60%, 
which may be alleviated by strengthening exercises. The exercises may enhance 
coordination, gait speed, and the ability to climb stairs (Skou et al. 2015). 
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19.7.4 Intra-articular Intervention 

Delivery of drugs through an intra-articular system has several benefits compared to 
systemic delivery (Emami et al. 2018; Evans et al. 2014). The advantages include 
diminished cost, lesser adverse effects, diminished local exposure, and magnified 
local concentration and bioavailability. Despite the advantages, the efficacy of this 
mode of treatment is still controversial, and the guidelines pertaining to their use are 
usually contradictory. The lymphatic drainage system usually clears the intra-
articular therapies from the synovial fluid, and the rate depends upon the molecular 
size of the drug (Evans et al. 2014). The half-life of hyaluronic acid in the joint is 
approximately 26 h; however, albumin takes about 1–13 h to clear the joint. Apart 
from that, the half-life of steroids and NSAIDs in the joint is approximately 1–4  h.  
Irrespective of the brief residence time of the intra-articular drugs, studies have 
reported outcomes lasting several months. The reason behind these long-term 
outcomes may be treatment specific and needs further evaluation (Gerwin et al. 
2006). Despite the widespread use of intra-articular therapies for osteoarthritis 
treatment, there is still conflict about whether the intra-articular therapies



(glucocorticoids and hyaluronic acid) are advantageous in comparison to the joint 
aspiration technique alone. The intra-articular injections have been shown to evoke a 
strong placebo effect (Nguyen et al. 2016; Larsen et al. 2008; Hameed and Ihm 
2012). Parameters like stiffness and pain have been shown to respond to an intra-
articular placebo (Hameed and Ihm 2012). Patients receiving the mock injections 
(placebo or injections lacking the therapeutic agent) have shown outcomes that are 
not significantly different from those receiving hydrocortisone, procaine, lactic acid, 
or saline. In patients not responding to non-pharmacological treatment therapies like 
analgesics and NSAIDs, hyaluronic acid and glucocorticoids constitute the standard 
intra-articular options for managing knee pain related to osteoarthritis. Significant 
evidence questions the efficacy of these standard intra-articular therapies, and many 
professional organizations question the adequacy of their use (Roseland et al. 2004; 
Abhishek and Doherty 2013). 
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Hyaluronate is a natural polysaccharide consisting of the repeating units of β-D-
glucuronic acid and β-D-N-acetylglucosamine. It is naturally present in synovial fluid 
and cartilage (Ghosh and Guodilin 2002). The molecular weight of hyaluronic acid 
in the synovial fluid ranges from 6500 to 10,900 kDa. An adult knee contains about 
2 mL of synovial fluid having a hyaluronate concentration of 2.5 to 4 mg/mL. 
Hyaluronate in the synovial fluid contributes to the rheological properties and 
hence enables it to serve as a cushion and a lubricant (Balazs and Denlinger 
1993). Osteoarthritis is characterized by higher rates of hyaluronate depolymeriza-
tion (molecular weight, 2700–4500 kDa) and clearing than normal. The half-life of 
hyaluronate in the synovial fluid is about 20 h. This half-life gets reduced to 11–12 h 
in the inflamed joint, resulting in the reduction of the visco-elasticity of synovial 
fluid (Balazs et al. 1967). Knee osteoarthritis symptoms can be relieved by the 
administration of exogenous intra-articular hyaluronate (Bannaru et al. 2011). It is 
either obtained from animal sources like rooster comb or synthesized by bacterial 
fermentation. The molecular weight of the injectable polymer ranges from 100 to 
10,000 kDa. The exogenous administration of intra-articular hyaluronate enhances 
the visco-elastic properties of synovial fluid and provides lubrication to the joint. 
This therapy is sometimes referred to as viscosupplementation (Hunter 2015; Strauss 
et al. 2009). Hyaluronate has also been shown to exert chondroprotective, analgesic, 
and anti-inflammatory ramifications on the synovium and articular cartilage. The 
clinical benefits of intra-articular hyaluronate persist beyond the residence time of 
the polymer in the joint. It has been suggested that intra-articular hyaluronate 
reestablishes joint homeostasis by enhancing the endogenous hyaluronate synthesis 
that persists even after the injected material is cleared off the joint. 

The efficacy of hyaluronate in the treatment of knee osteoarthritis is still uncer-
tain. Intra-articular administration of a high molecular weight (6000 kDa) 
hyaluronate derivative, hylan G-F 20, results in notable but clinically insignificant 
pain reduction in knee osteoarthritis compared to the saline placebo (Bedard et al. 
2018; Conrozier and Chevalier 2008; Chevalier et al. 2010). The effect of molecular 
weight on the efficacy of hyaluronate in the treatment of osteoarthritis is also 
controversial. Treatment of knee osteoarthritis using the intermediate molecular 
weight derivative of hyaluronate was found to be remarkably superior compared to



the low molecular weight derivatives (Berenbaum et al. 2012). However, in other 
trials, the benefit was nearly the same for both the high and intermediate molecular 
weight derivatives (Ghosh and Guodilin 2012; Maheu et al. 2011; Reichenbach et al. 
2007). The efficacy of intra-articular hyaluronate was found to be modest and, at 
worst, inappreciable from a placebo. This treatment is also characterized by mild 
pain and inflammation at the injection site, which goes off with analgesics and 
ice (Jones et al. 2019). 
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Corticosteroids, due to their glucocorticoid effects, serve both as immunosup-
pressive and anti-inflammatory agents. These drugs inhibit the activity of phospho-
lipase A2, alter the levels of cytokines and enzymes, and modulate the traffic of  
WBCs (Gordon and Schumacher 1979)). These reactions result in the diminished 
production of proinflammatory agents like histamines, bradykinins, leukotrienes, 
and prostaglandins. Under physiological conditions, pain is induced by the stimula-
tion of primary afferent nociceptive fibers by histamine and bradykinin. These 
nociceptors are sensitized by leukotrienes and prostaglandins. The reduction of 
these proinflammatory derivatives explains the corticosteroid-induced pain relief. 
Corticosteroids also inhibit the synthesis of immunoglobulins and neutrophil super-
oxide. They also interfere with the migration and adhesion associated with inflam-
mation. They inhibit the c-fiber transmission and stabilize the neural membranes, 
hence serving as immediate antinociceptive agents (Uthman et al. 2003; Creamer 
1999). 

Corticosteroids have been shown to enhance cartilage lesions and even promote 
degenerative lesions within the cartilage by inhibiting the synthesis of cartilage 
proteoglycan in rabbits (Papacrhistou et al. 1997; Stitik et al. 2006). In contrast, 
administering low-dose intra-articular corticosteroids in dogs normalizes cartilage 
proteoglycan synthesis. It remarkably diminishes the severity and incidence of 
cartilage lesions and osteophyte formation (Pelletier and Martel Pelletier 1989; 
1991). The use of intra-articular corticosteroids is associated with certain adverse 
side effects. In approximately 40% of patients, unpleasant facial flushing lasting 
from a few hours to several days is the most common side effect (Patrick and 
Doherty 1987; Wicki et al. 2000). Patients having a medical history of diabetes or 
hypertension should monitor their blood glucose and blood pressure for several days 
after the administration of intra-articular corticosteroid injections as they have been 
shown to increase both blood glucose levels and blood pressure (Younes et al. 2007). 
Apart from these side effects, intra-articular corticosteroids also suppress the 
hypothalamic-pituitary axis for almost 1 month; however, the effects of this sup-
pression are not clear. Intra-articular corticosteroid injections also cause a flare in the 
joint within the first 24–48 h, which goes off with the use of ice and analgesics. The 
joint replacement surgery should not be carried out within 6 weeks of the injection as 
it increases the risk of post-surgery infection (McIntosh et al. 2006). Other less 
commonly reported side effects include avascular necrosis, tendon rupture, hypo- or 
hyperpigmentation around the site of injection, and fat atrophy (Fisher and Bickel 
1971). Different preparations of corticosteroids are present in the markets, and the 
frequencies with which these preparations are used vary. The most commonly used 
preparations include methylprednisolone acetate, which is followed by



triamcinolone acetonide and beta-methasone sodium (Pelletier et al. (1994), Pyne 
et al. 2004). These preparations vary in their solubility, betamethasone being the 
most soluble and triamcinolone acetonide being insoluble. Preparations having 
lesser solubility remain within the joints for a longer time compared to the more 
soluble preparations. Lower solubility also results in lesser absorption and hence 
diminished systemic side effects (Pelletier et al. (1994), Pyne et al. 2004). The 
dosage of intra-articular corticosteroid injections also varies depending on the size 
of the affected joint and the formulation used. The larger the joint, the higher is the 
dose of the formulation required. Comparing equal quantities of triamcinolone 
hexacetonide and methylprednisolone in patients suffering from knee osteoarthritis 
showed better results with methylprednisolone at week 8 on the visual analog scale. 
Two meta-analyses studies have evaluated the efficacy of intra-articular corticoste-
roid injections, and the results show that these medications provide short-term 
symptomatic relief with pain reduction lasting 2–3 weeks (Cole and Schumacher 
2005; Arroll and Goodyear Smith 2004; Bellamy et al. 2005; Skedros et al. 2007). 
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Platelet-rich plasma is a whole blood autologous derivative that is highly 
enriched in platelets. It is prepared by venesection of peripheral blood, which is 
then centrifuged to enrich the plasma platelets. The plasma contains thrombin and 
various cytokines, and the platelet degranulation releases additional mitogenic 
factors. Various growth factors present in PRP (platelet-rich plasma) include 
VEGF (vascular endothelial growth factor), FGF (fibroblast growth factor), PDGF 
(platelet-derived growth factor), IGF (insulin-like growth factor), and TGF-β 
(transforming growth factor β) (Bennell et al. 2017; Zhu et al. 2013). It also contains 
different bioactive agents that are involved in the healing of bone, muscle, ligaments, 
and tendons. PRP has been shown to be efficacious in the treatment of various 
pathologies like osteoarthritis, degenerative spine disease, hamstring injuries, Achil-
les and patella tendinopathy, rotator cuff disease, and lateral 
epicondylitis (Kanchanatawan et al. 2016; Meheux et al. 2016; Sadoghi et al. 
2013; Dragoo et al. 2014). Growth factors present in PRP positively affect mesen-
chymal stem cell proliferation and chondrogenesis (Akeda et al. 2006; Ishida et al. 
2007; Kabiri et al. 2014; Sundman et al. 2014; Lee et al. 2012). It diminishes the 
production of proinflammatory cytokines and enhances the production of anti-
inflammatory mediators (Wu et al. 2011). It has been shown to inhibit NF-κB 
(nuclear factor-kappa B) transactivation and hence inhibit inflammatory 
reactions (Bendinelli et al. 2010; Van Buul et al. 2011). It also diminishes the 
expression of inflammatory enzymes like disintegrins, metalloproteinases, cycloox-
ygenase 2, and cyclooxygenase 4. These potential therapeutic effects make PRP a 
strong injectable candidate for the treatment of osteoarthritis (Sundman et al. 2014; 
Pereira et al. 2013). 

PRP preparation involves the use of single or double-spinning centrifugation 
protocol. However, the effect of these protocols on the separation process is contro-
versial. Apart from the manual centrifugation protocols, PRP kits are also commer-
cially available (Zhu et al. 2013). Platelet concentration in the plasma may differ 
depending upon the manufacturer, centrifugation time, and the gravity forces. It also 
depends on the physical characteristics and the sex of the patient. PRP also includes



various other products containing different concentrations of fibrin and 
leukocytes (Dragoo et al. 2012). Plasma concentrate and autologous conditioned 
plasma (ACP) are the other terms used for these preparations. Apart from PRP, other 
blood preparations, including autologous blood injection and autologous 
conditioned serum, are also used as therapeutic agents in osteoarthritis. In autolo-
gous blood injection, venous blood is directly used for the treatment, and however, 
in autologous conditioned serum, venous blood is prepared in such a way so that the 
growth factors and interleukin-1 receptor antagonist are concentrated (Braun et al. 
2014). Different PRP systems that vary in the concentration of growth factors and 
WBCs are used. Some systems are enriched in WBCs, while others are enriched in 
growth factors. Neutrophils being the most prominent WBCs, their excessive joint 
infiltration results in delayed healing and chronic inflammation (Muraglia et al. 
2014; Dragoo et al. 2012). Phagocytic macrophages mediate the clearing of the 
particulate debris that is left behind after the activation of neutrophils and release of 
proteases. Leukocyte-rich PRP produces a potent inflammatory response and also 
enhances the death of synoviocytes compared to leukocyte-poor PRP. Both 
leukocyte-poor and leukocyte-rich PRP have the same safety profile and both induce 
short-term reactions than hyaluronate (Wu et al. 2011). 
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PRP is advantageous for osteoarthritis as it inhibits inflammatory and catabolic 
responses and promotes anabolic responses (Sundman et al. 2014; Drengk et al. 
2009). Growth factors present in PRP are involved in tissue healing, collagen 
synthesis, vessel and bone remodeling, and inhibition of chondrocyte apoptosis. 
Fibrin released by platelets serves as a scaffold and also mediates stem cell migration 
to the affected tissue, thereby triggering a healing response. Pre-clinical studies have 
shown that PRP injections promote the regeneration of damaged joints in 
osteoarthritis (Hamid et al. 2014; Lee et al. 2012). They also enhance the synthesis 
of proteoglycans and type II collagen and encourage the proliferation of 
chondrocytes and cartilage regeneration. PRP also shows positive effects on 
synoviocytes and meniscal cells (Ishida et al. 2012). The role of PRP in the regula-
tion of inflammation is complex. It initially promotes inflammation, which is 
followed by a decline in the production of inflammatory molecules. PRP also acts 
as a direct analgesic by augmenting cannabinoid receptors (Lee et al. 2012). PRP 
hence serves as a disease-modifying therapeutic agent in osteoarthritis by slowing 
tissue degeneration and promoting tissue repair (Malavolta et al. 2014; Filardo et al. 
2015). Even in the absence of cartilage regeneration, PRP ensures symptomatic 
relief through its analgesic effects and modulation of inflammation (Kim et al. 2014). 

Several advantages are associated with the use of PRP for osteoarthritis 
management (Meheux et al. 2016). They are easy to use and require a minimally 
invasive procedure for intra-articular administration. The use of intra-articular PRP 
injections is safe because patients own molecules are used in this treatment 
approach (Kwon et al. 2012). No adverse side effects are associated with the use 
of intra-articular PRP injections. Minor side effects, including bruising and/or 
swelling at the site of injection, tenderness, and bleeding, are reported with their 
use (Fig. 19.4).
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Fig. 19.4 Treatment options for osteoarthritis 

Apart from the above-discussed injectable materials, several other compounds 
have been used to treat osteoarthritis pain (Braun et al. 2014). These include 
botulinum toxin type A, prolotherapy, anakinra, polynucleotides, thiotepa 
cytostatica, lactic acid solution, mucopolysaccharide polysulfuric acid ester, chloro-
quine, sodium pentosan polysulfate, somatostatin, glucosamine, morphine, saline 
solution, silicone, and orgotein. The use of these compounds has no definitive 
recommendation, as they have been examined in minor studies only. Botulinum 
toxin works as an antinociceptive agent by inhibiting the expression of calcitonin 
gene-related protein and substance P, which are the known mediators of neurogenic 
inflammation (Uthman et al. 2003; Singh 2010). 

19.8 Conclusion 

Osteoarthritis, a disease affecting the musculoskeletal system, diminishes the quality 
of life and imparts a huge socioeconomic cost globally. Although much progress has 
been made in crafting the novel therapeutic strategies for rheumatoid arthritis and in 
comprehending its pathphysiology, the pathogenesis of osteoarthritis holds multiple 
mysteries that still remain to be explored. Although first recognized as the 
non-inflammatory disorder affecting the joints with treatment focused mainly on 
disproportionate wear and tear and biomechanical features, recent advances in



science helped in refining the interpretation of the disease. In order to diminish the 
financial burden of the disease and to prolong joint health, standard protocol must be 
developed to determine whether surgical reconstruction or conservative treatment is 
required by a patient. Also to gear the ongoing process of understanding the 
pathogenesis of the disease and to find the novel therapeutic treatments, it is 
important that the researchers be supported and encouraged, so as to improve the 
quality of life for the infinite number of patients surviving with the disability and 
pain of osteoarthritis. 
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Abstract 

Nanotechnology is actively used in food science and technology, and one of the 
evolving research areas involves the nanoencapsulation of volatile bioactive 
compounds. Quite often, these bioactive compounds are inappropriately 
absorbed, and by using nanostructured systems incorporating these compounds, 
several characteristics can be upgraded, such as solubility, stability, bioavailabil-
ity, and protection against degradation. Essential oils (EOs) and their bioactive 
compounds are safe, and their formulations are used as green preservatives in the
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food industry. However, their volatility and instability in fluctuating environmen-
tal conditions significantly hinder large-scale practical use. Recently, contrasting 
encapsulation technologies have been advocated as the promoter for improving 
EOs bio-potency. Encapsulation conserves and protects EOs from aggressive 
external conditions and, at the same time, allows their controlled release, which 
is helpful for applications in agronomy. This chapter focuses on some dominant 
and popular encapsulation techniques and their role in enhancing the bio-potency 
of EOs used as horticulture preservatives.
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20.1 Introduction 

Nanotechnology is generally described as the design, creation, and utilization of the 
architecture, arrangement, and systems where the diameter and framework of the 
material is restricted to the range of 10-9 nm (Neethirajan and Jayas 2011). This 
technology has robust applications in multitude of sectors, and its speedy advance-
ment has revolutionized numerous fields of food science, especially those engaged in 
refining, loading, stockpiling, transport, management, and in various aspects of food 
safety (Bajpai et al. 2018). Essential oils (EOs) are secondary metabolites of different 
savory plants biosynthesized in distinct plant parts like epidermal cells, glandular 
trichomes, and secretary voids or canals. EOs are a blend of diverse bioactive 
compounds like terpenes, phenols, ketones, aldehydes, alcohols, esters, and phenyl 
propanoid (Bakkali et al. 2008). These oils are volatile liquids distilled from different 
structures belonging to plants. Albeit plants have been extensively utilized in the 
pharmaceuticals, agronomy, and aroma industry for many years, the significance of 
their EOs has profoundly increased in recent years due to their valuable properties. 
For example, various studies have demonstrated their antioxidant and biocide 
properties, which find applications in infinite areas (El Asbahani et al. 2015; 
Obolskiy et al. 2011). They have a broad spectrum of biocide activities due to 
their numerous bioactive volatiles. Generally, 300 EOs associated with families 
Zingiberaceae, Asteraceae, Apiaceae, Lamiaceae, Myrtaceae, Lauraceae, 
Piperaceae, and Cyperaceae are economically being utilized in perfume and essence 
industries (Burt 2004). Since relics, diverse formulations of EOs and capricious 
extracts (derived from plants) have been used in conventional medicine for various 
health benefits. The significance of EOs is elucidated by the presence of their 
abundant number of bioactive ingredients (Friedman 2014). Extensive research 
has been carried out in order to determine their biocide, insecticidal, antioxidant, 
and herbicidal effects (Jing et al. 2014; Nikolić et al. 2013). For example, activity 
against Escherichia coli, Staphylococcus aureus, and Bacilus subtilis has been 
shown by EOs isolated from Citrusmedica L. var. sarcodactylis, cinnamon, thyme, 
and citronella (Lou et al. 2017; Timung et al. 2016). Antifungal activities have also



been reported; for example, Penicillum parasiticus and Aspergilus niger growth 
have been retarded by Tetraclinis articulata (Vahl) (Bourkhiss et al. 2007). Strong 
antioxidant properties have also been exhibited by various plants, for example, 
Juniperus phoenicea and Citrus medica L. EOs showed potent antioxidant activity 
(Lou et al. 2017; Bouzouita et al. 2008). Some insecticidal effects have also been 
displayed by Juniperus phoenicea EO against Tribolium confusum, Cymbopogon 
citratus (DC.), Ocimum canum Sims, Ocimum gratissimum L. var. “gratissimum” L., 
and Thymus vulgaris L. EOs against anopheles gambiae (Bouzouita et al. 2008; 
Tchoumbougnang et al. 2009). These properties could be used to produce 
bio-pesticides (Sumalan et al. 2019). Other applications of EOs involve their use 
for improving human well-being (Chitprasert and Sutaphanit 2014; Badea et al. 
2019). EOs are extensively utilized in aromatherapy, cosmetics, and massage 
(Lardry 2007). In the industries, EOs are also used as preservatives and essence in 
food (Friedman 2017). Additionally, EOs are also used as fragrances in soaps and 
perfumes since the nineteenth century (Baser and Buchbauer 2015; Boh and Knez 
2006). 
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Recently, the nanoencapsulation technology has supplemented a contemporary 
dimension to food industries as it intensifies the bio-potency of essential oils by 
elevating the bio-accessibility of nano-diameter commodities that are easily capable 
of strengthening the bioactive volatiles in solid-liquid interface and liquid-rich state 
where microbes are more cordially located (Hosseini et al. 2013). EOs offer excel-
lent antimicrobial, insecticidal, antioxidant, and pharmaceutical properties; however, 
their practical utilization is yet minimal as the EOs are profoundly volatile and 
quickly degrade upon oxidation by light, heat, oxygen, and humidity (Bilia et al. 
2014). On the other hand, nanoencapsulation being a powerful, skillful, and profit-
able technology offers a contemporary dimension for the enrichment and stability of 
EOs and bioactive volatiles by safeguarding them from direct and natural climatic 
effects. Moreover, encapsulation also reduces the volatility and lethal effects of EOs, 
upgrades their hydrophilicity, and further intensifies their bio-accessibility and 
bio-potency due to a surge in surface-to-volume proportion, as well as deep tissue 
permeation capability (Gupta and Variyar 2016). 

The main challenges of controlling the high volatility of essential oils has been 
solved by advancements in the fields of various encapsulation methods. Encapsula-
tion can restrain EOs by a physiochemical interaction with a matrix, which retains 
the essential oil for an extended time (Baser and Buchbauer 2015). Relatively all 
applications of EOs demand an increment in retention times and release profiles 
(El Asbahani et al. 2015). For example, in the cosmetic industry, it is convenient to 
develop a technique of encapsulation in which the EOs are released by automatic 
effects (Kerdudo et al. 2015). On the other hand, the encapsulation of flavors for 
food applications calls for a limited controlled release (Madene et al. 2006). In the 
case of pesticides, encapsulation needs to allow for gradual and uninterrupted 
delivery of the active products at an optimal threshold level in the environment 
(Lopez et al. 2012). The delivery of the active agent after encapsulation is possible 
by simple diffusion, exterior factor interruption, or matrix erosion. In every case, it is 
necessary that neither the matrix nor its residues are lethal to the environment. As a 
result, many innate polymers have been utilized for pesticide encapsulation.
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20.2 Encapsulation Methods of Essential Oils 

Encapsulation of essential oils or their bioactive volatiles refers to the entrapment of 
plant products inside polymeric protective integument. Nanoencapsulation concerns 
the plant product’s encapsulation in the nano range, i.e., 10–1000 nm (Zuidam and 
Shimoni 2010). Widely, these techniques are divided into three types, i.e., chemical 
processes (e.g., in situ polymerization, molecular insertion) and physicochemical 
procedures (Zuidam and Shimoni 2010). Encapsulated material is called the core 
material, intrinsic state, or active material, while the encapsulating compound or 
integument is known as shell or wall material. Some workers showed the efficacy of 
various wall materials, viz., starch-based (cellulose, dextrins, pectin), fats-based 
(phospholipids, cholesterol), protein-based (albumin, lecithin), and synthetic 
compounds (sodium caseinate, poly lactic acid) used in the encapsulation of bioac-
tive agents (Zuidam and Shimoni 2010). Reports suggest that core materials like fat 
and water-soluble vitamins, fish oils, essential oils, and antimicrobial agents 
encapsulated showed promising properties like slow release, enhanced stability, 
aroma masking, etc. (Pandit et al. 2016). 

Amidst diverse nanoencapsulation methods or techniques, ionic gelation and 
coacervation are the most widely used encapsulation techniques employed to pro-
mote the preservative potential of bioactive volatiles. Based on encapsulation 
techniques, distinct types of encapsulated bioactive volatiles have been evolved, 
like nanoemulsion, nanogel, nanoparticle, nanofiber, nanoliposome, and 
nanosponge. Among all of them, nanogel, nanoemulsion, and nanoparticles have 
been used as powerful distribution systems in food industries and pharmaceutical 
sectors (Wan et al. 2019). Encapsulation methods have been observed to elevate the 
antimicrobial potency of EOs. For example, encapsulated Lavender EO have shown 
three times more intensification in its antimicrobial efficacy (Yuan et al. 2019). 
Additionally, encapsulation further elevates the biocide efficiency and thermal 
stability of EOs. Some of the primary benefits of nanoencapsulation methods are 
presented in Fig. 20.1 (Tiwari et al. 2020). 

Some dominant and popular encapsulation methods and their role in enhancing 
the bio-potency of bioactive compounds are expressed below: 

20.2.1 Liposome-Based Techniques 

20.2.1.1 Emulsification 
This encapsulation technique is most commonly used, and it involves the fission of 
two immiscible solvents, and the resulting product is called an emulsion. Emulsifi-
cation is also used as a preliminary step for encapsulation techniques, e.g., spray 
drying and freeze-drying (Laokuldilok et al. 2016; Mehyar et al. 2014). Generally, 
emulsions consist of a dispersed phase, a continuous phase, and a pacifier or 
surfactant, or stabilizer that functions as coherence between the two phases. The 
categorization of an emulsion is in accordance to its dispersed phase, i.e., oil 
dispersed in a continuous water phase is referred as an oil in water (O/W) emulsion



and water dissolved in oil is called water in oil (W/O) emulsion (Saifullah et al. 
2016). Aroma emulsions utilized mainly in liquid and semi-solid food products (e.g., 
ice cream, soft drinks) are oil-in-water emulsions because flavors are generally lipid 
in nature. Depending on the oil droplet size, emulsions can be categorized as 
macroemulsions, microemulsions, and nanoemulsions. Micro- and nanoemulsions 
are extremely refined emulsions displaying exceptionally improved action as com-
pared to macroemulsions in terms of stability, optical lucidity, and controlled 
release. These ultra-refined emulsions can be formulated by utilizing either high-
energy methods (e.g., high-pressure valve homogenizers, micro-fluidizers, and son-
ication methods) or low-energy methods (e.g., phase inversion and spontaneous 
emulsification) (Saifullah et al. 2016). The high-energy methods depend upon 
specifically devised automated machinery; hence these can be extravagant. On the 
other hand, low-energy methods are not in need of any sophisticated equipment, and 
they are easy and elementary, inexpensive, and extra energy-efficient (Anton and 
Vandamme 2011). 
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Fig. 20.1 Advantages of encapsulation of essential oils 

20.2.1.2 High-Pressure Homogenization 
High-pressure homogenization (HPH) is a frequently practiced high-energy tech-
nique in the food industry. Primarily in this technique, a crude emulsion is 
formulated by a high-shearing mixer. After that, the resulting emulsion is allowed 
to pass through a confined orifice with tremendous acceleration under elevated 
pressure (100–2000 bar). This step unmasks the emulsion to a blend of extreme 
disruptive forces (i.e., instability, shear, vacuity) to promote droplet disruption



converting the coarse or giant droplets into tinier ones, developed in an ultimate 
emulsion (Saifullah et al. 2016). Some workers prepared a nanoemulsion of a D-
limonene flavored organogel of mono stearin and medium chained triglyceride oil 
using this technique HPH (Zahi et al. 2015). As per the study, monostearin, a 
medium chain triglyceride oil, and D-limonene were blended in the weight ratio of 
1.5:8.5:20 (w/w/w). D-Limonene organogel was utilized as the oil phase, and Milli-Q 
water containing varying amounts of Tween 80 surfactant was utilized as the water 
phase. The study produced the smallest emulsion size of 36 nm. The resultant 
nanoemulsions revealed a satisfying physical stability and powerful antimicrobial 
action when compared with free D-limonene (Zahi et al. 2015).The carvacrol 
nanoemulsions(O/W) and nanocapsules were formulated by using a high-pressure 
homogenization method with malto-dextrin and Tween 20. The study demonstrated 
an encapsulation efficacy of 49.3–76.4% and a loading capacity of 48.7–69.2%. 
Nanoencapsulates revealed boosted efficacy than nanoemulsions in order to encap-
sulate the carvacrol (Hussein et al. 2017). Nevertheless, the desirable characteristics 
of emulsions and elevated efficacy in essence, retention can be accomplished by 
regulating the homogenization environment. Current studies reveal that the emulsion 
droplet size may diminish with expanding homogenization pressure or a number of 
gaps, reducing interfacial tension, intensifying emulsifier adsorption rate, and 
shrinks the continuous phase viscosity (Zahi et al. 2015; Yuan et al. 2008). There 
is generally a beeline relationship between the logarithm of homogenization pressure 
(P) and the logarithm of the droplet diameter (d ), i.e., logdα logP. In order to 
intensify the emulsification efficacy and stability of an emulsion, an adequate 
amount of emulsifier is also very crucial. 
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20.2.1.3 Ultrasonic Technique 
High-intensity ultrasonic waves (frequency >20 kHz) can be utilized to create 
severe disruptive forces, culminating in fine emulsion droplet production (Jafari 
et al. 2007). Complementary to high-energy methods, a pre-fused crude emulsion is 
utilized in the ultrasound technique. An ultrasonic probe is immersed into the sample 
or set in the streamed flow of the sample to be homogenized. The probe produces 
excessive disruptive forces at its tip due to the amalgamation of vacuity, turbulence, 
and interfacial wave. Ultrasonic homogenization can be performed continuously or 
in batches (Leong et al. 2009). For a laboratory-scale generation, batch ultrasonic 
homogenization is appropriate. On the other hand, continuous ultrasonic 
homogenizers are generally utilized for the large-scale generation of fine emulsions 
(Laokuldilok et al. 2016). Roasted coffee bean oil mini-emulsions were formulated 
utilizing poly-L-lactic acid (PLLA) and poly hydroxybutyrate-co-hydroxyvalerate 
(PHBV) as delivery material through HPH and sonication. The end products 
elucidated the good encapsulation of major essence compounds of coffee bean oil 
in nanocapsules. Sonication produced the maximum oil restoration for PLLA 
systems, while HPH governed the maximum oil recovery for PHBV systems 
(Freiberger et al. 2015). Still, the ultrasonic method is exceptionally applicable for 
little viscosity fluids over elevated viscous systems. A diagrammatic representation 
of ultrasonic method is being depicted in Fig. 20.2 (Kumar et al. 2019).
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Fig. 20.2 Ultrasonic technique used to create small-size particles 

20.2.2 Spray Drying 

This technique is broadly utilized and is a highly economical method for 
encapsulating bioactive volatiles (Saifullah et al. 2016; Freiberger et al. 2015). The 
spray drying technique is applied for the generation of essence fine powders. This 
provides a boosted production rate with the lowest utilization prices. These 
advantages allow this technique to be utilized for the encapsulation of flavoring 
compounds on an industrial scale (Sanchez-Reinoso et al. 2017; Sultana et al. 2017). 
Moreover, spray-dried essence powder is applied to a broad range of food materials 
to elevate product influence and preferences in the consumer’s eyes (Sultana et al. 
2017). The preliminary principle on which the spray drying technique is based 
involves the atomization of a food sample fed into a drying chamber by using an 
atomizer (e.g., spray nozzle or stop cock), desiccating of liquid droplets inside the 
drying chamber, and powder restoration via a cyclone separator (Shishir and Chen 
2017; Masters 2002). The scattered carrier materials should have satisfied water 
solubility because only water-based dispersals are beneficial for spray drying func-
tioning. Moreover, the prerequisite condition for carrier materials is that they must 
have reduced viscosity at increased concentrations, better emulsification/film-
forming features, and efficient drying properties (Shishir et al. 2017). The dissolution 
of the gist material and delivery compounds can be achieved by using high-speed



blending or high-shear emulsification utilizing colloid mills to produce a coarse 
emulsion. After that, the emulsion can be processed further by utilizing diverse 
mechanical methods, for example, high-pressure homogenization, microfluidization, 
and ultrasonic emulsification. Prior to the beginning of the spray drying method, the 
emulsion formulated should be stable over a particular period of time (Liu et al. 
2001). The carrier materials widely applied in spray drying technique are mostly 
lipophobic polysaccharides (e.g., maltodextrins, chitosan, alginate, and different 
types of gums) and proteins (e.g., whey protein), while the gist or core materials 
can be active lipophobic or lipophilic molecules (Zuidam and Shimoni 2010). The 
emulsion produced is utilized as the sample feed during spray drying. This is 
pumped into the drying chamber via the atomizer. There are two classes of atomizers 
which are commonly used: a high-pressure nozzle or a centrifugal wheel (Masters 
2002; Phisut 2012). The atomizer fissures the liquid feed into small particles or 
droplets and sprays it into hot air. Three classes of airflow are applicable inside the 
drying chamber: co-current flow, counter-current, or mixed flow type. Ultimately, 
the encapsulated dry particles are separated via a cyclone separator and unloaded 
into the receiver. The total time needed for modification of the liquid droplet into 
powder form is a few milliseconds to a few seconds (Masters 2002; Phisut 2012), 
which is very appropriate for heat-labile compounds (e.g., flavor). The rate and 
viscosity of the feed have remarkable effects on the spray drying process. High-
viscosity emulsions affect the atomization and, therefore, the drying process. The 
confinement of aroma compounds during spray drying is influenced by the confor-
mation and properties of the emulsion and by the drying conditions (Gharsallaoui 
et al. 2007). The temperature of desiccating medium (hot air) is generally fixed at 
different levels depending upon the nature of the gist material. The abrupt drying of 
droplets maintains the core temperature below 100 °C despite the high temperatures 
(>150 °C) utilized in the process (Jafari et al. 2008). A crucial step is to sustain the 
temperature low for essence core materials as the essence may consist of different 
components with low boiling points, with high volatility. Hence, there is the 
probability of losing certain aromatics during the drying process (Apintanapong 
and Noomhorm 2003). A desired encapsulation displays the highest retention of gist 
material and the lowest accumulation of core material in the powder particle wall. 
The spray drying technique, however, exhibits restricted retention of volatile flavor 
compounds, especially those having a low boiling point, although ideal drying 
conditions are followed (Reineccius 2004). Two theories have been advanced, and 
the primary one is the selective diffusion theory. This theory describes that when the 
emulsion droplets desiccate to a moisture content of about 23 to 7% (aw <0.90), the 
dehydrated surface functions as semi-penetrable membrane permitting the steady 
evaporation (or diffusion) of water and the efficient confining of essence molecules 
(Reineccius 2001, 2004). Flavor diffusivity finally gets reduced as compared to 
water molecules after the formulation of dehydrated surface. Therefore, most loss of 
flavor generally occurs at the beginning of desiccating process. The second theory is 
the relative volatility of aroma compounds compared to water. The loss is equivalent 
to the proportionate volatility of flavor; hence, more loss of volatile flavors occurs at 
an increased rate in the primary drying stage (Reineccius 2001, 2004). In spray
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drying technique, there are three stages where flavor losses occur. Firstly, flavor 
losses occur during atomization because it creates increased surface area and 
extended turbulence in the emulsion system. Secondly, flavor losses occur when 
the droplets are disclosed to the dehydrating chamber and start desiccating. At this 
point, essence molecules spread out via the outer covering of the droplets with water 
molecules since the droplet membrane is not compact enough to capture the flavor 
molecules. Thirdly, terminal flavor losses occur when the boiling point of water 
droplets exceeds and forms froth inside the droplet that mostly explode to the surface 
along with volatile compounds. The losses during this third stage (i.e., during 
morphological development) are larger than during atomization and the initiation 
of surface drying (Hecht and King 2000). In a novel study, cocoa essence 
compounds were microencapsulated via spray drying techniques utilizing maltodex-
trin and Hi-cap 100. The study reported that the process yield reached up to 58.77%. 
The delivery material Hi-cap 100 displayed an increased retention of cocoa aroma 
(22.6–32.5%) and exceptional micro-structural properties in cocoa aroma 
microcapsules as compared to maltodextrin (Sanchez-Reinoso et al. 2017). Compa-
rably, Sultana and coworkers revealed that the greatest retention of D-limonene and 
ethyl hexanoate by spray drying micro-encapsulation were 48% and 45%, respec-
tively, with Saccharomyces cerevisiae utilized as a delivery material (Sultana et al. 
2017). The final results reported that greater than 50% of flavor and aroma 
compounds were vaporized during spray drying microencapsulation. On the other 
hand, the highest microencapsulation efficacy by spray drying method was revealed 
up to 68.91%, 87.34%, and 80.2% for white champaca extract, sweet orange oil 
aroma, and oregano essence in skimmed milk powder, respectively 
(Samakradhamrongthai et al. 2016; Liu et al. 2012; Baranauskienė et al. 2006). In 
the case of nanoencapsulation, spray drying technique was only utilized to transform 
a suspension of colloidal nanoparticles into nanostructured powder form. Some 
workers reported the encapsulation of nanoemulsion particles of D-limonene by 
spray drying method (Jafari et al. 2007). Maltodextrin in amalgamation with a 
surface-active biopolymer, i.e., altered starch (Hi-Cap 100), whey protein fixate, or 
a surfactant (Tween 20), was utilized as the coat material. Hi-Cap exhibited greater 
retention of D-limonene by around 86.2% in spray-dried particles. Nevertheless, 
nano-spray drying technique has currently been applied for the production of 
nanoencapsulated bioactive compounds. 
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20.2.3 Electrospinning 

Electrospinning, also known as electrospraying technique, is a typical way for 
encapsulation of aroma compounds. These techniques are easy, commercial, and 
scalable methods in addition to possessing functional utilization (Kayaci et al. 2014; 
Koo et al. 2014). In the electrospraying approach, nanofibers are formulated from a 
polymer solution in a spinneret by an enormous voltage potential, where particles are 
generated from a polymer solution in the stopcock via liquid atomization by electric 
power (Esfanjani and Jafari 2016). They are non-thermal operations, and there is no



possibility of thermal degradation of heat-labile compounds, thus are very applicable 
for the encapsulation of aroma compounds. Apart from creating fibers and droplets 
with a confined size distribution, electrospinning methods impede particle cluster 
formation and agglomeration. Thus these techniques are very suitable for preparing 
both micro and nano-scale encapsulate systems encountered in food and medicine 
industries (Koo et al. 2014; Esfanjani and Jafari 2016; Tampau et al. 2017; Yao et al. 
2016). 
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Electrospinning can also produce small droplet sizes when compared to 
nanospray drying. Beads and porous structures made by electrospraying can weaken 
the sustained release delivery system (Esfanjani and Jafari 2016). Nevertheless, the 
low throughput of electrospraying approach can hamper the large-scale production 
and commercial application (Yang et al. 2017). To date, several novel approaches 
have been introduced into electrospinning and electrospraying, e.g., coaxial and 
emulsion approaches. The successful applications of these novel approaches for the 
encapsulation of essence compounds have also been reported by several recent 
studies, e.g., rose hip seed oil by coaxial electrospraying (Yao et al. 2016), pepper-
mint oil by coaxial electrospinning (Koo et al. 2014), carvacrol by emulsion 
electrospraying (Tampau et al. 2017), and D-limonene by emulsion electrospinning 
(Khoshakhlagh et al. 2017). This innovative approach provides one-step 
co-encapsulation of numerous compounds with varying solubility, elevated encap-
sulation efficacy, boosted stability, and elated controlled delivery profile of 
encapsulated compounds as compared to single stopcock electrospraying or 
electrospinning (Yao et al. 2016; Matsuura and Maruyama 2017). The emulsification 
approach permits the encapsulation of immiscible compounds with elated encapsu-
lation efficacy, increased loading capacity, elevated thermal stability, and persistent 
release profile of aroma compounds (Tampau et al. 2017; Khoshakhlagh et al. 2017; 
Camerlo et al. 2013). 

20.2.4 Freeze-Drying 

The fundamental principle of freeze-drying or lyophilization technique involves the 
chilling of water content in a solution or suspension, accompanied by vaporization of 
the water molecules from the solution or suspension at a decreased temperature 
(Anandharamakrishnan et al. 2010). The entire dehydrating process takes place 
under conditions of low temperature and pressure. Therefore, it is an appropriate 
technique for heat-labile food compounds, including flavors, aromas, catalysts, etc. 
(Madene et al. 2006; Raja et al. 2019). Lyophilization provides appropriate 
characteristics to essence when compared with other drying and encapsulation 
techniques (Buffo and Reineccius 2001; Abdul-Fattah et al. 2007). The drying 
technique involves four main steps: freezing, primary drying, secondary drying, 
and final treatment (Abdul-Fattah et al. 2007). In freezing, the bioactive compound 
(raw material) is chilled to a solidified ice form, and the crystal’s size is based on the 
chilling rate, the primary magnitude of chilling temperature, and the final tempera-
ture of chilling. The water molecules present in the food material form solidified ice,



whereas food materials remain in an irregular and icy state, i.e., do not produce 
crystal (Abdul-Fattah et al. 2007). Primary drying includes the exclusion of ice by 
sublimation under a vacuum that is created, as the required energy for latent heat is 
provided to the chilled food compounds. Sublimation begins at the ice crystal 
surface and takes place at the junction between the chilled and dehydrated part 
of the compound. At the start of the event, the desiccating rate turns high as a result 
of the decreased resistance to transmission of heat and mass in the primary stages of 
desiccation. During the commencing of the desiccation process approaching the core 
of the material, the heat and mass transmission rate decreases due to the chilled 
portion of the material functioning as cushioning material, which in turn reduces the 
heat transfer to the crystal ice front and obstructing the mass transmission from the 
ice front (Abdul-Fattah et al. 2007). The stage of secondary drying starts when entire 
ice crystals are eliminated from the material and the water that is bound in the 
desiccating material. The conditions like temperature and pressure should be the 
same in the dehydrated chamber as in the primary dehydrating step (Abdul-Fattah 
et al. 2007). Various factors are responsible for producing better-featured frozen-
dehydrated essence powders. Primarily, the complete dehydrating method is driven 
under vacuum conditions so that there is a workable deficiency of air that will 
prevent oxidative deterioration. Secondly, the dehydrating temperature is less than 
that of climatic temperature. Therefore, the materials, for example, flavors that are 
heat labile and very sensitive towards oxidation, can be dehydrated under vacuum 
with meager physical and chemical deterioration (Abdul-Fattah et al. 2007). The 
preparedness of the sample done for freeze desiccating is identical to spray drying 
technique. The flavor and aroma materials, stabilizer, and water are blended into the 
required particle size. In a notable study, aliphatic and aromatic alcohols were 
encapsulated by utilizing amylose molecular complex by fixed heating and freeze-
drying method (Feng et al. 2018). At the beginning, a dispersed amylose suspension 
is formulated by heating and was cooled. The flavor compounds were then added to 
the amylose suspension and allowed to react. Then it was taken for ethanol washing 
and centrifugation. Consequently, coagulates formed were treated by freeze-drying 
method to get essence powder. The reports displayed that the encapsulation efficacy 
and outcome varied from 39% to 47% and 45–50%, respectively. All amylose-flavor 
inclusion complexes exhibited excellent thermal stability. Cardamom essence, i.e., 
D-limonene, 1,8-cineole, myrcene, terpineol, and linalool, were encapsulated 
utilizing whey protein isolate (WPI), guar gum (GG), and carrageenan 
(CG) through emulsification and freeze-drying method (Mehyar et al. 2014). The 
study reported that the microcapsules, consisting of only WPI, showed the elevated 
flavor entrapment (7.5%) and microencapsulation efficiency (98.5%). The 30% WPI 
and 30% WPI + GG formulations exhibited higher retention capacity of 1,8-cineole 
and D-limonene at the time storing process (Mehyar et al. 2014). Therefore, 
increased energy demands and prolonged processing time (more than 20 h) are the 
considerable limitations of freeze-drying (Wan et al. 2019). Furthermore, freeze-
drying technique creates wide, porous network of coarse particles that are ineffective 
when a prolonged release of flavor materials is needed (Abdul-Fattah et al. 2007).
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20.2.5 Extrusion 

Extrusion is a novel advancement to encapsulate the flavor compounds when related 
to spray drying. In the method of extrusion, a delivery solution combined with 
bioactive compounds is run by using a nozzle into a jellifying environment. In 
laboratory-scale production, the combined solution consisting of a carrier and 
bioactive compounds is supplied into a syringe and run via a needle into jellifying 
conditions to formulate gelation (Khor et al. 2017). The pressure and temperature are 
mainly fixed below 100 psi and 118 °C in this procedure, respectively. Hence, the 
extrusion technique is very appropriate for thermo labile compounds, and it has 
demanding functions for the microencapsulation of aroma compounds (Khor et al. 
2017; Rodríguez et al. 2016; Tackenberg et al. 2014). In the extrusion method, 
droplets are produced by various mechanisms based on the synergy of the gravita-
tional, surface tension, impulse, and abrasion forces. Hence, the extrusion technique 
can be categorized into simple trickling, electrostatic extrusion, coaxial airflow, 
vibrating jet/nozzle, jet cutting, spinning disk atomization, and melt extrusion. 
When there is the formulation of droplets, they are directly solidified to capsules 
by physical (e.g., chilling or melting) or chemical process (e.g., jellifying) 
(Rodríguez et al. 2016). Calcium alginate/D-limonene beads were prepared by 
electrostatic extrusion (Lević et al. 2015). The study revealed that D-limonene was 
combined into Na-alginate solutions with forceful combination to form D-limonene/ 
Na-alginate emulsions. Emulsions were then captured into an electrostatic immobi-
lization unit fitted with a large voltage unit, magnetic stirrer, and shielding cage. The 
emulsions were modified into spherical droplets or calcium alginate beads via a blunt 
stainless-steel needle utilizing a syringe pump by the electrostatic extrusion system. 
For producing dried forms of beads, further air drying is accomplished at 25 °C for 
48 h. The study displayed excellent immobilization of D-limonene within calcium 
alginate beads (immobilization efficacy 50–77%). Moreover, calcium alginate beads 
were able to confer protection to thermo labile D-limonene up to 200 °C (Lević et al. 
2015). Encapsulation of orange terpenes in maltodextrin-sucrose carrier matrix was 
done by utilizing a counter-rotating twin screw extrusion process. Approximately 
67% of aroma retention was reported from the loading capacity of 4.1%. The 
researchers elucidated that the cause of essence loss was because of inadequate 
blending during the procedure and essence vaporization after extrusion or swelling 
(Tackenberg et al. 2015). In another study, three ideal factorial designs were 
accomplished to explore the influence of barrel temperature, powdered feed rate, 
and vital medicinal ingredient content on the retention of flavor products. The final 
outcome revealed that a maximum of 6% loading of orange terpenes was acquired 
with an encapsulation efficiency of 86.7%. The orange terpene microcapsules were 
also largely stable during the storage process of 12 weeks (Tackenberg et al. 2015). 
Quercetin is a natural flavonoid exhibiting robustness in health-boosting and phar-
maceutical advantages, but due to their very astringent and bitter taste, diminished 
the consumer’s desirability to quercetin-enriched compounds. Moreover, it is very 
much prone to oxidative deterioration (Kawabata et al. 2015). Recently, the bitter-
ness of quercetin was neutralized by encapsulation using carnauba wax, shellac, and



zein by utilizing hot-melt extrusion. The quercetin-loaded microcapsules showed a 
remarkably decreased dispersal rate in the imitated salivary pH (6.8) in the order of 
zein > carnaubawax > shellac. In vitro bitterness investigation by electronic tongue 
revealed the quality taste concealing efficacy of the quercetin-loaded microcapsules 
(Khor et al. 2017). While the process of extrusion is two times economical than spray 
drying, the application of screw extruders at elevated pressure can lead to essence 
loss, and hence ideal conditions are required (Rodríguez et al. 2016). 
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20.2.6 Coacervation 

Coacervation technique has been a promising encapsulation method for a long time, 
while currently it has been utilized for encapsulating food flavor compounds in food 
industries. Coacervation involves the liquid-liquid phase partition of colloid 
molecules from a solution and constitutes a new phase, which is known as coacer-
vate (Yang et al. 2014). The phase partition can be categorized as aqueous and 
non-aqueous phase partition based on, if water is used as the solvent. For flavor 
encapsulation, the aqueous partition is the most accepted because aroma components 
are lipophilic in nature. The underlying mechanism included in this technique is the 
generation of an emulsion followed by the precipitation of the continuous phase 
encompassing the droplets of the discontinuous phase. This method includes a three-
phase system, which involves a production vehicle (solvent), the active compound to 
be encapsulated, and the shell material. The coacervation procedure involves three 
major steps: creating the three immiscible phases, impeachment of coating material 
around the gist material(active compound), and solid microcapsule creation via 
condensation and coagulation (Mehyar et al. 2014). In the first step, phases are 
formulated during blending, and gist material, wall material, and continuous liquid 
phase are distributed in this step. In the case of food essence and aroma encapsula-
tion, the choice of wall materials is stringently restricted by food additive manage-
ment and gelatin is utilized in most cases. The second step includes interfacial 
adsorption of the lipophobic phase on the droplets of the gist material. The pH and 
temperature of the solution need to be adjusted for the progression of capsules which 
leads to the encapsulation separating out from the solution, precipitation at the top 
surface of the droplets, and creation of the wall coating. In the last step, condensation 
and hardening is done to form a condensed and solidified capsule. Heating, 
de-solvation, or cross-linking methods can be utilized to achieve this. In one 
study, β-pinene was encapsulated utilizing sodium caseinate, whey protein isolate, 
carboxy methylcellulose (CMC), and reticulating agents (i.e., glycerol and tannic 
acid) via complex coacervation (Koupantsis and Paraskevopoulou 2017). The ter-
minal product exhibited that sodium caseinate -CMC microcapsules, with the addi-
tion of glycerol, boosted loading capacity and encapsulation efficacy reached up to
�55% and �90%, respectively. Adding glycerol elevated encapsulation efficacy 
twofold. Additionally, glycerol addition revealed elated retention of volatile 
compounds in the microcapsules when stored at low relative humidity (RH) and 
temperature (0% RH, 25 °C) (Koupantsis and Paraskevopoulou 2017). Alternative



studies have also revealed the fruitful encapsulation of vanilla oil and sweet orange 
oil by complex coacervation with elevated loading capacity, reinforced essence 
retention, and upgraded thermal stability (Yang et al. 2014; Jun-xia et al. 2011). 
As a result, the coacervation technique is regarded as more effective in essence 
retention than spray drying as it does not need elevated temperature, provides 
soaring core loading capacity, immense encapsulation efficacy, and an extreme 
restricted delivery of bioactive volatiles. 
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20.2.7 Inclusion Complexation 

Cyclodextrins (i.e., α-, β-, γ-cyclodextrin) are modified starch molecules produced 
after enzymatic action. The most accepted kind of cyclodextrin is β-cyclodextrin 
(β-CD). Conventional utilization of cyclodextrin is to safeguard the unstable 
compounds and to contribute increased combined value, especially to essence 
materials by utilization of encapsulation. The atomic complex of cyclodextrin is 
identical to the empty curtailed cone. The inner cavity size is in nano order. The inner 
hydrophobic cavity of cyclodextrin captures the essence or aroma molecules of the 
appropriate size through hydrophobic synergy (called as molecular inclusion), while 
the external surface exhibits lipophobic features. Some workers formulated a β-CD 
atomic inclusion system for the encapsulation of sweet orange essence (Liang et al. 
2012). The study reported that β-CD is mixed in lukewarm water sustained at 35 °C 
temperature. Then the blend is constantly agitated for 3 h at 35 °C. When its 
temperature gets diminished automatically to ambient temperature, the solution is 
left to remain overnight at 5 °C. The chilly coagulated material is then retrieved by 
vacuum filtration. The formed coagulate is then washed with alcohol and dehydrated 
in a convection oven at 50 °C for 24 h. Hence, the sweet orange essence-loaded 
β-CD atomic inclusion systems are formulated. Numerous studies have revealed the 
ameliorated features of essence and aroma when encapsulated with diverse 
cyclodextrins, e.g., carvacrol in α-CD, β-CD, and HP-β-CD (Liang et al. 2012), 
cinnamaldehyde in α-CD and β- (Chun et al. 2015), thymol in β-CD (Del Toro-
Sánchez et al. 2010), and ethyl benzoate in HP-β-CD (Giri et al. 2013). Cyclic 
oligosaccharide cyclo-dextrins are the mostly utilized encapsulating polymer for 
EOs through this technique of inclusion complexation. Essential oil encapsulation 
within cyclodextrin biopolymer displayed a convincing increase in water solubility 
up to 16 times and diminished the photo-deterioration rate up to 44 times, providing 
physical and chemical stability along with elevation in its bio-potency (Kfoury et al. 
2019). 

20.2.8 Ionic Gelation 

In ionic gelation technique nanoparticles are produced when polyelectrolyte cross-
links with counter ions of essential oils to form nanoparticles (Kfoury et al. 2019). 
Ionic gelation is also known as fluid bed coating or air suspension coating, in which a



shelling or coating of particles suspended in air is done (Saifullah et al. 2016). There 
are two types of fluid bed coating methods, Continuous and Batch. Three basic states 
are included in this method: at the start, there is fluidization of the molecules which 
are to be coated into the coating chamber by utilizing an airstream. Then, the shelling 
material is sprinkled by a stopcock onto the particles. Lastly, the solvent of the 
coating material is vaporized by the heated air and hence the shelling material sticks 
to the nanoparticle (Madene et al. 2006; Mehyar et al. 2014).This method can be 
utilized to develop a subsequent shell to spray-dried compounds or for compounds 
with a sensitive core, such as oils, flavors, and aromas (Sultana et al. 2017). This 
method permits a considerable range of shelling materials compared to traditional 
spray drying and is cost-effective in terms of operation and time when compared to 
freeze (Pandit et al. 2016). Therefore, this method is not profoundly analyzed for the 
encapsulation of essence compounds when compared to spray drying and freeze-
drying. Some workers recently reported the influence of diverse drying techniques, 
i.e., fluidized bed coating, spray drying, and freeze-drying on the fish oil 
microcapsules by using maltodextrin, soluble soybean polysaccharide (SSPS), 
hydroxypropyl beta cyclodextrin (HPBCD), and octenyl succinic anhydride starch 
(OSA-starch) (Yuan et al. 2014). Fluidized bed coating proved to be an appropriate 
technique with superlative ranges of encapsulation efficiency (96.10–99.39%) in all 
matrices. Among the delivery systems, the gelatin emulsion delivery agent was more 
potent and exhibited elevated restriction of menthol discharge and elevated encap-
sulation efficacy (�95%) (Sun et al. 2013). Syzygium aromaticum (clove) EO within 
chitosan biopolymer displayed elevated antifungal activity against Aspergillus niger 
and also exhibited a controlled release effect (Giri et al. 2013). Schinus molle EO 
encapsulation via this technique increased its anti-fungicidal action against Asper-
gillus parasiticus and also enhanced its anti-aflatoxigenic efficiency at reduced 
concentrations (Anwar and Kunz 2011). 
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20.3 Restraints of Encapsulation Methods 

So far, diverse processes of encapsulation have been exploited. However, no one 
proved to be correspondingly satisfactory for larger bioactive volatiles. The under-
lying reason for this lack of success is the specific structure of the bioactive 
compounds. Furthermore, nanoencapsulated EOs may agglomerate if the storage 
period is longer, which causes a reduction in bio-efficiency. The utilization of 
surfactants may lead to the dissipation of volatile alcoholic compounds of EOs, 
causing an effective decrease in biocide activity and initiation of some toxicological 
effects like allergic reactions and skin inflammation in the mammalian system (Das 
et al. 2019). The effects of such nanoencapsulated EOs on unspecific organisms are 
also a concern.
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20.4 Conclusions and Future Perspectives 

Implementing nanotechnology in bioactive volatile encapsulation provides many 
benefits, from food preparation to loading, which involves upgradation in stability 
and bioaccessibility. There are many health benefits presented by this technique, like 
the shielding and controlled release of bioactive volatiles. The bio-potency of EOs 
and their bioactive components is upgraded by encapsulation methods, which are 
utilized as agricultural preservatives by boosting their stability, biocidal potentiality, 
and antioxidant capability. The constraints of nanoencapsulation processes can be 
subdued by further research and studies and refinement of the prevailing techniques, 
formulations, and encapsulation systems. Moreover, emphasis should be put on the 
application of nanocarriers of bioactive volatiles in food and biological systems, an 
inspection of their effects on the cell viability and their uptake, dissemination, 
anabolism, catabolism, and evacuation profiles in humans and other living systems 
(Yang et al. 2014). Eventually, it is crucial to record that before using this technology 
in the field, studies on ecotoxicity should be accomplished broadly to estimate the 
effect of essential oils, but also of encapsulation grid on non-target organisms. In 
conclusion, there have been a lofty number of studies regarding EO encapsulation 
and the desire to expand the activity life of EOs. Additional research on the methods 
and products that have practicable interest should be taken under cogitation. 
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Abstract 

This book chapter deals with the study of the green synthesis, modification, 
characterization, properties, and application of palladium (Pd) nanoparticles 
(NPs). We discuss that these NPs can be synthesized from plant extracts, bacteria, 
algae, pine needles, glucose, and honey. Although these NPs have been identified 
as effective materials for their catalytic, electrical, optical, hydrogen sensing, and 
magnetic properties, however, these NPs are tremendous biomedical applications. 
The Pd NPs are synthesized by various synthetic methods such as the Suzuki 
coupling reaction, sol-gel method, laser ablation, and green synthesis from 
various plant extracts and microorganisms. The Pd NPs are characterized by 
using ultraviolet-visible (UV-Vis) spectroscopy, FTIR (Fourier transform infra-
red) spectroscopy, X-ray diffraction (XRD) analysis, energy-dispersive X-ray 
(EDX) analysis, scanning electron microscopy (SEM), transmission electron 
microscopy (TEM), etc. In this chapter, we will understand the different 
applications of Pd NPs, such as their catalytic activity, antibacterial properties, 
drug delivery potential, biomedical application, and vehicle for gene therapy and 
for fuel cell preparation. 
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21.1 Introduction 

Nanotechnology is a branch of science concerned with the fabrication, characteriza-
tion, and applications of nanostructured materials ranging from 1 to 100 nm. It is a 
nanoscale science that provides multiple facets to many branches of research, such as 
dentistry, pharmacology, and bioengineering (Gour and Jain 2019). The 
nanotechnologies involve the synthesis and use of materials at the nanometer 
range, either by scaling from a single atom cluster or by downsizing of bulk materials 
(National Nanotechnology Initiative (NNI) n.d.). Due to the vast range 
of applications in domains such as medicine, catalysis, and the fabrication of 
nanocomposites, using metal nanoparticles (NPs) has become an active area of 
research. These materials have unique qualities, including high electrical and ther-
mal conductivity, tensile strength, and exceptional stiffness and hardness. Besides, 
having erosion resistance, it may be utilized to make satellite components, airplane 
spare parts, machinery parts, and electronic segments like microchip processors 
(Pradeep 2008). The NPs are often characterized as a cluster of atoms or molecules 
that have a variety of size-dependent features. Based on energy states, NPs in the 
nano range bridge the gap between smaller molecules and composite materials 
(Johnston and Wilcoxon 2012). The NPs are categorized based on dimensionality, 
morphology, composition, homogeneity, and aggregation of NPs (The Royal Soci-
ety 2004; Buzea et al. 2007). On the basis of dimensionality, the NPs are classified as 
three types such as one dimension (1D), two dimensions (2D), and three dimensions 
(3D): 

1D nanomaterials: These nanomaterials with a 1D structure. Thin films and surface coatings 
with 1D in the nanometer range are common. Thin films have been utilized in various 
disciplines for decades, including optical systems (Seshan 2002). 

2D nanomaterials: At the nanometer scale, 2D NPs have 2D. Nanotubes, dendrimers, 
nanowires, fiber, and fibrils can be applied in information storage systems, electronics, and 
chemical and biological sensor systems. 2D nanomaterials are defined as free particles with a 
high aspect ratio and diameters in the nanoscale range. 2D systems have fewer well-
understood characteristics and less sophisticated production capabilities. 

3D nanomaterials: 3D nanomaterials are materials that are microscopic in all 3D. 
Quantum dots, fullerenes, particles, precipitates, and colloids are all examples of these 
materials. 

In the form of topsoil, water, volcano, dust, and minerals, the NPs are thought to 
have been present on earth since their inception. Aside from their natural origins, 
humans have begun to synthesize NPs using a variety of ways (Maurer-Jones et al. 
2013). The formulation of NPs may be done in two ways: (1) top-down and 
(2) bottom-up methods (Thakkar et al. 2010). In addition, three distinct tactics for 
synthesis of NPs are used such as chemical, biological, and physical approaches. 
Figure 21.1 depicts a schematic representation of the various procedures used to 
synthesize NPs and their uses. For the synthesis of NPs, physical approaches follow 
a top-down strategy, whereas chemical and biological approaches follow a bottom-
up approach (Iravani et al. 2014).
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Fig. 21.1 Diagrammatic presentation of different techniques for production of NPs and their 
applications (Dikshit et al. 2021) 

One of the most extensively utilized methods for large-scale NPs synthesis is the 
chemicals of NPs because of their corresponding salt by exploiting specific reducing 
agents. Chemical approaches are used for large-scale synthesis of metal NPs. 
Environmental damage is caused by the use of hazardous chemicals in these 
processes as well as the formation of dangerous by-products and restricting their 
clinical benefits (Gupta and Xie 2018). As a result, there is a great temptation for 
nontoxic, high-yielding, and environmentally sustainable procedures for the creation 
of nanostructured materials that can substitute traditional procedures. Hence, 
methods of biological synthesis offer an alternative solution to the techniques of 
physicochemical synthesis. Plants and plant components, microalgae, molds, yeast, 
bacterium, and viruses are among the many resources that may be used to make NPs 
biologically. The first step in the production of NPs is to combine the inorganic metal 
salt solution with biomaterials (Sriramulu et al. 2020). Plant-mediated NPs produc-
tion may be accomplished in three ways: intracellular, extracellular, or individual 
using a specific phytoconstituent. Flavonoids, polyphenols, proteins, alkaloids, 
reducing sugars, and other chemicals found in biomaterials function as significantly 
reducing and stabilizing agents to make NPs from initial precursors of metal salts 
(Kuppusamy et al. 2016). Figure 21.2 displays the search results for the number of 
studies on the biosynthesis of NPs that have been published in the previous 10 years. 
With each passing year, the number of studies has increased, and from an estimation, 
468 publications are published in 2020. These findings support the fact that interest 
in biologically synthesized NPs obtained from plant extract is growing each year 
(Dikshit et al. 2021).

The Pd NPs are among many known nanomaterials that are hot topics due to their 
capacity to act as a potential catalyst as well as their high aspect ratio and surface



energy (Narayanan and El-Sayed 2005). The Pd NPs have also been utilized as 
catalysts in a number of coupling processes, including Suzuki coupling, Heck 
coupling, and allyl alcohol hydrogenation (Klingensmith and Leadbeater 2003; 
Karimi and Enders 2006; Wilson et al. 2006). The Pd NPs play an important role 
in catalysis and a variety of other applications, including hydrogen sensing and 
storage (Im et al. 2006). The Pd is one of the most effective metals as catalysts and 
has been extensively researched in catalytic applications such as oxidation, produc-
tion of carbon-carbon bonds, and electrochemical processes in fuel cells (Astruc 
2007; Bell 2003; Dimitratos et al. 2005; Beller et al. 1996; Cheong et al. 2010). The 
Pd NPs were reduced using microorganisms (MOs), plant extracts, and algae 
(Yenumula and Nagadesi 2018). The biogenesis of Pd NPs seems to be a secure, 
safe, and eco-friendly process to make NPs with a wide range of sizes, shape, 
and physicochemical and biological characteristics (Phan et al. 2020). Methods 
and circumstances for growing Pd NPs, such as temperature, light, pH, nutrients, 
and inoculation, are all important factors that should be considered. Scanning 
electron microscopy (SEM), transmission electron microscopy (TEM), Fourier 
transform infrared (FTIR) spectroscopy, X-ray diffraction (XRD) analysis, energy-
dispersive X-ray (EDX) spectroscopy, etc. were used to analyze the produced Pd 
NPs. The main identification and characterization techniques of Pd NPs depend 
heavily on spectroscopic and diffractographic methods (Shahverdi et al. 2011).
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Fig. 21.2 Data of the Scopus search results indicating the total articles published in the previous 
10 years on the production of NPs using green methods (Dikshit et al. 2021)



–
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21.2 Literature Review 

Literature review indicates very few research articles are published regarding bio-
synthesis of Pd NPs using plant extracts and biological entities, as tabulated in 
Table 21.1. In this vein, Sathiskumar et al. developed a process that is both

Table 21.1 Synthesis of Pd NPs using different green sources for the synthesis 

Sl. 
no. 

Name of plant/ 
biological entity 

Part of 
plant 

Average 
size (nm) Shape Ref. no. 

1 Cinnamomum 
camphora 

Bark 15–20 Hexagonal Sathiskumar et al. (2009) 

2 Euphorbia 
granulate 

Leaf 25–35 Spherical Nasrollahzadeh and 
Mohammad (2016) 

3 Glycine max Leaf 15 Spherical Petla et al. (2012) 

4 Curcuma longa Tuber 10–15 Spherical Sathishkumar et al. 
(2009) 

5 Musa paradisiaca Fruit 
peel 

50 Irregular Bankar et al. (2010) 

6 Anogeissus latifolia Gum 4.8 Spherical Kora and Rastogi (2018) 

7 Gardenia 
jasminoides 

Leaf 3–5 – Jia et al. (2009) 

8 Melia azedarach Leaf 10–20 Spherical Bhakyaraj et al. (2017) 

9 Dioscorea 
bulbifera 

Tuber 10–25 Spherical Ghosh et al. (2015) 

10 Sapium sebiferum Leaf 2–5 Spherical Tahir et al. (2016) 

11 Sodium alginate – 13–33 Spherical Ameri et al. (2020) 

12 Camellia sinensis Leaf 6–18 Spherical Azizi et al. (2017) 

13 Indian Khilar cow 
urine 

– Cylindrical Prasad et al. (2020) 

14 Sargassum 
bovinum 

– 5 Octahedral Momeni and Nabipour 
(2015) 

Bankar et al. prepared spherical Pd NPs using Musa paradisiaca fruit peel extract as a reducing 
agent and reported an average size of 50 nm with irregular crystalline morphology (Bankar et al. 
2010). Kora and Rostogi employed gum extract of Anogeissus latifolia to generate an average size 
spherical Pd NPs of dimension 4.8 nm (Kora and Rastogi 2018). Zhang et al. reported an 
eco-friendly greener approach for the synthesis of Pd NPs by utilizing Gardenia jasminoides leaves 
having an average size of 3–5 nm (Jia et al. 2009). Bhakyaraj et al. devised a simple and efficient 
way for the green synthesis of Pd NPs from Melia azedarach leaf extract with a spherical shape with 
size ranges from 10 to 20 nm (Bhakyaraj et al. 2017). Nitnavare et al. developed a facile route of 
biosynthesis of Pd NPs using Dioscorea bulbifera tuber extract with average size of 10–25 nm 
having spherical morphology (Ghosh et al. 2015). Tahir et al. employed the green synthesis of Pd 
NPs from Sapium sebiferum leaf extract and showed average size of 2–5 nm (Tahir et al. 2016). 
Ameri et al. studied the biosynthesis of spherical Pd NPs by using a polysaccharide (sodium 
alginate) and produced NPs with average size of 13–33 nm (Ameri et al. 2020). Azizi et al. reported 
a greener approach for synthesis of spherical Pd NPs with a normal size of 6.36 nm by using 
Camellia sinensis extract of tea powder (Azizi et al. 2017). Prasad et al. demonstrated new 
eco-friendly synthesis process of cylindrical Pd NPs employing Indian Khilar cow urine (Prasad 
et al. 2020). Momeni and Nabipour stated the biosynthesis of octahedral Pd NPs, including a size 
distribution of 5 nm using Sargassum bovinum bacterium (Momeni and Nabipour 2015).



eco-friendly and fast for synthesis of stable crystalline Pd NPs of standard size 
15–20 nm by using Cinnamomum camphora (Sathiskumar et al. 2009). Moreover, 
Mohammad and Nasrollahzadeh revealed on the photosynthesis of Pd NPs having a 
typical size 25–35 nm by taking leaves extract from Euphorbia granulate 
(Nasrollahzadeh and Mohammad 2016). Petal et al. demonstrated the ecological 
synthesis of such spherical Pd NPs having size 15 nm using Glycine max fresh leaves 
(Petla et al. 2012). Sneha et al. reported rapid biosynthesis of Pd NPs by employing 
Curcuma longa tuber extracts with typical dimensions of 10–15 nm and spherical 
shape nanoparticles (Sathishkumar et al. 2009).
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21.3 Synthesis of Pd NPs 

For the successful production of NPs, a variety of physical and chemical approaches 
are available. All of these methodologies can be divided into two categories that can 
be applied to all nanoscale scientific research. 

Figure 21.3a–c shows two approaches used for synthesizing Pd-based 
nanoparticles. Each of these has its own application. In top-bottom techniques, the 
majority of materials are subdivided into nanostructured materials, as shown in 
Fig. 21.3b (Ahmed et al. 2016). Mechanical milling/alloying and sputtering are 
two ways for lowering particle size (Hodaei et al. 2015). The procedure for synthesis 
in bottom-up techniques starts in conjunction with self-assembly of atoms or 
molecules into nuclei, subsequently producing the nanoscale particles as displayed 
in Fig. 21.3c (Ahmed et al. 2016). This method includes coprecipitation, sol-gel, and 
atomic condensation (Lesani et al. 2016). Chemical and biological techniques of 
production are used mostly in bottom-up synthesis. 

The preparation of NPs relies on the chemical and physical processes in both 
top-bottom and bottom-up approaches. These approaches include employing

Fig. 21.3 (a) Different strategies to synthesize NPs: (b) top-to-bottom and (c) bottom-to-up 
approaches to synthesize NPs (Yadi et al. 2018) 



poisonous and hazardous chemicals that are accountable for various biological 
issues and are costly and more likely to be environmentally hazardous (Mittal 
et al. 2013). As the production of plant-mediated NPs does not rely on physical or 
chemical techniques, so it is ecologically safe, biocompatible, and highly stable. As a 
result, researchers worldwide are interested in learning more about this method. For 
the environmentally sustainable production of Pd NPs from bacterial strains, extracts 
from plants, fungal/algae biomasses, and bio-based materials/chemicals, many types 
of biogenic processes are used (Kasthuri et al. 2009). 

21 Review on Green Synthesis, Modification, Characterization, Properties,. . . 643

MOs (especially fungi) can bioreduce ions of Pd via enzyme activity and trans-
form them into particles of Pd while keeping sufficient command over the 
dimensions of the NPs by biopatterning (Macaskie et al. 2017). Alternatively, the 
application of MOs in synthesizing of green materials is a time-consuming multistep 
process and may be expansive. Recently, microalgae have been linked to the 
production of Pd NPs. These are rich in widespread bioactive compounds and 
reducing agents that are naturally occurring, producing them ideal for the biogenic 
synthesis of Pd NPs. The Pd NPs were biosynthesized and tailored using a variety of 
algae, including red, brown, and green algae (Khanna et al. 2019). Green production 
of Pd NPs with phytoconstituents is a single-step process that eliminates the need for 
prolonged confinement, particular culture enhancement, and cleaning stages (Puja 
and Kumar 2019). 

Plant extracts are also less expensive, safer, faster, and easier to produce. In 
comparison to MOs, the Pd NPs formed by photosynthesis are more stable and 
produced at a faster pace. Plants are rich in reducing and stabilizing compounds, e.g., 
phenols, flavonoids, alkaloids, saponins, vitamins, aldehydes, and steroids. The 
usage of herbs and plant-based products are suitable for the eco-friendly production 
of diversified Pd NPs. Antioxidant phytochemicals in the plant extract, such as 
phenolics and flavonoids, may be found liable for the bioreduction of Pd(II) ions 
to Pd(0). Plant-mediated biological manufacture of metallic NPs was used to make 
Pd NPs with controlled sizes and shapes under optimized conditions, so this method 
acts as an alternative to physicochemical approaches. Metal NPs (MNPs) have 
recently been synthesized using a variety of plant parts, including seeds, fruits, 
bark, roots, leaves, gums, and flowers (Shamaila et al. 2016; Devi and 
Ahmaruzzaman 2016). The biosynthesis of Pd NPs by using different plant extracts 
is shown in Fig. 21.4.

Plant sourceþ Pd salt→ biocompatible by- product of Pd NPs 
þ biocompatible Pd NPs 

21.3.1 Mechanism of Synthesis of Pd NPs 

The precise process for biogenesis of Pd NPs is unknown, and additional research is 
needed to provide more detailed information. Figure 21.5 shows a basic bottom-up 
system with four important phases (Durán et al. 2011). In the first phase of



stimulation, the process for biosynthetic pathway of Pd NPs involves nucleation and 
bioreduction of the Pd ions, which converts Pd metallic ions to zero oxidation states. 
The minute Pd NPs are produced and aggregated into more significant and thermo-
dynamically more stable Pd NPs in the next stage. Following the way, a termination 
stage happens in which a range of Pd NPs forms, such as rods, triangles, wires, 
spheres, pentagons, or hexagons, are formed, depending on the optimal 
circumstances. The plant extract, which includes several functional groups such as 
aldehydes, alcohols, amines, carboxylic acid, and ketones, might work as capping 
agents to stabilize the Pd NPs. Finally, centrifugation is used to purify and wash the 
biosynthesized Pd NPs (Malik et al. 2014).
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Plant extract 

Plant extract + Metal 
ion solution 

Metal ion solution 

Fig. 21.4 This figure shows different plant parts (via green methods) used to synthesize the 
Pd-based NPs (Nasrollahzadeh et al. 2020)

21.3.2 Plant-Mediated Synthesis of Pd NPs 

Manikandan et al. synthesized Pd NPs using Prunus x yedoensis leaves extracts. The 
leaf (50 g) was chopped into little parts and cooked in 200 mL clean nanopure water



and then filtered and stored at 4 °C until further experimentation. The Pd NPs were 
made by mixing 45 mL of 0.1 M Pd(II) chloride (PdCl2) with 5 mL of pyle in a 
combination of reactions at 80 °C for 30 min with constant stirring. After the 
synthesis of Pd NPs was finished, it was centrifuged at 12000 rpm for 15 min before 
being rinsed with nanopure water and ethanol. To form a powder, the Pd NPs were 
freeze-dried (Manikandan et al. 2016). Nkosiet al. synthesized Pd NPs from 
Moringa oleifera flowers. Flowers were dried in a dark room for a few days. The 
floral solution was made in a 250 mL Erlenmeyer flask by weighing 10 g of fine 
flower powder into it, with 100 mL double distilled water. Then boil the entire 
combination for 20 min, cool it down, and store it at room temperature for up to a 
week. M. oleifera water extracts were put to conical flasks containing a 1 mM Pd 
acetate solution. The Pd NPs synthesis was monitored by the improvement of bright 
yellow color solution (Nkosi et al. 2016). Sharmila et al. reported synthesis of Pd 
NPs using Santalum album leaves. The leaves were washed and dried for a week. 
The powdered dried leaves were utilized to make the extract. 5 g of dried leaves was 
included to 50 mL of purified water and soaked in water at 60 °C for 10 min. The 
solution underwent filtering and Whatman filter paper was used to store the items for 
future purposes. At room temperature, 10 mL of aqueous S. album extract was 
combined with 90 mL of PdCl2 solutions and incubated for 4 days. After that, 
centrifugation and drying take place to get Pd NPs (Sharmila et al. 2017a). The 
production of Pd NPs was reported by Vaghela et al. by utilizing Bauhinia variegata 
bark extract. After 10–15 min of at 6000 rpm, cylindrical Pd NPs with just a typical 
size of 2–9 nm were detected. The photo-synthesized Pd NPs have been 
demonstrated to exhibit substantial antibacterial and antifungal action against Bacil-
lus subtilis, a gram-positive bacterium, as well as Candida albicans. The NPs also 
had a strong cytotoxic effect on MCF-7 breast cancer cells (Vaghela et al. 2018).
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Fig. 21.5 Schematic representation of four steps for biosynthesis of Pd NPs (Fahmy et al. 2020)



Veisi et al. commented on the simple eco-friendly manufacturing of Pd NPs using 
Rosa canina extract of fruit. The biogenesis was decided to carry out at 100 °C for 
2 h employing acetone as an antisolvent, using biosynthesized spherical Pd NPs with 
an average size of 10 nm (Veisi et al. 2016). 
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21.3.3 Biological Systems for Biogenesis of Pd NPs 

By using the urine of an Indian Khilar cow, Prasad et al. mentioned the fast 
biogenesis of Pd NPs with customizable dimensions, shape, and improved response 
time. Drop-by-drop introduction of cow excrement to Pd(II) ions with constant 
agitation at 80 °C produced the NPs. The cylindrical polydispersed Pd NPs were 
reported using the above mentioned strategy. At a concentrated level of 200 g/mL, 
the biosynthesized NPs were discovered to have strong antibacterial effects for 
B. cereus (15 mm), Pseudomonas (16 mm), and Salmonella typhi (16 mm) (Prasad 
et al. 2020). Ameri et al. proposed a basic microwave heating methodology for 
manufacturing of Pd NPs by utilizing vitamin C and sodium alginate. These were 
combined with the Pd(II) ions and cooked for 3 min in a microwave (850 W). The 
change of a light yellow color to a color dark brown indicated the fabrication of Pd 
NPs qualitatively. When compared to Pd(II) acetate, biologically synthesized Pd 
NPs show substantial antitumor activity on carcinoma cells in 48-h therapy (Ameri 
et al. 2020). Azizi et al. described the biogenesis of spherical Pd NPs with average 
sizes ranging from 6 to 18 nm, which was induced using Camellia sinensis powder 
extract. The pH significantly reduced from 7.5 to 5.6 after 2 h of uninterrupted 
stirring of palladium (II) ions with white tea extract (1:1) at 40 °C. After the 
reduction process, the peak position of Pd(II) ions at 410 nm vanished, characterized 
by the emergence of a broadband spectrum suggesting the synthesis of Pd NPs 
(Azizi et al. 2017). 

21.4 Modification of Pd NPs 

Due to the nanoscale dispersion of NPs on the matrix (Zhang et al. 2002), the NPs 
have synergized characteristics between phases. Because of their very efficient 
catalytic and electrical properties (Zhang et al. 2014; Yin et al. 2014), Pd NPs 
have recently attracted a lot of attention. However, the high surface area of the Pd 
NPs accelerated the agglomeration and their use is severely limited. Pd catalysts 
have been anchored on various supports to prevent particle aggregation and mobility 
in order to improve performance. The majority of studies have focused on NPs that 
anchor on single support or many supports with naturally diverse morphologies but 
comparable chemical compositions. The qualities of NPs are closely linked to their 
size, morphology, phase, and structure. The surface charge distributions of NPs are 
determined by their morphologies (Hu and Yang 2013; Kim et al. 2020). The 
selective surface functionalization of Pd NPs changes size, which impacts catalytic 
performance.
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21.4.1 Surface Modification by Metal Oxide 

Unburned CH4 has a huge global warming contributor than CO2, causing environ-
mental concerns if discharged directly into the atmosphere (Shao et al. 2017; Chen 
et al. 2011). The exhaust system of cars fueled by compressed natural gas (CNG) 
emits a significant quantity of CH4, which is normally discharged at insufficient 
quantities (Zakaria and Kamarudin 2016). As a result, many countries have set 
emission of CH4 restrictions for cars that use catalytic combustion of CH4 in order 
to effectively eradicate CH4 traces (Dai et al. 2019; Hong et al. 2018). The Pd NPs 
were effectively put down on the surface as modified metal oxides (mod-MOx) and 
used as catalyst materials in the combustion of lean CH4. PdOx catalysts, with 
assistance, have been among the most productive materials for clean CH4 combus-
tion. The Langmuir-Hinshelwood mechanism was used for catalytic combustion of 
CH4 over 1.0Pd/HfO2 and 1.0Pd/mod-HfO2 catalysts, and particular stages in the 
reactions suggested for 1.0Pd/mod-HfO2 are shown in Fig. 21.6. 

The chemical shift in Hf related to 4f of X-ray photoelectron spectroscopy (XPS) 
spectra indicates that the reaction cycle included electron transport from PdO to the 
PdO support contact first. In step 1, electrons from a silicon modifier were used to 
activate gas-phase oxygen, resulting in active O* (O, O2 

2-, O2-) species. In step 
2, the resultant O* sites fracture the CH bonds, facilitating the dehydrogenization of 
CH4 into CH3 and OH. Above 1.0Pd/mod-HfO2, the conversion of CH3 as HCOO

-

might be aided, resulting in either a quick transformation of CH2O to HCOO
- or no 

CH2O being produced at the third step. During step 3, the coupled CH3 and OH have 
to transit through additional dehydrogenization to create H+ and CH2O; after that the 
interactions between H+ and O* while CH2O was steadily transformed into oxidized 
form HCOO- over 1.0Pd/HfO2. The HCOO

- would then decompose, producing 
carbonate species with a single dentate, which were then bound to Pd by a single O2 

in the fourth step. In step 5, CO2 was produced to complete the catalytic pathway.

Fig. 21.6 Different stages for oxidation of CH4 over 1.0Pd/mod-HfO2 (Li et al. 2020) 



After 60 h at 600 °C, 1.0Pd/mod-HfO2 maintained a strong catalytic stability (Li et al. 
2020). 
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21.4.2 Interstitial Doping of Boron Metal 

The Lindlar catalysts made of Pd modified with lead acetate as well as quinoline are 
frequently utilized in the catalytic hydrogenization of alkynes in industry. However, 
due to the exceedingly nature of lead, their usage is restricted, especially in food, 
cosmetic, and medication manufacturing. Furthermore, the catalysts have low activ-
ity and selectivity in a number of situations (Nishimura 2001; Crespo-Quesada et al. 
2011). The surface of unsupported Pd metal is very unselective, resulting over 
hydrogenation to undesirable alkanes. Modifying Pd metal with light elements by 
inserting them into the underlying locations of interstitial sites present inside the 
frame made of metal lattice. The modifications in the crystallite size and electrostatic 
interactions between the hosts and the guests may also have an impact upon that 
band structure; as a result the catalytic capabilities of the Pd metal supported on a 
surface increase (Teschner et al. 2008). As a sustainable alternative to the Lindlar for 
selective hydrogenation processes, it is essential to create novel Pd NPs catalysts 
doped with interstitial atoms. Chan et al. were curious in the production of boron 
interstitial in order to affect the electronic characteristics of metals and the catalytic 
efficiency of Pd nanocrystals. Boron atoms have been discovered to occur in Pd 
intermittent lattice positions with high thermal and chemical persistence. This is 
because of the intense electrical interactions between the host and the guest when it is 
supported Pd NPs are allowed to treat by using a borane in tetrahydrofuran solutions. 
The subterranean boron atom consequently modifies its selective and adsorbing 
characteristics of Pd (Theriot et al. 2014). 

21.4.3 Sulfur-Based Ligand 

The Pd NPs are bulk materials that have been finely split. In terms of agglomeration, 
they are thermodynamically unstable. As a result, they must be kinetically stabilized, 
which is normally accomplished with the use of a protective stabilizer. Electrostatic, 
steric, or a combination of the following forces is used to stabilize the system. The 
stabilizer is often supplied during the creation process of NPs, which is accom-
plished by means of a chemical reduction or thermal degradation of metallic 
precursors. The ensuing connection in between the stabilizer and the surface of 
NPs is very dynamic. This connection is in the form of a powerful covalent 
interaction, an atom that has been chemisorbed or an electrostatic attraction with 
an anion stack. The Pd NPs are stabilized by the introduction of organic ligands 
containing a heteroelement with an available lone pair. The organic chain of ligand 
inhibits the agglomeration of NPs crystal, while the heteroatom aggressively bonds 
to the surface of metal. The specific bonding between Pd metallic materials and soft



sulfur-based donor ligands are highly efficient for stabilization of NPs (Cookson 
2012) (Fig. 21.7). 
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Fig. 21.7 Diagram depicting 
the stability of Pd NPs using 
ligand molecules (Cookson 
2012) 

21.5 Characterization of Pd NPs 

21.5.1 UV-Vis Analysis 

Amrutham et al. examined the UV-Vis spectra of Pd NPs. They devised a simple and 
very effective process for manufacturing Pd NPs with neem gum without the use of 
any hazardous chemicals in this study (Amrutham et al. 2020). When neem gum was 
added into the H2PdCl4 solution, it turned yellow color and was heated at 320 W in a 
microwave for the time interval of 10, 15, 20, and 25 min. Figure 21.8 illustrates the 
yellow color of H2PdCl4 in neem gum solution as well as the absorption peak 
centered at 425 nm for Pd(II) that transformed to Pd(III) that vanished due to the 
formation of Pd(0) NPs.

21.5.2 FTIR Analysis 

Hekmati et al. studied the probable biomolecules accountable for the reduction of Pd 
NPs and capping of bioreduced NPs originated by means of leaves extract using 
FTIR (Hekmati et al. 2017). Figure 21.9 represents the FTIR spectra of Pd NPs. The 
peaks at 3410 and 1620 cm-1 imply the availability of phenolic and flavonoid 
substances in vegetable leaf extract, which act as a reducing agent to change Pd 
ion to Pd NPs.
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Fig. 21.8 UV-Vis spectra of Pd NPs synthesized using Azadirachta indica (Amrutham et al. 2020)
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Fig. 21.9 FTIR spectra of Pd NPs synthesized using Hibiscus sabdariffa L. (Hekmati et al. 2017) 

21.5.3 XRD Analysis 

Shaik et al. used XRD analysis to check the crystallinity of the Pd NPs (Shaik et al. 
2017). As seen in Fig. 21.10, the diffractogram shows five unique diffraction peaks 
centered at 2θ value of 40.10°, 46.49°, 68.12°, 81.60°, and 86.19° corresponding to 
(111), (200), (220), (311), and (222) crystal planes, which confirms the face-centered 
cubic crystal structure of the Pd NPs. In contradiction of the other four diffraction



peaks, the strong diffraction at (111) plane can be described as the desired plane for 
the growth of Pd nanocrystals. The dimension of a typical crystalline material is the 
Pd NPs, i.e., 10 nm, which is calculated by applying the Debye-Scherrer equation 
based on the full width at half maximum of the (111) plane. Additionally, the 
characteristic diffraction of the Pd NPs synthesized using Origanum vulgare 
L. extract includes various other peaks. 
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Fig. 21.10 XRD pattern of Pd NPs synthesized using Origanum vulgare L. (Shaik et al. 2017) 

21.5.4 EDX Analysis 

Sharmila et al. used EDX to determine the elemental composition of the Pd NPs as 
represented in Fig. 21.11 (Sharmila et al. 2017b). The Pd peaks confirm the Pd NPs. 
The C and Cu peaks are attributed to the copper grid used to carry samples for TEM 
analysis, O peak corresponds to the aerial oxygen, and Cl peak is due to the precursor 
material PdCl2.

21.5.5 SEM Analysis 

Figure 21.12 represents the SEM images of the Pd NPs as reported by Siddiqi and 
Husen. The SEM image shows individual NPs and aggregates (Siddiqi and Husen 
2016). On an aggregate, the particle size of the Pd NPs is close to 50 nm. Due to the 
accumulation of the Pd NPs, dendrites are formed matching with flower stems. 
Furthermore, dendrites are consisting of microcubes, which are arranged in a 
controlled pattern.
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Fig. 21.11 EDX spectrum of Pd NPs synthesized using Filicium decipiens (Sharmila et al. 2017b)

21.5.6 TEM Analysis 

Kumari et al. investigated the morphology of Pd NPs using TEM (Kumari et al. 
2013). The Pd NPs show a spherical shape and narrow size distribution as shown in 
Fig. 21.13a–c. The average particle size of the Pd NPs was 11.3 nm. Moreover, the 
fringe spacing of 0.22 nm confirms the (111) diffraction plane of FCC crystal 
structure of the Pd NPs.

21.6 Properties of Pd NPs 

21.6.1 Catalytic Properties 

The Pd NPs are a type of catalyst that may be used in a wide variety of chemical 
processes. Their abilities are mostly because of the nanoscale particle diameter, 
which exhibits novel features and a high reactivity when compared to larger metals. 
The development of uniformly sized nanoscale catalysts has become a major topic in 
chemistry. The Pd NPs are used as an effective catalyst due to the large surface-to-
volume ratio (Ngnie et al. 2016). The Pd NPs are well known for their ability to 
catalyze reduction processes and organometallic cross-coupling reactions like Heck 
and Suzuki-Miyaura. The Heck reaction is the arylation of alkynes by cross-coupling 
reaction in the vicinity of a 1:1 mixture of Pd(0) catalysts and a base. This reaction is 
commonly used to make substituted olefins, dienes, and a variety of other



unsaturated compounds (Ohtaka et al. 2011). Bonds between aryls and aryls are 
prevalent in pharmaceuticals, polymeric materials, agricultural chemicals, and natu-
ral substances, and this coupling is employed to produce them. The Pd NPs were 
produced utilizing watermelon rind extract like a catalytic converter for such Suzuki 
coupling process by Lakshmipathy et al. as schematically depicted in Fig. 21.14. The
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Fig. 21.12 SEM images of (a) Pd NPs synthesized using Musa Paradisiaca (b–d). Microwire 
networks at the periphery due to coffee ring effect (Siddiqi and Husen 2016)

Fig. 21.13 TEM micrographs at different magnifications of Pd NPs synthesized using tannic acid 
(Kumari et al. 2013)



reaction was completed at room temperature in the presence of 2 mol.% Pd NPs, 
producing acceptable to excellent separated ratios of the product offering a short 
response time. A wide range of benzyl bromides with functionalized substituents 
with either electron-donating (ED) or electron-withdrawing (EW) member were 
investigated. The reactions went perfectly, with approaching quantitative yields. 
This study found that Pd NPs generated by rind extract have the potential to be an 
effective catalyst in industrial applications (Lakshmipathy et al. 2015). 
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Fig. 21.14 Schematic illustration of the Suzuki coupling process using Pd NPs produced through 
watermelon rind extract (Lakshmipathy et al. 2015) 

21.6.2 Hydrogen Sensing Properties 

Catalytic components such as Pd NPs play an important role in quantifying hydro-
gen. The response is predicted to be stronger if the catalytic surface area is amplified 
within a fixed device shape. This notion, when combined with recent advances in 
nanotechnology, produces promising outcomes in investigation of hydrogen 
sensors. Therefore, the simplicity of construction of the instrument and 
manufacturing still is a topic for additional research. The Pd NPs for sensor 
applications have been synthesized using a variety of approaches. The Pd NPs 
have a high affinity for hydrogen adsorption, which is a benefit. When hydrogen 
adsorbs on thin Pd films, the lattice expands, and when the hydrogen is removed, the 
original lattices are immediately restored. Pd hydride (PdHx) is formed spontane-
ously in the Pd-hydrogen system. Depending on the hydrogen content, PdHx occurs 
in two phases: α and β. For low concentrations below 1%, the α-phase is dominant, 
while over 1%, a transition from the α- to the β-phase (0.015 × 0.7) occurs. The β-
phase, on the other hand, is undesirable because it causes a volume expansion, which 
can cause significant tensile stress and lead to device failure. Lower detection limits 
of the device are critical for hydrogen sensor applications, as well as the sensor 
including all feasible hydrogen gas sensors preferable if this limit values are really 
minimal. As a result, including all feasible hydrogen gas sensors, the greatest 
hydrogen percentage should not be more than 1% (Gupta et al. 2014). The ability 
of a hydrogen gas sensor with reversible sensing behavior has been shown using Pd 
NPs-supported carbon nanotubes (CNTs). Chemical reactions can take place on both 
side and inner walls of CNTs. During the first cycle of gas exposure, these processes 
cause irreversibility in sensory capabilities. In the meanwhile, NH3,  NO2, and O2 gas 
have shown irreversible behavior (Ong et al. 2002). Ghasempour et al. analyzed gas 
interaction as illustrated schematically in Fig. 21.15 for the sample in the presence of 
hydrogen to better explain the irreversibility behavior. The atomized hydrogen



produced by Pd particles can flow onto CNT walls and defects, as well as soak inside 
the Pd crystalline structure, causing a shift in phase between α and β (Ghasempour 
and Mortazavi 2010). 
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Fig. 21.15 Schematic illustration of hydrogen gas interaction with the surface of Pd/MWCNTs 
(Ghasempour and Mortazavi 2010) 

The hydrogen atoms that have been adsorbed can give electrons to the p-type 
semiconducting CNTs. As a result, the number of hole carriers is depleted, and 
electrical conductivity declines. However, there are a variety of reasons for increased 
conductivity. Small elements like hydrogen may enter into the CNT structures 
(Reddy and Ramaprabhu 2008). Rahimiet et al. anticipated them to chemically 
link to carbons and provide novel charge transfer channels in multiwalled carbon 
nanotubes (MWCNTs) structures and junctions (Ghasempour and Mortazavi 2010). 
All hydrogen atoms are desorbed when the hydrogen flow is turned off, and save 
those that have chemically adsorbed. Consequently, when the hydrogen flow is 
stopped off, the sample conductivity does not return to its original level 
(irreversibility behavior). Hydrogen atoms can physically adsorb on the empty



space in subsequent adsorption-desorption cycles that attributed to the reversible gas 
sensing mechanism. 
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21.6.3 Magnetic Properties 

Nanoscale Pd and 4d transition MNPs have been shown to have unique magnetic 
characteristics. Due to the fact that an unbound Pd atom has a [Kr]4d10 configuration 
and as per the Hund rule, this arrangement is nonmagnetic. When a crystal pattern is 
developed by a cluster of Pd particles, the configuration changes, with just a couple 
of electrons shifting from 4d to 5 s. Bulk Pd improved the Pauli paramagnetism and 
large susceptibility with a structure of 4d(10–a) 5sa (a ≥ 0). Due to the superior 
paramagnetic susceptibility of bulk Pd, it accomplishing the Stoner criterion, 
which is recommended for 4d transition elements, N(Ef) I  > 1, where N(Ef) is the 
density of states just below the Fermi level (Ef), and I denotes the Stoner parameter 
(I= 0.71 eV for Pd). Taniyama et al. discovered a magnetic moment in Pd ensembles 
with a dimension little less than 7 nm (Taniyama et al. 1997). Because of the 
significant variation of surface energy, these Pd aggregates have a 
noncrystallographic ellipsoid shape rather the conventional massive FCC symmetry, 
which is thought to be the source of this ferromagnetism. Shinoharaet al. also 
discovered that lowering the size of the particles ranging from 9.9 to 5.9 nm, the 
ferromagnetic susceptibility increases (Shinohara et al. 2003). Cox et al. tested on 
13–150 atom Pd clusters, on the other hand, found no indication of ferromagnetism. 
In addition, hexagonal closed packing (HCP) Pd has just been discovered to be 
ferromagnetic (Cox et al. 1994). 

Litrán et al. investigated the Pd NPs nanostructures and magnetic behavior 
produced with distinct capping circumstances in a comparative manner (Litrán 
et al. 2006). On the other hand, weakly interacting dipole molecules such as 
tetraalkylammonium halides (R4N

+ X-) salts have already been examined, with the 
entire length of hydrocarbon chains being varied to create variable degrees of surface 
oxidation of NPs. Due to the charge transfer mechanisms, alkane-thiol molecules 
covalently linked to Pd atoms in clusters usually produce localization of d-holes in 
every metalcore band. Two distinct particle sizes of Pd NPs were investigated in this 
scenario. Permanent magnetism was discovered at room temperature. The 
superconducting quantum interference device (SQUID) was used to measure the 
magnetic properties of Pd nanorods at various temperatures (Xiao et al. 2009). For 
the measurement, a specimen including an aspect ratio of 2.5 was being used to 
reduce the impact of size deviation as much as feasible. The hysteresis loops shown 
in Fig. 21.16 clearly indicate the ferromagnetic behavior of Pd nanorods at room 
temperature. With increasing measurement temperature, the coercive field (Hc) of Pd 
nanorods decreases: 112 Oe at 5 K, 80 Oe at 150 K, and 69 Oe at 300 K. 
Furthermore, the magnetic flux doesn’t get affected at any temp. This might be 
because the particles contain atoms that are ferromagnetic and superparamagnetic. 
The presence of excess surfactants or surface oxidation might be answerable for the 
observed behavior. The M-H curve of polyvinylpyrrolidone (PVP) is shown in



Fig. 21.16b. On the other hand, it exhibits the diamagnetic character of the polymeric 
surfactant. When in association with the electron energy loss spectroscopy (EELS) 
study, which ruled out the presence of oxygen, it is clear that the permanent magnetic 
moment of Pd nanorods is an inherent characteristic. The hysteresis loop graph of 
produced 8 nm spherical PVP-capped Pd NPs using a compatible polyol procedure 
is shown in Fig. 21.16c. At low temperatures (5 K), the spherical Pd NPs are 
ferromagnetic, and at normal temperatures, they are superparamagnetic. 
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Fig. 21.16 (a) Temperature-dependent M-H curves of Pd nanorods and spherical NPs at 5, 150, 
and 300 K, (b) PVP M-H curve at ambient temperature, and (c) 8 nm M-H curves of spherical Pd 
NPs at 5, 150, and 300 K (Xiao et al. 2009) 

21.7 Application 

21.7.1 Catalytic Activity 

Since the production of Pd NPs from the surface of walnut shell produces 
composites with high catalytic activity. After confirming the specific qualities of 
catalysts, the Pd/walnut shell nanocomposite of catalytic efficiency was analyzed by 
checking the reduction of 4-nintro (4-NP), methyl orange (MO), Congo red (CR), 
rhodamine B (RhB), and methylene blue (MB) at ambient temperature in an aqueous



environment as presented in Table 21.2. The absorption spectra were utilized to 
monitor the progress of the catalytic performance of the species as a protocol of 
reaction time. Initially, the reduction was carried out in the presence of the catalysts. 
The conversion rate was very slow while in the vicinity of only walnut shell. The Pd 
NPs-reinforced walnut shell nanocomposites exhibit effective catalytic activity than 
that of Pd NPs synthesized using Equisetum arvense L. leaf extract, which is owing 
to the Pd NPs’ enormous surface area, tiny size, and homogeneous distribution over 
the walnut shell. The porous surface of the walnut shell provides effective catalytic 
actions. Furthermore, more amount of 4-NP is adsorbed on the surface of the 
Pd/walnut shell nanocomposites as compared to other organic dyes, which makes 
reduction process easier (Bordbar and Mortazavimanesh 2017). 
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Table 21.2 Completion time for the reduction of 25 mL of 4-NP, MO, CR, RhB, and MB dyes in 
25 mL NaBH4 using 5 mg of Pd, walnut shell, and Pd/walnut shell (Bordbar and Mortazavimanesh 
2017) 

Catalyst

Time (min) 

4-NP MO CR RhB MB 

Pd/walnut shell 1 Immediately 0.41 0.21 Immediately 

Pd NPs 4 5 4 5 3 

Walnut shell 30a 30a 30a 30a 30a 

a Not completed 

Fig. 21.17 Catalytic 
reduction of rhodamine 6G 
using Pd NPs (Amrutham 
et al. 2020)

The reduction of rhodamine 6G (Rh6G) dye was utilized to assess the catalyst 
behavior of Pd NPs stabilized in NG in the presence of NaBH4 after incorporation of 
the Pd NPs into the reaction mixture. The magnitude of a maximum absorption 
centered at 527 nm steadily diminishes when response time rises as represented in 
Fig. 21.17. The complete reduction of the dye in the presence of Pd NPs requires 
18 min (Amrutham et al. 2020). 
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21.7.2 Antibacterial Activity 

The antibacterial activity of the Pd NPs synthesized from leaf extracts of Filicium 
decipiens was assessed using diffusion method. Gram-negative (Escherichia coli 
and Pseudomonas aeruginosa) and gram-positive (Bacillus subtilis and Staphylo-
coccus aureus) bacteria were utilized as test microbe strains. The development of 
clear zones after incubation of 1 day in all the cases which confirms the usefulness of 
the Pd NPs dopes antibacterial drugs (Sharmila et al. 2016). The antibacterial activity 
of the Pd NPs is attributed to the internalization and affinity of the cell membranes 
for NPs that interrupts the transportation process by interacting with enzymes and 
deoxyribonucleic acid (DNA) and inhibition of respiratory system (Sharmila et al. 
2017b). 

The gram-negative E. coli was pushed to the limits to see if it has bactericidal 
characteristics of the glucosamine-stabilized Pd NPs as represented in Fig. 21.18. 
The Pd NPs are very effective against E. coli as compared to the tobramycin drug as 
reported from the agar plate experiment. The NPs are smoothly inserted into the 
E. coli cell wall having narrow covering of peptidoglycan due to the small size of 
NPs and interaction of the E. coli with NPs. The mechanism of the antibacterial 
activity of the NPs is carried out by various approaches such as annihilation of cell 
membranes and intracellular generation of reactive oxygen species (ROS) that 
inhibits this vital function. The ROS is an efficient mechanism for retardation of 
growth of bacteria (Ullah et al. 2018). 

Fig. 21.18 Agar plate antibacterial analysis of (a) E. coli PBS control, (b) tobramycin, (c) 
glucosamine-mediated Pd NPs, (d–f) cell membrane analysis, and (g–i) intracellular ROS investi-
gation in E. coli (Ullah et al. 2018)
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21.7.3 Anticancer Activity 

Both trichostatin A (TSA) and Pd NPs were tested for their ability for cytotoxicity in 
breast and cervical cancer cells. Vigushin et al. first reported the effectiveness of Pd 
NPs to arrest the increase in number of the MCF-7 cells in vitro of breast carcinoma 
(Vigushin et al. 2001). The cell viability was determined using the WST-8 
(5-(2,4-disulfophenyl)-3-(2-methoxy-disulfophenyl)-3-(2-methoxy-disulfophenyl)-
3-(2-methoxy-4-nitrophenyl)-2-(4-nitrophenyl)-2H-tetrazolium) TSA, which was 
noticed to have a significant inhibitory potential. The viability of MCF-7 cells is 
shown in Fig. 21.19a. The cell viability of both TSA and Pd NPs decreases with 
increase in concentration. The cell viability of MCF-7 cells was decreased by 50%,

Fig. 21.19 Dose-dependent effect of TSA and Pd NPs on cell viability in human. (a) Breast and 
(b) cervical cancer cells (Zhang et al. 2016)



i.e., half-maximal inhibitory concentration (IC50) of 200 and 300 nM TSA and Pd 
NPs, respectively (Zhang et al. 2016).
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According to Wu et al., the effect of TSA or Pd NPs on the cervical cancer cells 
was studied in a daily dosage basis as shown in Fig. 21.19b. The survival of cervical 
cancer cells decreases with increase in concentration of the TSA and Pd NPs. The 
cell viability of the cervical cancer cells attains IC50 values at 100 and 125 nM 
concentrations for TSA and Pd NPs, respectively (Wu et al. 2005). 

21.7.4 Antioxidant Activity 

The ability of Pd NPs to total antioxidant was studied by using 2,2-diphenyl-1-
picrylhydrazyl (DPPH) free radical to assess its antioxidant activity. The purple 
color of the DPPH solution changed to pale yellow color with time in the presence of 
Pd NPs. The free radical scavenging of DPPH linearly increases with increase in Pd 
NPs (Gąsecka et al. 2018). The maximum radical inhibition of 77% was observed at 
50 μg/ml concentration of Pd NPs, whereas ascorbic acid shows 64% inhibition at 
that concentration. However, Mohana and Sumathi reported the highest inhibition 
rate against the DPPH radical (Fig. 21.20). 

Fig. 21.20 Antioxidant activity of Pd NPs synthesized using Agaricus bisporus (Mohana and 
Sumathi 2020)
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21.7.5 Biosensor 

Pd NPs can be used in microelectronic devices. Recently, the use of Pd NPs in 
biosensing is getting lot of attention due to its amperometric measurement of 
generated electroactive species. Owing to its vast range of uses in the textile, 
paper, cleaning product, and food industries and H2O2 detection, Pd NPs are 
extremely significant. Pd NPs can be used as an electrode because it is catalytically 
active, relatively affordable, and difficult to oxidize. The dendritic Pd NPs-modified 
electrode can be employed to monitor H2O2 reduction at a negative potential to 
eliminate interference from other electroactive species (Zhou et al. 2007). 

21.7.6 Gene and Drug Delivery 

The technique of targeted medication distribution is rapidly growing to get out of the 
disadvantages of the conventional medicinal therapy, which include low selectivity, 
quick excretion, and high toxicity (Tiwari et al. 2012). The NPs can be designed to 
transport medicine and genes, which can be targeted and released at a controlled 
manner. The medicinal substances can be injected directly into the holes of NPs or 
completely attached with them through different chemical modifications. The Pd 
NPs can be employed for loading medicine and genes due to high porosity of the 
surface of the NPs (Kang et al. 2018). The cancer drugs like doxorubicin (DOX) can 
be inserted into the porous Pd NPs synthesized from aqueous Inonotus obliquus 
extract, which can be delivered to the cancerous cells by an electrostatic interaction 
between DOX molecules and absorbing groups on the surface of the NPs. The DOX 
molecules are completely filled after 6 h incubated at 37 °C. The acidic nature 
(pH = 5.6) of cancerous tissues can permit very high release of drugs as compared to 
the neutral condition (Gil et al. 2018). The DOX molecules exhibit pH sensitivity 
release profile in human cervical cancer cells (HeLa), and PEGylated Pd NPs via a 
hydrazine bond display in vivo high antitumor efficiency against HeLa cell. 

The Pd NPs show anticancer activity in a variety of cancer cells, but there is a 
chance of toxicity that can affect the consequences of the drug delivery processes. 
The cytotoxicity of mono-modal Pd NPs and bimodal tumor drug-loaded Pd NPs on 
the tumor cells need to be carefully assessed to estimate the degree of toxicity. In 
vitro experiments reported that 20 g/mL of Pd NPs destroys HeLa cells, which 
account 20% of the total, whereas DOX-loaded Pd NPs (20 g/mL of Pd NPs) destroy 
30% of HeLa cells (Shanthi et al. 2015). Porous Pd NPs at an optimum proportion 
exhibit antitumor activity in NS3-Huh7 cells (human hepatocarcinoma cells 
transfected with hepatitis C virus nonstructural protein 3 replicon) in an in vitro 
cell viability assay.
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21.7.7 Lithium-Oxygen Battery 

The Swagelok™ kind of cells was developed to evaluate the catalyst action of the 
Pd/MnO2 nanorods on the air cathode of Li-air battery. Maria et al. evaluated the 
catalytic activity of three electrodes with and without catalysts, such as Pd/MnO2 

and MnO2 along with the performance of the Pd/MnO2-catalyzed electrode in a 
comparison with other two electrodes. The cycling performance of the catalyst-free 
KB-air cathode is compared with the lithium metal anode (Li/Li+) as shown in 
Fig. 21.21 (McCloskey et al. 2011). The batteries were investigated at ambient 
temperature and in an O2 environment with a constant density of current 
0.1 mAcm-2 in the possible range of 2.0–4.3 V. The Pd/MnO2 nanorod catalyst 
demonstrated a very high specific capacity in the first cycle as shown in Fig. 21.10a. 
With a discharging slope that is straight at 2.7 V, the initial discharge curve of 
Pd/MnO2 nanorods resulted in a maximum capacity of 8526 mAhg-1 . With maxi-
mum reversibility, a maximum capacity of 8526 mAhg-1 is attained when charging 
at 4.3 V (Lim et al. 2012). Furthermore, the difference between the possibilities of 
discharging and charging, or causing additional potential of 1.0 V, is very low and 
favors the reversibility of the rechargeable batteries. The oxygen reduction reaction 
(ORR) and oxygen evolution reaction (OER) performance of the Pd/MnO2 catalyst 
in the nonaqueous phase significantly increases than that of the aqueous phase. The 
majority of the catalysts utilized for ORR/OER in aqueous phase have been proven 
to be effective catalysts in nonaqueous Li-O2 batteries as shown in Fig. 21.21 
(Zahoor et al. 2015). 

Fig. 21.21 Cycling properties of Pd/MnO2 nanorod-catalyzed Li-O2 battery at 500 mAhg-1 

capacity and variation of potential with applied capacity (insert) (Zahoor et al. 2015)
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21.8 Future Scope of Pd NPs 

In recent years, research on NPs and their potential uses are rapidly increasing. 
Numerous papers have been published and describe the phytoremediation of metal-
lic NPs utilizing variety of biological materials, such as plants, plant part, bacteria, 
yeast, and fungus. However, significant obstacles remain, limiting its large-scale 
manufacture and subsequent uses. Some of the significant difficulties encountered 
during the processing are listed below:

• To regulate the size and morphology of the NPs, precise optimization studies on 
process parameters and reactants must be required.

• Research should also focus on improving a variety of physicochemical properties 
of NPs having particular applications.

• The role of each plant extract metabolite and microorganism cellular component 
in the creation of NPs should be thoroughly investigated.

• Improving NPs production rates and stability while reducing reaction time 
requires to adjust several reaction parameters.

• Many researchers are working on the green production of NPs in the future since 
there is no clear idea about it.

• Synthesis method of NPs from microorganisms is time-consuming, and the real 
optimal conditions are unknown.

• Many researchers are investigating the hazardous effects of NPs exposure 
interactions with biological systems and the implications of which are yet 
undiscovered. 

By overcoming these obstacles, green synthesis methods might become more 
economical and equivalent to traditional approaches for generating NPs on a big 
scale. The possible therapeutic qualities of Pd NPs have lately been investigated in 
biological applications. Future study is devoted to understanding the anticancer and 
antibacterial processes of Pd NPs at the molecular level, as well as metabolic routes. 
Some potential harmful effects of Pd NPs on biological systems and their surround-
ings have recently been identified. However, our knowledge of the toxicities of Pd 
NPs is currently inadequate and requires further research. Furthermore, basic knowl-
edge on the bioavailability of Pd NPs has been investigated. 

21.9 Conclusions 

This chapter focuses toward biosynthesis and the use of Pd NPs obtained from 
biomass and microbes and plant extracts. In comparison with other traditional 
procedures such as physical and chemical approaches, a fair, nontoxic, and 
ecologically sustainable method for producing Pd NPs has been developed. A 
variety of plant, products including extracts of leaves, fruit, seed, gum, bark, and 
so on, as well as MOs such as bacteria, fungus, filamentous fungi, and so on, have 
shown promise for the genesis of Pd NPs. The size and form of Pd NPs, as well as the



reaction rate, are heavily influenced by the experimental factors as response rate, 
substrate concentrations, pH, temperatures, reaction time, washing, the amount of 
salt, etc. The Pd NPs have lately received a lot of interest due to their very excellent 
catalytic and electrical capabilities. The Pd NPs are quickly agglomerated due to 
their large surface area, and their application is highly restricted. The Pd NPs 
catalysts have been functionalized on the surface to avoid particle agglomeration 
and mobility and so improve performance. The size, morphology, and structure of 
biosynthesized Pd NPs have been determined using several characterizations, 
including UV-Vis spectroscopy, EDX, FTIR, XRD, SEM, and TEM. The Pd NPs 
have applications in catalysis, biological sensors, bioimaging, antimicrobial 
materials, hydrogen generation, optical devices, CH4 combustion, and medicine. 
Because of their high surface-to-volume ratio, the Pd NPs can operate as a possible 
catalyst in a variety of reactions. The most essential uses of these clean Pd NPs 
structures created by plant extracts are related to hazardous chemicals removal. As a 
result, green chemistry has significant promise in the commercial and economic 
manufacture of Pd NPs. Plant-mediated manufacture of Pd NPs appears to be the 
most practical and effective for cheap and sustainable production among green 
chemistry techniques. 
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Abstract 

Bacteria are omnipresent and can intensify their growth by colonization leading 
to the formation of biofilms. Biofilms are the primary cause of bacterial infection 
and mortality worldwide. For the prevention of these bacterial infections, numer-
ous antibacterial agents like antibiotics are coming to light. These antibacterial 
agents are abundantly found in nature and referred to as natural antimicrobials, 
which can be obtained from plants, animals, and microorganisms as well. 
Regardless of numerous potent antimicrobial agents and antibiotics, infections 
caused by bacteria remain a prime threat to animals and humans. With the 
growing concern about the increased mortality due to bacterial infections, the 
development of highly potent antibacterial agents possessing unique combating 
properties is the need of the moment. Consequently, emerging nanoparticle-based 
antimicrobial materials are grabbing the attention of researchers for developing an 
antimicrobial-resistant regime for fighting against various infections. Moreover, it 
is also paramount to overcome the menace of bacterial drug resistance. In this 
context, this chapter highlights the recent insights concerning the antimicrobial 
actions of natural products, nanoparticles, and their mechanism of action featur-
ing effective antimicrobial activity. 
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22.1 Introduction 

Antibacterial agents are an invaluable weapon for aggressively fighting against 
various infectious and noninfectious diseases. Being helpful in medicines, food 
industries, pharmaceuticals, textile industries, disinfectant products, and water ster-
ilization, antibacterial agents have emerged as the first strategy to fight against 
infection by inhibiting bacterial growth leading to bacterial cell death (Langeveld 
et al. 2014). One of the primary examples of antibacterial agents is antibiotics. 
Antibiotics are derived from various antibacterial agents and target the translational 
machinery, cell wall synthesis, and DNA replication machinery of the bacteria. 
However, excessive use of antibacterial agents through direct consumption by 
humans as well as used in animal food indicates bacterial resistance to antibiotics. 
Extensive usage of antibacterial agents leads to the formation of super-bacteria, 
which are approximately resistant to all antibiotics, making them life-threatening. 
Bacteria can gain resistance over their targets by modifying the enzymes and 
degrading the antibiotics, for instance, aminoglycosides and β-lactamases (Poole 
2002), alteration of components of cells such as ribosomes in tetracycline resistance 
and cell wall in vancomycin resistance (Wang et al. 2017), and efflux pumps 
expression (Knetsch and Koole 2011). In 2017, WHO published a record of 
antibiotic-resistant pathogens that demanded the urgent need for antibiotics and 
were categorized into three groups, namely, critical, high, and medium (Fig. 22.1), 
which guided the development of new and effective antibiotics (Breijyeh et al. 
2020). 

Similarly, another hindrance observed during bacterial infection treatment 
includes the formation of biofilm. Biofilm is the medium for the interaction of
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WHO list of antibiotic 
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Gram positive: Streptococcus pneumoniae 
(penicillin non-susceptible) 

Gram negative: Haemophilus influenzae 
(ampicillin resistant) 

Fig. 22.1 WHO categorized pathogens according to their antibiotic resistance



diverse species of bacteria with each other and their ecosystem, and they require a 
solid surface, for instance, extracellular polymeric substances (EPSs), which provide 
structural and functional integrity to the biofilms. Once the bacteria are properly 
attached to the surface, it multiplies aggressively to form a mature biofilm. At this 
point, bacteria being attached form a barricade that possesses the ability to resist 
antibiotics and cause chronic infections making biofilms hazardous for health (Huh 
and Kwon 2011; Hajipour et al. 2012). Additionally, superantigens are produced by 
the bacteria surrounded by biofilms which carry the ability to invade the immune 
system (Wang et al. 2017). Going by the phrase “Prevention is better than cure” if 
the adhesion of bacteria to healthy cells is avoided, then the proliferation of bacteria 
can be prevented (Kamaruzzaman et al. 2019; Olmos and González-Benito 2021). 
This suggests the requirement for extensive research about different antibacterial 
materials.

22 Innovative Nanomaterials with Profound Antibacterial Action Applied. . . 675

Development of Antibiotics 

Observation of Antimicrobial Resistance 

Cephalosporins 

Cephalosporins 

Sulfonamides 

1930 1940 1950 1960 1970 1980 1985 1990 1995 2000 2005 20101965 19751945 19551935 

Sulfonamides 

Tetracycline 

Tetracycline 

Chloramphenicol 

Chloramphenicol 

Erythromycin 
Vancomycin 

Vancomycin 

Ampicillin 

Ampicillin 

Methicillin 

Methicillin 

Streptomycin 

Streptomycin 

Penicillin 

Penicillin 

Ceftaroline 

Ceftaroline 

Erythromycin 

Linezolid 

Daptomycin 

Daptomycin 

Linezolid 

Fig. 22.2 Schematic representation of development in antibiotics and observation of antimicrobial 
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Natural products have been adapted to treat numerous bacterial diseases, for 
example, penicillin for infectious diseases and quinine from the cinchona tree for 
malaria treatment. Penicillin was discovered by Alexander Fleming in 1929; it 
possesses the ability to fight against various bacterial infections and left a tremen-
dous impact on human health and lowered mortality rates all over the world 
(Breijyeh et al. 2020). Over the years, new and effective antibiotics have been 
developed and their antimicrobial resistance is studied (Fig. 22.2). With the 
emerging mutating power of the bacteria, the failing antibiotics can show desirable 
effects by combing themselves with other compounds such as repurposed drugs



(Brown 2015) and natural products, which bring out intensified efficacy of the drug. 
Furthermore, phytochemicals exerted antibacterial ability against resistant as well as 
sensitive pathogens through various mechanisms (Rossiter et al. 2017; Khameneh 
et al. 2019) and proved to be helpful in the disruption of biofilm (Guglielmi et al. 
2020). 
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Nanomaterials can be defined as nano-sized materials present in the 3D space 
range with dimensions ranging from 1 to 100 nm formed through nanotechnology. 
Existing in nano-form, the nanomaterials show a wide range of antibacterial 
properties in the case of gram-negative, i.e., Ag nanoparticles show antimicrobial 
activity against Escherichia coli. Gram-positive bacteria, i.e., growth of Staphylo-
coccus aureus, are inhibited when ZnO nanoparticles are introduced (Wang et al. 
2017). Nanoparticles exhibit antimicrobial action by attaching themselves to one of 
the following models: metal ion release, oxidative stress induction, or non-oxidative 
mechanism. Some of the widely accepted nanoparticles used to prevent diseases are 
silver, gold, titanium, zinc, iron, copper, magnesium, nitric oxide, aluminum, and 
graphene. Usually, the activity of antibacterial materials depends on the action of 
polymers (chitosan) or various particles (ZnO, Cu, Ag), giving rise to the formation 
of reactive oxygen species (ROS), which leads to modification in the metabolism of 
the cell resulting in cell death (Olmos and González-Benito 2021). The principal 
objective of this chapter is to overview the current knowledge on the natural and 
antimicrobial nanoparticle’s activity and their mode of action on various infectious 
agents and to highlight their contribution made to the research area. It is anticipated 
that the findings represented in this chapter will assist in developing new 
antibacterial agents in the coming future. 

22.2 Factors Affecting the Antimicrobial Activity 

An ideal antibacterial material should possess the following properties: 

(a) Tolerance 
Tolerance can be defined as the ability of the bacteria to withstand exposure to a 
raised concentration of antibiotics with no modification in MIC. Minimum 
inhibitory concentration (MIC) can be defined as the minimum concentration 
of antibiotics at which bacterial growth is inhibited. Exposure to higher 
concentrations of antibiotics is necessary to develop a tolerant strain of bacteria. 
These tolerant and non-tolerant bacteria do not show any difference in their MIC 
values which can be challenging further. The minimum duration of killing 
(MDK) can be expressed as the time required by the antibiotic to kill a known 
segment of bacteria. Hence, to evaluate the level of resistance between the 
bacterial strains, MIC is used, and for the tolerance between bacterial strains, 
MDK is used (Li et al. 2017). 

(b) Susceptibility and Resistance 
Susceptibility can be termed as no bacterial growth in the presence of 
antibiotics, whereas resistance means bacterial growth is observed in the
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presence of antibiotics. Both vulnerability and resistance are calculated by MIC. 
To check the MIC values, to a chain of increasing antibiotic concentrations, 
the bacterial population was exposed for about 24 h (Wiegand et al. 2008). The 
susceptibility and resistance of the tested isolates can be determined by the 
epidemiological cutoff (ECOFF) value. Clinical resistance can be termed as a 
condition that separates clinically susceptible from clinically resistant bacteria 
(Turnidge and Paterson 2007). The relationship between antibiotic concentra-
tion at the infection site and in vivo antimicrobial activity is dependent on 
pharmacokinetic/pharmacodynamic (PK/PD) factors. 

(c) Biofilm 
Biofilms can be defined as the assemblage of bacterial cells surrounded by 
DNA, proteins, and polysaccharides (Hall-Stoodley et al. 2012), which cannot 
respond to any antibiotics. Due to the layers of cell, accumulation in a biofilm 
increases the antibiotic resistance of resistant bacteria, and the horizontal gene 
transfer of resistance determinants is facilitated by the extracellular DNA of the 
biofilm (Cheng et al. 2016). The antimicrobial resistance of a biofilm can appear 
by three distinctive mechanisms (Langeveld et al. 2014): occurrence of persis-
tent bacterial cells (Poole 2002), damage done by the diffusion of antibiotics into 
the bacterial cells by extracellular matrix (Wang et al. 2017), and wounds in the 
DNA oxidative repair system or in the mismatch repair system which results in 
hypermutator (Penesyan et al. 2015). In vitro studies suggest that the biofilm 
formed by Helicobacter pylori is responsible for reducing antibiotic sensitivity 
and generating resistance mutations in a biofilm when compared to planktonic 
cells. 

(d) Persistence 
Persistence can be defined as when the bacterial population is not killed by 
antibiotics and when exposed to the same antibiotic, the heterogenous response 
is produced (Lewis 2007). Time-dependent persistence can be described as the 
particular circle of bacteria which has a slower growth rate or long lag time 
(Balaban et al. 2004). This time-dependent persistence expresses molecular 
mechanisms by slowing down the killings by antibiotics which are associated 
with tolerance (Adams et al. 2011). The bacterial population which survives the 
effect of antibiotics shows enhanced resistance. 

Any material which possesses these properties are considered ideal antimicrobial 
activity. 

22.3 Antibacterial Materials 

Antibacterial materials are priceless compounds that are used to inhibit the growth of 
various microorganisms. They come in handy in preventing diseases by showing 
antibacterial abilities toward microorganisms. These antibacterial materials are 
abundantly found in nature as natural products and in the form of nanomaterials.



678 A. Kanungo and S. Acharya

22.4 Natural Products 

Natural antimicrobial materials are abundantly found in nature, possessing both 
biological and pharmacologic actions which are produced by living organisms 
(Koehn and Carter 2005). These living organisms give rise to diversified primary 
and secondary metabolites, where the primary metabolites carry out the chief 
function within the organism. On the contrary, the secondary metabolites might 
carry essential functions for their producers or result in waste materials. Conversely, 
these secondary metabolites have been proven to hold antibacterial activity and show 
constructive properties toward humans by combating numerous diseases like cancer, 
inflammation, and bacterial infections. These secondary metabolites acquiring anti-
microbial activity are found in (a) plant sources like vegetables, spices, herbs, fruits, 
and seeds; (b) animal sources like eggs, milk, and tissues; and (c) microorganisms 
like bacteria, viruses, and fungi. Though approved for human consumption, chemi-
cal preservatives still carry a threat to our health, for which natural antimicrobials 
have been proven to be promising in decreasing food-borne illness rates (Mathew 
et al. 2007; Hayek 2014). 

Natural antimicrobial peptides (AMPs) are naturally occurring biopolymers that 
can be both anionic and cationic. Some AMPs are histone-derived compounds, 
aromatic dipeptides, and oxygen-binding proteins like bacteriocins. Bacteriocins 
can be described as odorless, nontoxic, tasteless, and colorless (Farkas-Himsley 
1980). Bacteriocins are widely accepted as a natural product due to their mode of 
action, where they can target a narrow range of bacterial species when compared to 
traditional antibiotics, and it also gets inactivated by proteolytic enzymes present in 
the digestive system of humans. Similarly, lactoferrin belonging to the transferrin 
family is a multifunctional globular glycoprotein found in human secretions like 
breast milk and tear. Lactoferrin was identified in 1939 in bovine milk by Sorensen 
and Sorensen. It inhibits the growth and multiplication of a wide range of gram-
positive and gram-negative bacteria, fungi, viruses, and protozoa (Zhao 2011). 

22.5 Antibacterial Nanomaterials 

Currently, the excellency in nanotechnology has made it grab a superior position in 
the field of nanoscale antibacterial properties. Reportedly, antibacterial 
nanomaterials comprise silver nanoparticles (Ag) (Morones et al. 2005; Chen and 
Schluesener 2008), chitosan-based nano-biopolymer, nanosilver-based 
nanocomposites (Thomas et al. 2007), and carbon nanotubes (CNTs) (Fig. 22.3). 
Presently, the silver nanoparticle has grabbed more attention due to its antibacterial 
properties. To improve the efficacy of the chemical reaction, a one-pot synthesis was 
carried out between silver nanoparticle-polymer composites (Ag-PNCs) in water 
comprising polycondensation of methoxybenzyl chloride to produce highly emulsi-
fiable microbial nanocomposites (Zhao 2011). Nevertheless, numerous metals and 
metal oxides are extensively researched to understand their antimicrobial actions 
(Loomba and Scarabelli 2013). Some of the highly potent metal oxide nanoparticles



are silver (Ag), titanium oxide (TiO2), zinc oxide (ZnO), gold (Au), iron oxide 
(Fe3O4), copper oxide (CuO), magnesium oxide (MgO), nitric oxide (NO), alumi-
num oxide (Al2O3), and graphene. Bactericidal properties of metal oxide 
nanoparticles are exhibited through reactive oxygen species (ROS) generation, 
metal ion release, and their physical structure (Beyth et al. 2015). 
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(a) Silver Nanoparticles 
Silver nanoparticles have emerged as one of the leading and widely used 
antimicrobial agents which is effective against a broad range of bacteria, viruses, 
and fungi (Rai et al. 2009). Ag compounds are extensively used to treat a range 
of infectious diseases, wounds, and burns (Elliott 2010). Being an effective 
metal oxide nanoparticle, the antimicrobial effect of Ag is size-dependent; 
therefore, silver with a smaller diameter exhibits tremendous antimicrobial 
effect irrespective of the larger diameter (Morones et al. 2005; Beyth et al. 
2015). Ag NPs are one of the extensively researched metal and metal oxide NPs 
with a great variety of applications in the area of medicine, microbiology, food 
technology, water purification, cell biology, pharmacology, and house 
appliances (Spirescu et al. 2021). These Ag NPs can be created by hydrothermal 
method, chemical vapor deposition, sol-gel method, thermal decomposition, and 
biogenic synthesis methods (Spirescu et al. 2021). 

Even though Ag NPs demonstrated their efficiency against a broad range of 
microorganisms comprising gram-negative and gram-positive bacteria, viruses,
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and fungi, the accurate mechanism of silver nanoparticles is still to be 
interpreted (Ciriminna et al. 2020). The main mechanism of the positively 
charged Ag NPs is to interact with the plasma cell membrane, which is nega-
tively charged, resulting in the deposition inside the membrane followed by 
modification in the structure of the bacteria and permeabilization due to cis-trans 
isomerization of unsaturated membrane fatty acids (Ciriminna et al. 2020; 
Hamad et al. 2020). This results in the release of Ag+ from the NP and 
communicates with the proteins and nucleic acids, leading to the production 
of reactive oxygen species (ROS), for instance, singlet oxygen, superoxide 
anion, hypochlorous acid, and hydrogen peroxide (Loomba and Scarabelli 
2013; Spirescu et al. 2021). 

(b) Gold NPs 
Gold has emerged as a potent nanoparticle that effectively inhibits the growth of 
fungi and gram-positive and gram-negative bacteria. The efficacy of Au NPs can 
be observed in their application in the field of medicine. For instance, Au NPs 
are used in the production of antibiotics like streptomycin, neomycin, and 
gentamycin, used for the production of soaps and cosmetics and biomedical 
applications (Loomba and Scarabelli 2013; Saidin et al. 2021). Principally, they 
are applied in the treatment of rheumatic diseases comprising of psoriasis, 
rheumatism, and juvenile arthritis. Au NPs show biocompatibility with the 
body and in association with photosensitizers for photodynamic antimicrobial 
chemotherapy (PACT) (Saidin et al. 2021). Au NPs show antimicrobial effects 
by interacting with the microbial cell wall regulated by protein binding, electro-
static forces, lipids, and carbohydrates resulting in the microbial cell membrane 
and cell wall damage, impeding the thiol groups within the bacterial cells and 
impairment of mitochondria and ribosome (Rónavári et al. 2021). Additionally, 
the antimicrobial actions lead to an increase in ROS concentration in S. aureus, 
bacterial cell lysis in S. pneumoniae, and inhibition of transcription in E. coli and 
S. aureus (Spirescu et al. 2021; Ortiz-Benítez et al. 2019). 

(c) Titanium 
Titanium dioxide (TiO2) has shown its efficacy as a metal oxide antimicrobial 
agent by producing free radical oxides and peroxides, which possess high 
antimicrobial reactivity, and is broadly used to deal with gram-negative and 
gram-positive bacteria along with various parasites and viruses (Brady-Estévez 
et al. 2008). TiO2 NPs, when exposed to UV light, lead to the production of 
high-energy electron-hole pairs (Azizi-Lalabadi et al. 2019). This UV light 
development gives rise to ROS (Nguyen et al. 2019). The production of ROS 
leads to the destruction of DNA, RNA, proteins, and the membrane of the 
bacterial cell, and it also hinders the functions inside the cell leading to cell 
death (Saidin et al. 2021). These TiO2 NPs are produced by hydrothermal 
method, precipitation, sol-gel method, and electrochemical processes using 
titanium isopropoxide and titanium chloride as precursors (Spirescu et al. 
2021; Waghmode et al. 2019). 

(d) Zinc Oxide
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The antimicrobial action of ZnO nanoparticles is dependent on the particles size 
and concentration. ZnO NPs are widely used to prevent the growth of 
methicillin-resistant S. aureus (MRSA), methicillin-sensitive S. aureus 
(MSSA), and methicillin-resistant S. epidermidis (MRSE) strains (Ansari et al. 
2012). Also, due to ZnO NPs UV blocking ability and white color, they possess 
the capability to inhibit the formation of biofilm for which it is effectively used 
as a coating substance in medical and other devices of glass and fabric industries 
(Beyth et al. 2015), and Zn is used as a food additive by FDA (Blecher et al. 
2011). Hence, the ZnO NPs lead to the production of ROS, disrupting mem-
brane potential and integrity (Beyth et al. 2015; Pati et al. 2014). ZnO NPs are 
positively charged and specifically react with the microbial cell wall which is 
negatively charged via electrostatic forces, thus leading to disruption in mem-
brane structure, the outflow of components of the cell, and loss in cell integrity 
which ultimately leads to cell death (Spirescu et al. 2021; Sirelkhatim et al. 
2015). 

(e) Iron Oxide 
Iron oxide nanoparticles are tailored to utilize antimicrobial materials in 
healthcare sectors. Fe3O4 possesses anti-adherent characteristics leading to the 
inhibition of the growth and development of gram-positive and gram-negative 
bacteria. The Fe2O3 NPs acquire the ability of cell penetration and production of 
ROS (Saidin et al. 2021). 

(f) Copper Oxide 
Copper oxide (CuO) NPs exert antibacterial efficacy against numerous bacterial 
species and show antibacterial action by producing ROS and membrane disrup-
tion (Pelgrift and Friedman 2013; Hans et al. 2013). For example, the cell wall 
of Bacillus subtilis is abounding with carboxyl and amine groups which deeply 
bind to the CuO, making the organism more sensitive toward the NPs (Huh and 
Kwon 2011; Pelgrift and Friedman 2013). CuO belonging to the simplest 
member of the copper family possess a variety of applications like can withstand 
high temperature, superconductivity, electron correlation effects, and spin 
dynamics, making CuO NPs the most suitable NPs and having the capability 
to replace the use of silver NPs (Saidin et al. 2021). They show enhanced 
antimicrobial action toward Escherichia coli and Bacillus subtilis, including 
silver-resistant species like Morganella morganii and Mycobacterium 
psychrotolerans (Das and Patra 2017). Also, Cu NPs have emerged as an 
effective antifungal agent for plants by inhibiting the growth of Curvularia 
lunata, Fusarium oxysporum, and Alternaria alternata (Chen et al. 2019). 
However, in the field of medicine, Cu NPs show cyto- and genotoxic effects 
(Vincent et al. 2018). 

(g) Magnesium Oxide 
MgO NPs demonstrate antimicrobial action against both gram-negative and 
gram-positive bacteria, viruses, and spores. When compared to other metal 
NPs, the MgO NPs are readily available and used in the form of MgO or 
MgX2 (Pelgrift and Friedman 2013; Lellouche et al. 2011). Besides the availability of 
Mg NPs, these NPs contain the capability to prevent biofilm formation in
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Staphylococcus aureus and Escherichia coli (Beyth et al. 2015), inhibiting 
essential enzymes of the bacteria and inducing ROS (Blecher et al. 2011), 
causing phospholipid damage leading to membrane disruption and causing 
cell death (Maji et al. 2020). Synthesis of MgO NPs is done through various 
methods, namely, sol-gel, combustion, hydrothermal method, calcination, wet 
precipitation, and co-oxidation (Elliott 2010; Maji et al. 2020). 

(h) Nitric Oxide 
Nitric oxide (NO) NPs appear to be an assuring antimicrobial compound whose 
antimicrobial activity is dependent on shape and size; therefore, smaller particles 
are more efficacious than larger ones (Schairer et al. 2012). One of the major 
differences between other metal oxides and NO NPs is that it exclusively affects 
the reactive nitrogen species (RNS) than ROS. NO NPs effectually kill 
methicillin-resistant Staphylococcus aureus (MRSA) (Beyth et al. 2015) present 
in skin infections (Martinez et al. 2009) and improve the wound healing process 
in both normal and diabetic mice (Weller and Finnen 2006). Nitric oxide NPs 
facilitate the biofilm eradication of numerous bacterial species. Additionally, 
NO can possess as an accurate drug for topical treatment in subcutaneous and 
cutaneous wounds and facilitates a faster wound healing process (Saidin et al. 
2021). 

(i) Aluminum Oxide 
The structure of aluminum is thermally stable and can withstand an extensive 
range of temperatures and carry a neutral charge making aluminum neutral in 
pH. Aluminum nanoparticles cover a broad range of antimicrobial applications 
starting from industrial use to personal care products. The antimicrobial effect of 
Al NPs can be observed in Escherichia coli as it leads to membrane disorgani-
zation, accumulation inside the cell, pit formation, and perforation, which results 
in cell death. Also, the formation of ROS creates cell wall disruption causing cell 
death (Saidin et al. 2021; Ansari et al. 2014). The adhesion rate of the aluminum 
NPs is dependent on the concentration of the nanoparticles, which results in 
growth inhibition. Hydrophobic interaction, electrostatic interaction, and poly-
mer bridging guide in the adhesion of bacteria onto the nanoparticles (Saidin 
et al. 2021). Aluminum, when combined with silver, shows exceptional antimi-
crobial results by inhibiting the growth of various microbes like Escherichia 
coli. 

(j) Graphene 
Graphene holds special applications like a potential supercapacitor; exhibits 
thermal, electronic, and mechanical properties; and is applied in the field of 
nanosensors, nanoelectronics, and nanomedicine. Graphene is successfully 
utilized for drug delivery techniques and in the area of nanomedicine for 
diagnostics and biosensors (Saidin et al. 2021). Graphene oxide (GO), after 
surface modification, is exercised as a drug carrier. When compared for antimi-
crobial activity graphene oxide (GO), graphite (Gt), reduced graphene oxide 
(rGO), and graphite oxide (GtO) against Escherichia coli, the effectiveness of 
the materials was found to be decreasing in order GO > rGO > Gt > GtO under 
similar incubation conditions and concentrations (Saidin et al. 2021).
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22.6 Applications of Antibacterial Materials 

Antibacterial materials find their use in various sectors as enumerated below: 

1. Health Sector 
Despite acquiring numerous prevention methods, aseptic measures, and strict 
sterilization techniques, bacterial infection continues to be a major threat. In 
dwelling devices like urinary catheters, endotracheal tubes, and enteral feeding 
tubes, bacterial infections serve as the major cause of healthcare-associated 
diseases worldwide, with an estimated one million cases every year in the USA 
for the year 2004. Moreover, the adhesion of the bacteria and the development of 
biofilm at the site of implantation also result in device-associated infections 
(Hetrick and Schoenfisch 2006). Thus, the use of antimicrobial agents to tackle 
this situation is the need of the hour. 

The antibacterial agents work in three different modes on the devices: (a) on 
the external surface, (b) on the active surface, and (c) in the time-release mode. 
The external mode symbolizes the use of disinfectants on the surface, which 
results in structural instability of the microorganisms leading to their death. The 
surface-active mode symbolizes the transfer of antimicrobial agents into the 
microorganism leading to the accumulation of toxins which ends in the disruption 
of the membrane causing cellular leakage. Lastly, the time-release mode contains 
antimicrobial agents that get discharged when there is a variation in their 
environments, such as a change in temperature, pH, pressure, and moisture, 
which is activated when the antimicrobials get attached to the surface. While 
the first mode of action is used in general as surface and container disinfectant, the 
last two modes are mostly used in clinical applications (Zhao 2011). Clinical 
applications of antimicrobial materials are common hospital appliances (hospital 
beds), urological equipment (catheters), medical packaging, intravenous 
(IV) devices, wound care products, and vascular grafts. Incorporating antimicro-
bial agents into these abovementioned products is necessary because it helps in 
controlling the growth of bacteria which is the major concern in hospital-acquired 
infections (Zhao 2011). 

Some of the clinical sectors where antimicrobial agents are applied are as 
follows: 
(a) Wound Care 

Combating wound infection has emerged as a major concern in the healthcare 
sector, for which antimicrobial materials are used. Wound care in the 
healthcare sector is ruling at an estimated value of US$10 billion in 2007 
and is expected to rise to US$12.5 billion in 2012 (Zhao 2011). Discovered in 
the 1960s, silver sulfadiazine (AgSD) cream uses silver to treat burns 
(George et al. 1997). Lately, silver is effectively used as a cover for wound 
dressing (Atiyeh et al. 2007), and now, wound dressings that are impregnated 
with silver are used as gauze and are widely available. Some of the widely 
accepted wound dressings impregnated with antimicrobial materials are 
polyhexamethylene biguanide (PHMB) and iodine.
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Microorganisms that cause wound infections are sorted into two groups 
(Langeveld et al. 2014): gram-positive bacteria, namely, Clostridium, Bacil-
lus, Streptococcus, and staphylococcus spp. (Poole 2002), and gram-negative 
bacteria, namely, Escherichia, Salmonella, Pseudomonas, and Klebsiella 
spp. Infection caused by multiple bacterial species leads to chronic 
infections, which can be controlled by nanoparticles used as antimicrobial 
materials which can inhibit bacterial reproduction and growth. Currently, a 
fiber mat has been discovered for wound healing with the combination of 
nanosilver and polyvinyl alcohol with chitosan (Li et al. 2013). 

(b) Bone Cement 
Bone cement is a self-curing biomaterial made up of polymethyl methacry-
late (PMMA) or methyl methacrylate (MMA) or modified PMMA and is 
popularly used as prostheses to fill the space between the bone and implant 
during replacement surgery of the knee, joint, or hip (Wang et al. 2017). As 
the cases of infectious diseases leading to infection in the wound are increas-
ing, the situation can be life-threatening. In such a situation, the administra-
tion of nanoparticles is emerging as the research hotspot due to its ability to 
kill resistant bacteria (Pelgrift and Friedman 2013). According to the time-
kill and Kirby-Bauer method, a reduction in surface biofilm formation is 
observed when PMMA bone cement was mixed with Ag NPs, where the 
chief function of PMMA-Ag NPs was to prevent the colonization of bacteria 
on the surface (Miola et al. 2015). This confirmed the use of Ag NPs as a 
potential antibacterial bone cement by replacing antibiotics (Prokopovich 
et al. 2015). Nanosilver at a concentration of 0.05% can successfully prevent 
surgery-related infections caused by Acinetobacter baumannii, Staphylococ-
cus epidermidis, Staphylococcus aureus, and methicillin-resistant Staphylo-
coccus aureus (MRSA) (Kose et al. 2016). 

(c) Cardiovascular 
Implants used for the arterial occlusive disease are vascular prosthetics that 
cause infection at the site of implantation in approximately 1–5% of the 
patients (Zhao 2011; Herrera et al. 2009). To prevent this infection, 
rifampicin-bonded prostheses have been used in some patients, and it con-
firmed potential results. The latest technique uses antibiotic-impregnated 
prosthesis for in situ graft replacement that is appropriate for inhibiting 
Staphylococcus epidermis infection (Wilson 2001). Similarly, for the treat-
ment of vascular surgical site (VSS) infection, a combination of antibiotics 
like daptomycin, tobramycin, and vancomycin was filled with poly(methyl 
methacrylate) (PMMA) beads (Stone et al. 2006) which emerged as a 
promising approach. One more approach is the application of a rifampicin-
bonded Gelsoft graft for the in situ replacement of methicillin-resistant 
Staphylococcus aureus (MRSA) (Zhao 2011; Vicaretti et al. 2000). Stents 
used for the treatment of arterial stenosis cause significant infections. To 
prevent methicillin-resistant Staphylococcus aureus in both animals and 
man, the stent was filled with gelatin and then immersed in rifampicin 
(Zhao 2011).
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2. Antimicrobial Materials in the Food Industry 
Natural antimicrobials from plants are used in the process of cooking or directly 
as food. Some examples of such antimicrobial agents are: 
(a) Herbs and Spices 

Herbs and spices show variation in antimicrobial actions against food-borne 
microorganisms as they possess different structural configurations (Tajkarimi 
et al. 2010; Negi 2012), i.e., the hydroxyl (-OH) groups. This hydroxyl 
group interacts with the bacterial cell membrane resulting in the disruption of 
its structure and leakage of its components, leading to cell death (Quinto et al. 
2019). Some of the antimicrobial materials from plants possessing both 
antimicrobial and antioxidant properties which bring out the more effective 
version of the compound are herbs and plants (lemongrass, garlic, rosemary, 
oregano), oils, spices (clove and cinnamon), and organic compounds 
(Gutierrez et al. 2008; Pisoschi et al. 2018). These compounds, alone or in 
combination, show efficacy in preserving food (Gavarić et al. 2015). 

One of the effective combinations of oils that were found to be effective 
against different microbes is oregano, lemon, basil, rosemary, thyme, and 
sage which inhibited the growth of Escherichia coli, Pseudomonas 
aeruginosa, and Bacillus cereus (Gutierrez et al. 2008). Furthermore, it 
was also proven that oregano essential oil showed more ability toward 
antibacterial properties for Escherichia coli and Bacillus subtilis. In addition, 
the main component in essential oil (from oregano) was found to be carvacrol 
which was about 80.5% which was sensitive to Salmonella typhimurium 
(Arshad and Batool 2017). 

(b) Fruits and Vegetables 
With the tremendous success in the antimicrobial activity of herbs and spices, 
fresh fruits and vegetables have been discovered to be containing organic 
acids and phenols that possess antimicrobial effects against different spoilage 
and pathogenic microorganisms. For instance, 3-hydroxycinnamic acid 
(coumaric acid) and phenol present in Capsicum and orange peel were 
responsible for its antimicrobial action (Hayek 2014; Dorantes et al. 2000). 
Bergamot peel is the by-product of a citrus fruit that produces flavonoids that 
were found to be inhibiting the growth of gram-negative bacteria like 
Escherichia coli and Salmonella enterica, and the effectiveness of the anti-
microbial activity is enhanced after enzymatic de-glycosylation (Hayek 
2014). Citrus extracts like lemongrass and lime peel have been effectively 
showing antimicrobial activity against meat products for Salmonella 
typhimurium and Bacillus cereus. Citrus fruit peels, juices, and seeds 
undergoing hot water extraction were revealed to be successfully fighting 
against bacteria such as Escherichia coli, Staphylococcus aureus, and Pseu-
domonas aeruginosa (Arshad and Batool 2017; Scallan et al. 2011). Pome-
granate extracts show high potency against gram-positive bacteria like 
Bacillus cereus and Staphylococcus aureus at a concentration of 0.01% due 
to the presence of diverse flavonoids and phenols. Pomegranates have also 
shown great inhibition toward Escherichia coli (Arshad and Batool 2017).
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Garlic extract is composed of organic sulfur, i.e., allicin which is responsible 
for inhibiting the growth of both gram-positive and gram-negative bacteria 
involving Escherichia coli, Streptococcus, Salmonella, Helicobacter pylori, 
and Klebsiella (Arshad and Batool 2017). 

(c) Phenolic Compounds 
Phenols are used for the preservation of food and enhancing its flavors such 
as hydroquinone and cresol. The phenolic compounds are of three types, 
namely, monophenols, diphenols, and triphenols (Quinto et al. 2019). Plants 
produce some of the effective phenolic acids which stall the growth of 
bacteria like Escherichia coli and Aeromonas hydrophila (Payne et al. 1989). 

(d) Hops 
Hops are the flower of the hops plant Humulus lupulus, used in the produc-
tion of beer as it generates a bitter flavor. Hop comprises xanthohumol and 
prenylated acylphloroglucinols, which results in gram-positive bacteria 
growth inhibition (Kramer et al. 2015; Simpson and Smith 1992). 
atural antimicrobials are also derived from animals: 

(a) Peptides 
Antimicrobial peptides from animal sources actively destroy the cell mem-
brane of both gram-positive and gram-negative bacteria (Pisoschi et al. 2018; 
Tiwari et al. 2009), proving their antibacterial activities and, additionally, 
exhibiting a broad range of antiviral activities (Jenssen et al. 2006). 
Pleuronectes americanus reveal to show antimicrobial activity against both 
gram-positive and gram-negative bacteria with the peptide, i.e., pleurocidin 
found in the secretions of its skin (Cole et al. 1997), such as Saccharomyces 
cerevisiae, Vibrio parahaemolyticus, Escherichia coli, and Penicillium 
expansum (Quinto et al. 2019). Protamine, defensins, magainin, and 
casocidin are peptides that show antimicrobial defenses against various 
microorganisms (Pisoschi et al. 2018). Protamine is a protein found in the 
sperm cells of vertebrates (Kim et al. 2015) and shows electrostatic affinity 
toward the negatively charged bacteria, whereas magainin is present on the 
skin of Xenopus laevis a frog; both the peptides actively fight against bacteria 
as well as fungi (Tiwari et al. 2009; Potter et al. 2005). Defensins are small 
proteins showing antimicrobial activities against bacteria, fungi, and viruses 
that are produced by phagocytic cells as well as epithelial cell lining of 
genitourinary and gastrointestinal tracts of mammals (Tiwari et al. 2009). 
Casocidin peptide expresses antibacterial activity against Staphylococcus 
carnosus and Escherichia coli is achieved from bovine milk (Quinto et al. 
2019). 

(b) Polysaccharides 
Chitosan is a linear polysaccharide produced by treating chitin exoskeletons 
of arthropods and crustaceans (Pisoschi et al. 2018). Chitosan is capable of 
inhibiting the growth of bacteria like Staphylococcus aureus, Escherichia 
coli, Lactobacillus fructivorans, and Yersinia enterocolitica, as well as yeasts 
and molds, namely, Aspergillus flavus, Rhizopus stolonifera, Saccharomyces
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cerevisiae, and  Mucor racemosus from food components (Oh et al. 2001; 
Rhoades and Roller 2000). 

(c) Lipids 
Lipids detected in milk are found to be inhibiting the growth of fungi and 
gram-positive and gram-negative bacteria by hindering the proliferation of 
microorganisms (Pisoschi et al. 2018; Sprong et al. 2001). The activity of 
Escherichia coli, Campylobacter jejuni, Clostridium perfringens, Listeria 
monocytogenes, and Salmonella enteritidis was observed to be affected due 
to the administration of lipids and triglycerides from bovine milk (Sprong 
et al. 2001). 

(d) Food Storage 
The food industry is a multifaceted sector, with the biggest concern being the 
quality, storage, security, and packaging of the food. Thus, food packaging 
materials play a vital role in both the food and health sectors. The food 
packaging industry can be divided into three types (Langeveld et al. 2014): 
conventional packaging, in which the content in the package is separated 
from the environment by a passive barrier created by the container (Poole 
2002); active packaging, where the packaging material itself increased the 
shelf life of the food by improving its quality and safety (Wang et al. 2017); 
and smart packaging along with protecting the content from the environment, 
where it also delivers information regarding the changes in food, its environ-
ment, and the package. Antibacterial materials used to prevent disease also 
play a vital role in food packaging and food sectors (Azeredo 2009). 

In the case of conventional packaging, the separating barrier between food 
in the package and the environment used is polyethylene film. Similarly, for 
active packaging, the materials used in the container synchronize with the 
food prolonging its shelf life by improving food quality and safety, for 
example, polyethylene film packed with TiO2 and NPs, while smart or 
intelligent packaging protects the food content from the environment and in 
addition reacts to any change occurring in the food or its environment while 
delivering information regarding the product as well as the package, polyeth-
ylene film with TiO2, with methylene blue and glycerol. Moreover, 
nanosensors present in smart packaging react to various factors such as 
concentration of oxygen, changes in the environment like variation in humid-
ity and temperature, and occurrence of degradation products (Azeredo 2009; 
Mills et al. 2017). For instance, when polyethylene film is prepared with TiO2 

(titania dioxide) nanoparticle (anatase) in the presence of methylene blue and 
glycerol, it changes its color when O2 is present. 

3. Textile Modification 
For the production of textiles with high performance, organic and inorganic 
antibacterial materials play a crucial role. Possessing unique properties, these 
inorganic and metallic nanostructured materials have grabbed a place in textile 
fabric modifications. Researchers have modified a procedure that focuses on bulk 
modification of filament yarns where different concentrations of nanocomposite 
fillers are used by mixing various silver-based fillers like Ag/TiO2 and Ag/Zn
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with three different compositions of polymer powder to demonstrate its potential 
for mass production on a pilot plant scale. This industrial modification technique 
was found to be easily adaptable, eco-friendly, and high in quality and mutation 
frequencies (Saidin et al. 2021). 

4. Cosmetics 
Antimicrobial agents are abruptly used in the preservation and quality mainte-
nance and increase the action of antimicrobial compounds against the targeted 
microorganism. In deodorants, to inhibit the growth of staphylococci and diph-
theroid due to the formation of sweat aluminum chlorohydrate, alcohol and 
chlorohexidine are used. In anti-dandruff shampoo, to reduce the Malassezia 
species and inhibit yeast growth, zinc and salicylic acids are used as antimicrobial 
agents. In antibacterial soap bars and wipes, to reduce the growth and accumula-
tion of Staphylococcus and Streptococcus, triclocarban, alcohol, and glycerine are 
used as antibacterial agents. In toothpaste and mouthwash, to prevent bacterial 
growth and reduce plaque formation and prevent the development of 
Proteobacteria and Actinobacteria, some antimicrobial agents are used, such as 
alcohol, chlorohexidine, clove, and herbs (Halla et al. 2018). 

22.7 Limitations of Antibacterial Materials 

Even though antibacterial materials are very useful and are applied in various 
sectors, there are some disadvantages of these antibacterial agents. One of the 
major limitations is the choice of antibacterial materials which carry the ability for 
bacterial resistance. For instance, the overuse of silver as silver dressings has now 
become a major concern in the field of wound care as it gets exposed to more 
probable pathogens (Zhao 2011). Another crucial drawback is the lack of knowledge 
and research regarding the complex structure of the bacterial cell membrane for 
in vitro analysis. Because the in vitro analysis cannot replicate the in vivo 
environments, hence, it becomes difficult to understand the antibacterial mechanism 
of nanoparticles with the help of in vitro analysis (Wang et al. 2017). There is still a 
desperate need to understand the nanoneurotoxicity and to understand the crossing 
of nanoparticles through the cell membrane of bacteria (Wang et al. 2017). An 
additional shortcoming is the effect of antibacterial component durability. Essential 
oils are highly potent in preserving food. However, it exhibits cytotoxicity activity in 
humans when ingested, which can lead to several serious health hazards (Lucera 
et al. 2012). Hence, despite exceptional discoveries of various antibacterial 
materials, in the field of medicine, health, and food, it still holds numerous unavail-
ability and lacunas which need further research and improvisation.
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22.8 Conclusion and Future Trends 

Antibacterial materials are essential for reducing the toxic effects of different 
harmful microorganisms, and their discovery brought a revolution in the medical 
sector. Moreover, it is projected that there will be a definite increase in the evolution 
of the antimicrobial material industry in the coming years (D’Arcy 2001). For 
instance, increasing demands for implants and other medical devices that possess 
anti-infection effects, escalating demand for the need of antimicrobial-treated 
surfaces to decrease disease spread, and growing use of plastics and antimicrobials 
to maintain hygiene are some of the areas where antibacterial agents are very much 
required. Asia has grown to be a high-end industry demanding an upgraded 
antibacterial product that meets with industrial hygiene conditions and medical 
and commercial consumer favor. Moreover, recent advancement in clinical research 
technologies has put light on the usage of nanoparticles as antibacterial materials for 
body repair as tissue engineering materials (Zhao 2011). On the top, progressive 
evolution in antibacterial materials exhibits the discovery of a surface with excep-
tional biocompatibility and indicates resistance toward bacterial adherence or deal-
ing with controlled release of antibacterial materials to reduce the effect of 
cytotoxicity (Pearson and Abrutyn 1997). The increasing population demands 
more food, which requires a protective environment where it can be stored. So, 
now the researchers and food authorities are in desperate need of developing various 
natural products which enhance the quality of the food and ensured its nutritional 
safety without causing harm to human health. Hence, after numerous sustainability 
experiments of food on different natural products like enzymes, oils, organic acids, 
and chitosan are revealed as suitable food preservatives. Most importantly, plants 
hold a successful place for delivering the most natural drugs (Lucera et al. 2012). 
Essential oils portray great potential in preserving food without manipulating the 
balance of the food, but these oils possess strong aroma and toxicity complications. 
Keeping count of its remarkable antimicrobial benefits, it cannot be denied that 
essential oils are expensive, and the risk of toxicity and the discovery of effective 
doses for preservation techniques remains to be uncovered in the future (Lucera et al. 
2012). 

For enhanced functioning of antibacterial agents, detailed information on the 
natural compound should be known. But as of now, information regarding various 
natural compounds is still inadequate. Hence, for the advancement of new upgraded 
engineering techniques, further research is a must, and validation of the combination 
of active agents does not show amplification in antimicrobial effects (Lucera et al. 
2012). Through various research and developments, polymer-based materials have 
emerged as potential antibacterial substances. But due to its complex nature, the 
problem arises in its study, which can be controlled by different procedures like 
developing a nanostructured and nanopatterned surface that possesses controlled 
surface factors and chemical composition to decrease bacterial adhesion (Olmos and 
González-Benito 2021). These compounds are tested mostly on animals, which does 
not determine their effectiveness toward normal microbiota and understanding the 
toxicity production and its effect on humans. Hence, researchers need to experiment



on humans to get beneficial outcomes. Furthermore, in vitro testing and regulating 
the extraction method gives more methodological and clarified results (Cowan 
1999). Therefore, further extensive study is required to understand the mechanism 
of action of the compound and know its appropriate use against specific 
microorganisms (Doyle and Stephens 2019). The day is not far when we will find 
suitable antibacterial material which possesses higher effectiveness against 
microorganisms; shows less toxicity toward humans; can withstand adverse envi-
ronmental conditions like variation in temperature, pH, and pressure; is highly 
biodegradable; and is cost-effective. 
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Abstract 

Nowadays, tissue engineering and regenerative medicine are two critical and 
interrelated topics in health sciences, particularly for treating diseases, which 
need to promote several cell types, such as musculoskeletal pains and diseases 
like rheumatoid arthritis and osteoarthritis. In this field, several methods exist to 
decrease pain and/or treat disease. The use of stem cells, their extracellular 
vesicles, growth factors, and biomaterials to deliver or modulate these cells and 
signaling molecules, differentiate cells, proliferate and migrate to targeted tissue, 
etc. are potential solutions that can be led to tissue repair. Hence, this chapter aims 
to review these methods and study effective polymers/biomaterials in the induc-
tion of signaling pathways of osteogenesis, anti-inflammation, pain reduction, 
and chondrogenesis, as well as highlight potential advantages. These materials 
can improve chronic joint inflammatory diseases such as osteoarthritis, tendinitis, 
rheumatoid arthritis, bone fracture, and neck and low back pains. Active herbal 
ingredients and their combination with the mentioned materials have been 
assessed as attractive candidates to increase cellular interactions, regenerate 
tissue, and create novel insights into the treatment of musculoskeletal disorders/ 
diseases. 
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23.1 Introduction 

Musculoskeletal diseases are known as the set of conditions that limit the movement 
of patients via physical injuries or inflammatory pains in the musculoskeletal sites, 
such as tendons, joints, bones, ligaments, and muscles, caused by lifestyle, occupa-
tion, family histories, aging, autoimmune disorders, etc. (Cieza et al. 2020). Studies 
have shown that these tissues possess poor recovery ability, so their unsatisfactory 
regeneration is led to the disability of patients and pain in the injured areas (Li et al. 
2021). In this field, rheumatoid arthritis (RA) and osteoarthritis (OA) are the most 
common musculoskeletal diseases and cause permanent disability among some 
elderly individuals. In particular, RA, defined as an autoimmune inflammatory 
disorder, is the main factor in synovial joint swelling and inflammations (Guo 
et al. 2018). Likewise, OA, a chronic inflammatory disease of joints, can affect the 
joint tissues of the musculoskeletal system, such as articulations of the hips, hands, 
and knees (Hunter et al. 2020; Zeng et al. 2020; Englund et al. 2012). 

There is no cure for these diseases, and most methods are intended to slow down 
the disease process or pain of patients (Abramoff and Caldera 2020; Messina et al. 
2019; Kuang et al. 2021; Bullock et al. 2018). However, surgery to replace damaged 
joints as the graft of autologous, allograft, or xenograft tissue is considered one of the 
pain reduction methods, despite limitations of reproducibility and availability, poor 
plasticity (in the structure or shape), donor scarcity, morbidities of donor sites, risk of 
transmitting infectious diseases, immune rejection, and the possibility of graft being 
rejected (Campana et al. 2014). Moreover, using nonsteroidal anti-inflammatory 
drugs (NSAIDs) is another strategy in this field that can be administered to manage 
the pains caused by musculoskeletal disorders/diseases. However, they are fre-
quently ineffective in restoring functions/movements of tissues (Abramoff and 
Caldera 2020). Hence, the current task for researchers is to develop novel techniques 
to create effective therapeutic methods for the regeneration of the musculoskeletal 
system. In this field, tissue engineering is known as a promising strategy in regener-
ative medicine for restoring structure/function of musculoskeletal system. 

Indeed, these methods can act as growth strategies that lead to the regeneration of 
damaged tissue and the treatment of diseases such as OA and RA. In this regard, 
applying multifactorial approaches such as the design of biomaterial-based 
substrates and tissue substitutes combined with autologous cells, stem cells, and/or 
bioactive molecules or active herbal ingredients not only can be led to the imitation 
of the functions of the native extracellular matrix (ECM) but also result in the 
stimulation of cell interactions and improvement of the target tissue function. 
According to the importance of the subject, this chapter has been aimed at studying 
the current advances and research regarding musculoskeletal tissue engineering and



regenerative medicine to treat its diseases, focusing on the role of biomaterials, 
herbal active ingredients, and bioactive materials to deliver micro-/biomolecules 
such as growth factors, stem cells, and extracellular vesicles (EVs: byproducts of 
stem cells), as future strategies for repairing the musculoskeletal system. 
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23.2 Musculoskeletal System Tissue Engineering 

Tissue engineering provides effective approaches to assist the body in imitating 
organogenesis and regeneration of diseased/damaged tissues (Mooney and Mikos 
1999). However, to obtain an efficient regeneration, especially for tissues that need 
to promote several cell types, such as the musculoskeletal system, there are two key 
components, which include the stem cells/cells as regenerative factors and the 
polymer substrates for delivering these cells. Given that the structures/functions of 
bones, cartilages, skeletal muscle tissue, tendons, and ligaments play an essential 
role in the selection of these two elements, in this section, we focus on sources of 
cells, biomaterials, and active ingredients that can play a crucial role in supporting a 
correct regeneration process musculoskeletal system. 

23.3 Cellular Sources for Musculoskeletal Tissue Engineering 

The creation of engineered musculoskeletal tissues in vitro and then in vivo needs to 
use the cells for populating designed polymer substrates to mimic the function and 
structure of native tissue matrix. Although these cells alone have limitations due to 
their invasive nature, they can be successful when used in tissue engineering 
protocols. In this field, we can refer to embryonic stem cells (ESCs), bone 
marrow-derived mesenchymal stem cells (MSCs), and umbilical cord-derived 
MSCs (UCMSCs). The characteristics of these cells have been listed in Table 23.1.

23.4 Polymers and Biomaterials 

Tissue engineering and regenerative medicine develop alternative solutions to 
reduce the risks of disease transfer of allografts and the lack of availability of 
autografts (Delloye et al. 2007; Seiler 3rd and Johnson 2000). The strategy of 
these two methods includes the regeneration of the guided tissues via the natural 
regeneration ability of the tissue, cell therapy by allograft/autograft cells, and cell 
therapy supported by substrates/scaffolds. In this regard, natural and synthetic 
polymers as scaffolding materials can play a central role in the mentioned 
approaches. Nowadays, enormous progress in biomaterial research has been 
achieved, which led to the use of biomaterials or polymers to design novel substrates 
or scaffolds. This section provides the types of biomaterial for applications in 
musculoskeletal tissue engineering and analyzes their functions for developing 
new scaffolds.
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Table 23.1 Sources of the cells for musculoskeletal tissue engineering 

Sources 
of the 
cells Characteristics Ref. 

ESCs Derived from the inner blastocyst mass, 
the maintenance/storage for long culture 
periods that can provide large amounts 
of these cells; true pluripotent nature; 
highest differentiation potential than 
other stem cells; the ability to 
differentiate into multiple cell types via 
asymmetric division, as well as produce 
adult tissues from all three germ layers 
(ectoderm, mesoderm, and endoderm); 
unchecked growth of tissues; teratomas 
formation; sharing genetic program with 
cancer stem cells; have limitation due to 
the ethical problems 

Law et al. (1993); Thomson et al. 
(1998); Wong et al. (2008); Barberi 
et al. (2007); Hewitt et al. (2007) 

MSCs The cells isolated from bone marrow 
(stromal cells); have the benefits of 
primary cells; multi-lineage 
differentiation along with the high 
propensity to divide cells; the ability to 
differentiate into the chondrogenic and 
osteogenic; suitable for regenerating 
bone, stabilizing artificial joints of hips; 
the reduction in differentiating potential 
after age 30 

Jaiswal et al. (1997); Johnstone et al. 
(1998); Bruder et al. (1998); Bolland 
et al. (2007) 

UCMSCs The multi-lineage differentiation, the 
gene expression profile similar to bone 
marrow-derived MSCs, ability to 
differentiate into osteoblasts and 
chondrocytes cells; these cells can 
improve the matched tissue availability 
and act as the classical bone marrow 
MSC 

Jeong et al. (2005); Lee et al. (2004) 

Primary 
cells 

These cells are known as autologous 
cells and can be used to regenerate 
musculoskeletal tissue by myoblast and 
tendon tissue by tenocyte; they can be 
removed, ideal from the immunological 
stance; requires surgical intervention to 
remove tissues for allowing cell 
production (similar to the grafting 
process) that led to pain at the graft sites; 
some autologous primary cells possess a 
low propensity for division and their 
expansion is complex; suitable for 
treating cartilage defects 

Beier et al. (2006); Cao et al. (2006)
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Generally, biomaterials are known as the materials that can treat/augment tissues 
or their functions via intracorporeal implantation. Previously, metallic biomaterials 
and silicone gels were considered popular implants (Ratner et al. 2004), but today, 
the ideal biomaterials encompass the concepts of biodegradability or bioabsorbability. 
It means that biodegradable material-based implants/scaffolds/substrates can be 
degraded/disintegrated into smaller fragments and cleared from the body after tissue 
regeneration. This degradation can occur through two dominant mechanisms, i.e., 
hydrolytic and enzymatic degradations. 

Polyesters are a sample of this group that can disintegrate into lactic acid and/or 
glycolic acid (Gilding and Reed 1979). However, only the materials with a degrada-
tion rate similar to targeted tissue are considered bioabsorbable or biodegradable 
biomaterials. Notably, the existence of hydrophilic groups and molecular weights of 
the used materials plays a prominent role in controlling the rate of biomaterial 
degradation (Barrows 1986; Middleton and Tipton 2000; Pietrzak et al. 1997). 
Accordingly, the researches on biomaterials continue for better substitutes; however, 
biomaterial-based approaches illustrate their potential to develop engineered grafts 
(such as substrates or scaffolds) to repair or regenerate musculoskeletal defect. Given 
that the musculoskeletal system includes the bones, cartilages, tendons, ligaments, 
muscles, and meniscus tissue, as well as the interfaces of bone-cartilage, muscle-
tendon, etc. that support body shape and structure, and its locomotions, nowadays, 
various types of biomaterials with physical properties similar to targeted tissue such 
as elasticity, stiffness, flexibility, etc. are being developed to mimic mechanical 
characteristics of musculoskeletal tissues. Some of these biomaterials and their 
characteristics have been listed in Table 23.2.

The biomechanical and biophysical properties of the biomaterials/polymers are 
paramount to ensure the improvement of their function as replacements for the native 
tissues. Here, some of the common biomaterials, with the classification of hard, soft, 
and flexible/elastic biomaterials, that can be used for musculoskeletal tissue engi-
neering applications, along with their biomechanical properties, have been 
highlighted (Fig. 23.1).

1. Hard Biomaterials 
Bio-ceramics and bio-glasses are samples of hard biomaterials that can be used 
for bone repair by orthopedic procedures (Hench 1991). Likewise, there is a wide 
range of biomaterials with associated advantages to targeted tissues. Nowadays, 
combinations of phosphate, sulfate, and calcium as bone cement are widely used 
for regenerating bone tissue due to compatibility and bio-resorbability (Bajammal 
et al. 2008; Goedhart et al. 2014). In this regard, hydroxyapatite is vital due to its 
similarity to the mineral structure of hard tissues such as bones and teeth. Hence, 
the use of this biomaterial and its carbonated forms, alone or in combination with 
other natural and synthetic materials, have been developed for the fabrication/ 
design of composite scaffolds and regeneration of hard tissues such as bones and 
osteochondral.
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Table 23.2 Biomaterials or polymers of musculoskeletal tissue engineering 

Biomaterials/ 
polymers Groups Characteristics Ref. 

Natural Natural protein materials such 
as collagen, fibrin, and silk 

Capable of 
enzymatic 
degradation; 
biocompatible; 
contain functional 
groups to conjugate 
with other 
molecules like 
growth factors 
(as both chemical 
and enzymatic); 
uncontrolled 
enzymatic 
degradation rate; 
involve batch-to-
batch variability in 
purity and molecular 
weight 

Gunatillake et al. 
(2003); Moroni 
et al. (2014); Van 
Blitterswijk et al. 
(2008); Shelke et al. 
(2014); Lee and 
Mooney (2012); 
Andersen et al. 
(2015); Venkatesan 
et al. (2015); 
Machida-Sano et al. 
(2009); Augst et al. 
(2006); Racine et al. 
(2017); Collins and 
Birkinshaw (2013); 
Fakhari and 
Berkland (2013); 
Tohidi et al. (2022) 

Polysaccharides such as 
alginate, hyaluronic acid, and 
starch, chitosan, cellulose 

Synthetic Simplest linear and aliphatic 
polymers such as polyglycolic 
acid (PGA) 

Attractive group to 
apply in 
musculoskeletal 
tissue engineering; 
capable of being 
designed based on 
the specific need of 
tissues; ability to 
manipulate 
degradation kinetics 
and mechanical 
properties of 
engineered scaffolds 
for musculoskeletal 
system (like bones, 
tendons, ligaments, 
etc.); suitable for 
fastening bone 
tissue as screw and 
pin; promotion of 
flexibility for adding 
cell-binding 
peptides and 
consequently the 
increase of 
biomimetic 
properties of the 
polymer 
Disadvantages: 
unfavorable 
byproduct, 

Middleton and 
Tipton (2000); 
Gunatillake et al. 
(2003); Nair and 
Laurencin (2005); 
Boland et al. (2001); 
Kobayashi et al. 
(2013); Casalini 
et al. (2019); 
Malikmammadov 
et al. (2018); 
Mochane et al. 
(2019); Schmidt 
et al. (2010) 

An aliphatic polymer such as 
polylactic acid (PLA) 

Polyesters such as 
polycaprolactone (PCL) 

Charged polyelectrolytes such 
as polystyrene sulfonate (PSS), 
polyethylene imine (PEI), 
polyvinyl alcohol (PVA), 
polydimethyldiallylammonium 
chloride (PDADMAC), 
polyallylamine hydrochloride 
(PAH), and poly-acrylic acid 
(PAA) 

Thermo-responsive polymers 
such as poly 
(N-isopropylacrylamide) 
(PNIPAM)
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Table 23.2 (continued)

Biomaterials/ 
polymers Groups Characteristics Ref. 

bio-incompatibility, 
poor cell adhesion 

Hybrid 
materials 

PGA/hyaluronic acid for 
restoring cartilage, 
PGA/collagen for stimulation 
of vascularization, and 
hydroxyapatite-coated 
chitosan/PLA nanofibers for the 
acceleration of bone tissue 
regeneration 

These groups are 
created based on 
synthetic and natural 
polymers and 
targeted tissue 
characterizations; 
via mixing the 
mentioned polymers 
to develop 
biomaterials with 
biological and 
mechanical 
properties similar to 
tissue of bones, 
tendons, ligaments, 
etc. 

Lee et al. (2011); Li 
et al. (2006a); Deng 
et al. (2008); 
Patrascu et al. 
(2013); Lin et al. 
(2014); Li et al. 
(2009) 

Copolymers The combination of two or 
more monomeric species, such 
as poly(lactide-co-glycolide) 
(PLGA) consists of poly 
(lactide) and poly(glycolide); 
polyester-polyamide copolymer 
consists of poly(ester amide) 
and electroactive tetraaniline 
(PEA-g-TA) 

Combining the 
beneficial/positive 
properties of 
monomers; 
possessing benefits 
of hybrid materials; 
fine-tuning glass 
transition 
temperature (Tg), 
durability, and 
degradation rate; 
suitable for 
musculoskeletal 
tissue scaffolds; 
tunable biochemical 
and biophysical 
properties 

Astete and Sabliov 
(2006); Cui et al. 
(2012) 

Polymer-
ceramic 
composites 

These groups have ceramic 
materials and biodegradable 
polymers to mimic structures 
and functions of the 
musculoskeletal system, such 
as bones (inorganic mineral 
compounds and organic 
collagen fibers). Indeed, they 
are the result of combining 
natural and synthetic polymers 
like elastin, gelatin, collagen, 
PCL, PLGA, and poly-l-lactide 
(PLLA) with bone mineral 
substitutes such as bio-ceramic 

These biomaterials 
are biomimetic and 
can stimulate the 
calcium phosphate 
formation/ 
deposition/ 
precipitation from 
simulated body fluid 
(SBF) that increases 
bone-matrix 
interface strength. 
They can promote 
the mechanical 
properties, chemical 

Albrektsson and 
Johansson (2001); 
Bose and Tarafder 
(2012); Li et al. 
(2017a); Li et al. 
(2017b); Cui et al. 
(2019); Xavier et al. 
(2015); Ho et al. 
(2006); Santin et al. 
(2004); Marra et al. 
(1999)



702 A. I. Aghmiuni et al.

Table 23.2 (continued)

Biomaterials/ 
polymers Groups Characteristics Ref. 

like 2D nano-silicates and 
calcium phosphate (CaP), 
tricalcium phosphate (TCP), 
hydroxyapatite (HA), etc. to 
create bone tissue-liked 
composite scaffolds 

stability, 
biocompatibility, 
and bioactivity of 
the biopolymer and 
improve levels of 
osteoconductive and 
osteoinductive

Fig. 23.1 Mechanical properties of some materials and musculoskeletal sites (Abalymov et al. 
2020)

2. Soft Biomaterials 
In musculoskeletal tissue engineering, natural and/or synthetic hydrogels and 
porous sponges can be used to regenerate articular cartilage tissue (Wang et al. 
2005; Fritz et al. 2009). In this field, alginate, agarose, collagen (I), fibrin gels, 
hyaluronan, and PLA and PGA sponges play an essential role in the reconstruc-
tion of cartilage (Johnstone et al. 2013). Hydrogels and sponges obtained from 
these soft biomaterials as cartilage substrates/substitutes/scaffolds are biocompat-
ible and can maintain the innately hydrated structure, increasing chondrogenesis 
of articular chondrocytes, and incorporate chemical cues (Johnstone et al. 2013; 
Yang et al. 2018; Slaughter et al. 2009). 

3. Flexible/Elastic Biomaterials 
Several flexible tissues in the musculoskeletal system are known as elastic tissues, 
such as ligaments, tendons, and meniscus. These tissues possess poor vascular 
designs and low repair capacities. The reports have indicated that some of the 
elastic biomaterials can mimic the mechanical properties of such tissues. These 
biomimetic biomaterials involve elastin, collagen, PCL, polyurethane (PU), and 
PLLA and can be used in the structure of polymeric scaffolds or substitutes for 
elastic tissues (Boys et al. 2017; Patel et al. 2018; Chen et al. 2013a; Coenen et al. 
2018; Thayer et al. 2016).
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23.5 Herbal Active Ingredients or Bioactive Herbal Extracts 

Currently, the use of active herbal ingredients or bioactive herbal extracts, such as 
flavonoids, polyphenolic biomolecules, alkaloids, tannin, etc., in musculoskeletal 
tissue engineering is booming. In this field, reports have demonstrated that some 
herbs can be beneficial for bone health and lead to signaling pathways of osteogene-
sis and chondrogenesis, as well as a decrease in joint inflammation. 

Based on the study of Qi et al., Du-Zhong cortex extract (DZCE) can reduce lead 
acetate (PbAc)-induced bone loss (Qi et al. 2019). Their study on female Sprague-
Dawley rats and the analysis of the bone mineral density, bone marrow adipocyte 
parameters, and bone histomorphology demonstrated that drinking water containing 
DZCE for 60 days could decrease the PbAc-induced mineral density loss of lumbar 
spine and femur bones. Moreover, the traditional intake of DZCE was not only led to 
an increase in the serum phosphorus and serum calcium but also decreased the level 
of alkaline phosphatase (ALP), osteocalcin, and RANKL. Likewise, the analyses of 
bone histomorphometric illustrated that the volume of bones and trabecular thick-
ness in the femoral trabecular bones, as well as mean adipocyte diameter, the percent 
adipocyte volume per tissue volume (AV/TV), and the number of bone marrow 
adipocytes, have been restored in the group treated with DZCE. Hence, Qi et al. 
stated that the DZCE possesses the potential to treat and/or prevent PbAc-induced 
osteoporosis. A. bidentata is also one of the herbs in this field. Based on the reports, 
polysaccharides extracted from the roots of this herb can stimulate bone formation. 
In this regard, Zhang et al. showed that Achyranthes bidentata polysaccharides by 
intragastric administration were led to the inhibition of glucocorticoid-induced 
osteoporosis (GIOP), as well as the increase in mineral contents and density of 
bones and trabecular thickness (Zhang et al. 2018). They stated that such 
polysaccharides possess a high potential to be applied in anti-osteoporosis 
medicines. 

The evaluation of the herb Radix Dipsaci-isolated asperosaponin-VI (ASA-VI) 
and its effects and action mechanism on the osteogenic differentiation and prolifera-
tion of bone marrow stromal cells in another study in this field was performed by Ke 
et al. (Ke et al. 2016). Based on the results, the ASA-VI can promote the proliferation 
of the mentioned cells, ALP activities, and nodule formation. Likewise, it can 
increase the expression levels of osteocalcin, runt-related transcription factor 
2 (RUNX2), and collagen 1. This study shows that ASA-VI promotes osteoblast 
formation by acting on the signaling pathways of phosphatidylinositol 3-kinase/ 
AKT. 

The research of Liang et al. also indicates that plastrum testudinis extracts (PTEs) 
can reverse spinal osteoporosis induced by the glucocorticoid by targeting osteo-
blastic and osteoclastic markers such as by targeting the levels of osteoprotegerin, 
RUNX2, and CTSK in mRNA and protein (Liang et al. 2016). This herb can also be 
led to an increase in osteoblastic functions. The results of histomorphology approve 
that oral administration of the extracts of this herb can increase the quantity and 
quality of bones, such as their thickness and density. Song et al. also demonstrated 
that Drynariae Rhizoma herb-extracted total flavonoids could be applied in clinical



practice to treat joint diseases and bone fractures (Song et al. 2017). Such that the 
administration for 4 weeks led to the inhibition of bone loss induced by hindlimb 
unloading in rats. There are many herbs in this field; the epimedium plant is one of 
them that can be used to treat bone diseases like osteoporosis and/or bone fracture 
due to having factors like icariin that resulted in osteogenic effects and bone 
regeneration (Zhang et al. 2014; Zhao et al. 2008; Fan et al. 2011). Buguzhi 
(psoralea fruit)-isolated psoralen is another active component that can promote 
osteoblastic differentiation (Xiong et al. 2003). Based on the reports, plants-
extracted kaempferol (Kaem) flavonoid can also decrease glucocorticoid-induced 
bone loss and be led to the promotion of osteoblast differentiation (Prouillet et al. 
2004; Adhikary et al. 2018). The herbs that can be applied as attractive 
osteoinductive candidates in bone tissue engineering have been listed in Table 23.3.
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23.6 Effective Parameters in the Design of Tissue Engineering 
Scaffolds 

Pathologically, the design of ideal scaffolds for tissue engineering applications plays 
a crucial role in regenerating damaged tissues. These temporary matrices that 
support the formation of new tissues should be able to facilitate cell attachment, 
induce cell proliferation and differentiation, and form extracellular matrix (ECM) 
deposition (Hu and Ma 2011). Hence, providing mechanical stability, mimicking the 
function and structure of targeted tissue, and delivering and localizing the bio-/ 
micro-molecules (such as cells, growth factors, and bioactives into damaged tissue) 
are considered the prominent roles of the designed substitutes. Generally, the design 
criteria of musculoskeletal tissue engineering scaffolds involve the following points: 

1. Biocompatibility. 
2. Ability to adhere, differentiate, proliferate, and deliver cells. 
3. Osteoconductivity, i.e., encouraging osteoconduction to create strong bonds 

between the designed scaffolds and host bones. 
4. Biodegradability, i.e., the degradation rate similar to the rates of tissue repair. 
5. Mechanical properties depended on the biomaterial properties and porosity of 

scaffolds. 
6. Fabrication capability, i.e., easy formation of materials. 
7. Porosity, i.e., the creation of porous structures (>90%) with a pore size of 

300–500 μm to penetrate and grow cells and deliver nutrients. 

In this field, studies have shown that some scaffolds with a minimum pore 
diameter of 100 μm can lead to an increase in cell attachment and enhance their 
proliferation and differentiation into osteoprogenitor or osteoblasts cells (bone-
forming cells) (Karageorgiou and Kaplan 2005). Likewise, it is illustrated that 
microsphere scaffolds with a certain percentage of pores being more than 300 μm 
can promote large-area bone formation (Amini et al. 2012). Table 23.4 shows some
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Table 23.3 Use of herbal active ingredients in musculoskeletal tissue engineering 

Active ingredients or 
bioactive factors/ 
plants Classification 

Musculoskeletal tissue 
engineering applications Ref. 

Ginsenosides such as 
Rb1, Rb2, Rc, Rd, 
Re, and Rg1/ginseng 

Steroid 
glycosides and 
triterpene 
saponins 

Osteogenic differentiation of 
human BM-MSCs 

Wang et al. 
(2020a) 

Fish scale collagen/chitosan 
composite scaffolds containing 
hydroxyapatite, β-tricalcium 
phosphate, and ginseng 
compound K 
The reduction of inflammation 
and increase of bone 
morphogenetic protein-
2 production and the growth of 
MG-63 cells; suitable for 
approaches to bone regeneration 

Muthukumar 
et al. (2016) 

Naringin/gu sui-bu 
herb and citrus fruits 

Flavanone-7-O-
glycoside 

Naringin can increase bone 
mineral densities at the trabecular-
rich bone, stress-strain index at 
the lumbar spine and distal femur, 
and biomechanical strength at 
tibia diaphysis in ovariectomized 
mice; improvement of estrogen-
like activities in rat osteoblast-like 
cell (UMR-106); and protection 
of against ovariectomized-
induced bone loss via ligand-
independent activation of 
estrogen receptor in osteoblastic 
cells 

Pang et al. 
(2010) 

Genipin-cross-linked 
gelatin/β-tricalcium phosphate 
composites containing naringin 
The increase of osteoblast 
proliferation, promotion of 
osteoclast activities, and 
enhancement of nodule formation 
without affecting the ALP 
activities of osteoblasts and 
mitochondrial activities of mixed 
bone cells; new bone formation 

Chen et al. 
(2013b) 

The increase in proliferation, 
differentiation, and osteogenesis 
induction of the human 
periodontal ligament stem cells 
(hPDLSCs) 
The promotion of effectiveness 
and expression of bone-related 
genes (RUNX2, COL1A2, 
osteopontin, and osteocalcin) at a 
concentration of 1 μM; creation of 

Yin et al. 
(2015)
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Table 23.3 (continued)

Active ingredients or 
bioactive factors/ 
plants Classification 

Musculoskeletal tissue 
engineering applications Ref. 

typical trabecular structure 
surrounded by osteoblasts 

Electrospun poly(ε-caprolactone) 
(PCL) and poly(ethylene glycol)-
block-poly (ε-caprolactone) 
(PEG-b-PCL) nano-scaffold 
containing naringin 
The improvement of MC3T3-E1 
osteoblast adhesion, proliferation, 
differentiation, and mineralization 
on the scaffold, as well as 
suppression of osteoclast 
formation via controlled release 
of naringin 

Ji et al. 
(2014) 

Icariin/epimedium 
pubescens herb 

Prenyl flavonoid 
glycoside 

The formation of new bone 
formation, promotion of their 
thickness, and bone regeneration 
via transplanting icariin-calcium 
phosphate cement tablet in a 
mouse calvarial defect model 
Mixing icariin and helioxanthin-
derived compounds can be led to 
the induction of osteogenic 
differentiation of MC3T3-E1 
cells. Likewise, combining icariin 
and medium enriched with 
calcium can increase 
mineralization 

Zhao et al. 
(2010) 

β-Tricalcium phosphate ceramic 
disks loaded with icariin 
The increase in the ability of 
calcium phosphate-based 
scaffolds to repair bone defects; 
promotion of the osteogenic 
differentiation (osteogenesis) of 
stem cells 

Park et al. 
(2014) 

The use of small intestine 
submucosa as the scaffold for 
controlled delivery of icariin and 
improvement of osteoinductivity 
The increase in the level of 
osteogenic differentiation marker 
expression (i.e., osteocalcin, bone 
sialoprotein, alkaline 
phosphatase); bone regeneration 
at 8 weeks; formation of new 
bones at both 4 and 8 weeks 

Li et al. 
(2017c)
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Table 23.3 (continued)

Active ingredients or 
bioactive factors/ 
plants Classification 

Musculoskeletal tissue 
engineering applications Ref. 

Porous β-tricalcium phosphate 
ceramic disks loaded with icariin 
for repairing bone defects 
The ability to promote osteoblast 
differentiation, improving 
proliferation and differentiation of 
Ros17/28 cells on the designed 
disks, forming bone-like apatite 
on the disk surface, and increasing 
new bone formation 
Based on the reports, although 
icariin does not change the 
biocompatibility of the ceramic 
disk, however it promotes 
ceramic bioactivity in vivo 

Zhang et al. 
(2011) 

Chitosan/nanohydroxyapatite 
system to control the release of 
loaded icariin, simultaneously 
with the degradation of mentioned 
system, stimulate alkaline 
phosphatase activity of bone 
marrow-derived stroma cells, 
form mineralized nodules, and 
increase bone regeneration. 
Suitable for the design of bone 
tissue engineering scaffolds 

Fan et al. 
(2012) 

Icariin-loaded calcium phosphate 
cement scaffold to repair bone 
defects and treat osteoporosis 
The increase in osteogenic 
differentiation of BMSCs, 
promotion of angiogenic gene 
expression in the mentioned cells, 
and inhibition of osteoclast 
formation 

Wu et al. 
(2017) 

The calcinated antler cancellous 
bone composite scaffolds 
containing icariin, velvet antler 
polypeptide (VAP), or 
recombinant human bone 
morphogenetic protein-
2 (rhBMP-2) 
The scaffolds containing icariin 
led to enhanced cell attachment 
and proliferation, expression of 
osteogenic genes, alkaline 
phosphatase activities, and 
mineralization of rat bone marrow 

Zhang et al. 
(2013)
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Table 23.3 (continued)

Active ingredients or 
bioactive factors/ 
plants Classification 

Musculoskeletal tissue 
engineering applications Ref. 

mesenchymal stem cells 
(BMSCs) than scaffolds 
containing VAP and rhBMP-2 

Creation of chondrogenic 
medium via adding icariin 
(1 × 10-6 M) to the chondrogenic 
medium containing transforming 
growth factor-β3 to express genes 
of chondrocytes in rat BMSCs 
The increase in chondrogenic 
differentiation markers such as 
aggrecan, collagen II, and SRY 
(sex-determining region Y)-box 
9 [SOX9], an effective accelerant 
of growth factor for applications 
of cartilage tissue engineering via 
increasing effect of chondrogenic 
differentiation and decreasing 
hypertrophic differentiating effect 

Wang et al. 
(2014) 

Icariin-conditioned serum along 
with hyaluronic acid to repair 
osteochondral tissue in rabbit 
knees 
Icariin (0.94 g/kg) can promote 
the proliferation of chondrocytes 
and increases the secretion of 
GAG; icariin serum containing 
hyaluronic acid can be led to an 
increase in regeneration of the 
cartilage defects and 
neoformation of cartilages 

Zhang et al. 
(2019) 

Psoralen/dried fruits 
of Psoralea 
corylifolia L. 

Linear 
furanocoumarins 

Collagen matrix mixed with 
psoralen to produce bone cells 
and new bones 
The 454% production of new 
bones and increase of bone-
forming osteoblasts in psoralen-
collagen matrix-grafted bone 
defects compared to the collagen 
matrix 

Wong and 
Rabie (2011) 

Kaempferol/rhizome 
of Kaempferia 
galangal 

Flavonoid 58S bioactive glass-based 
scaffolds containing zein coating 
(7%wt) and kaempferol 
The improvement of mechanical 
properties of scaffold; controlled 
delivery and sustained release of 
kaempferol; promotion of cell 
attachment; improvement of 

Ranjbar et al. 
(2021)
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Table 23.3 (continued)

Active ingredients or 
bioactive factors/ 
plants Classification 

Musculoskeletal tissue 
engineering applications Ref. 

skeletal diseases and bone 
defects; suitable for bone 
regeneration applications 

Kaempferol immobilized on TiO2 

implants to regenerate bones 
around the dental implant 
The increase of ALP activities, 
calcium deposition, and 
osteogenic differentiation of rat 
bone marrow stromal cells; 
stimulation of new bone 
formation around the dental 
implant 

Tsuchiya 
et al. (2018) 

Ursolic acid Triterpenoids Stimulation of osteoblast 
differentiation; the increase of 
osteoblast mineralization; 
induction of expression of 
osteoblast-specific genes and new 
bone formation via activating 
activator protein-1, protein 
kinases activated with mitogen, 
and nuclear factor-kappaB 
(NF-kB); promotion of bone mass 
and improvement of bone 
architecture 

Lee et al. 
(2008) 

Meso-porous bio-glass/chitosan 
scaffolds loaded with ursolic acid 
to regenerate bones and apply 
orthopedics 
The increase of ALP activities; 
collagen I-related osteogenic 
differentiation; the expression of 
runt-associated transcription 
factor-2 and osteoblast-related 
protein; promotion of new bone 
formation 

Ge et al. 
(2019) 

Anti-inflammatory properties 
regulate inflammation pathways 
of NF-κB/NLRP3; the protection 
of chondrocytes and prevention of 
cartilage degeneration; 
improvement of osteoarthritis 

Wang et al. 
(2020b) 

Curcumin/rhizome of 
turmeric 

Polyphenolic 
pigments 

Fish collagen nanohydroxyapatite 
composite scaffolds loaded with 
curcumin 
The sustained curcumin release, 
increase in repairing bones, and 

Li and Zhang 
(2018)



of these parameters that are effective in the design of musculoskeletal tissue engi-
neering scaffolds, along with their fabrication methods.
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Table 23.3 (continued)

Active ingredients or 
bioactive factors/ 
plants Classification 

Musculoskeletal tissue 
engineering applications Ref. 

inhibition of the reactive oxygen 
species production 

Poly(ε-caprolactone) nanofibers 
containing curcumin for 
promoting osteogenesis and 
growth of bones via ALP 
expression 

Jain et al. 
(2016) 

3D calcium phosphate scaffolds 
loaded with liposome-
encapsulated curcumin 
Creation of cytotoxicity in 
osteosarcoma (bone cancer) cells; 
increased cell viability and 
proliferation of osteoblasts 
(healthy bone cell); treatment of 
bone defects 

Sarkar and 
Bose (2019) 

Thymol/oregano 
leaves 

Monoterpenoid Titanium modified with plasma-
sprayed hydroxyapatite coats to 
apply in cemented implants and 
regenerate bones 
Inhibiting Staphylococcus 
epidermidis; no cytotoxic effects 
on osteoblast proliferation; 
reduction of osteoclastic bone 
desorption; suitable for dental and 
orthopedic applications 

Vu and Bose 
(2020)

23.7 Summary and Future Perspectives 

Nowadays, tissue engineering and regenerative medicine have excitingly led to 
excellent results in repairing and treating musculoskeletal diseases/disorders, so 
that it can overcome the limitations of some techniques such as grafts of autologous, 
allograft, or xenograft tissue, surgeries, and cell transplantation. Indeed, musculo-
skeletal tissue engineering has been developed to meet mechanical demands, reduce 
pains, and avoid or minimize the degradation of tissues. In this regard, understanding 
the functions of the musculoskeletal system and using design criteria/parameters 
combined with fabrication techniques of the scaffold can be led to ideal substrates/ 
substitutes based on targeted tissue properties. Likewise, the use of new biomaterials 
such as bioactive materials or herbal ingredients and their combination with other 
polymer materials can provide biochemical, biomechanical, and biophysical
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properties similar to targeted tissues, such that future successes in regulating 
biological pathways and regenerating musculoskeletal tissues will likely depend 
more on these issues/factors, and provide new promises for improving diseases or 
congenital defects. 
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Abstract 

The delayed wound recovery process in chronic wounds is challenging in wound 
treatment. Factors commonly leading to delayed wound recovery include 
infections, diseases, poor nutrition, smoking, etc. Some presently utilized 
wound dressing products suffer from various drawbacks, such as poor antioxidant 
and antibacterial activity, inability to absorb exudate and provide suitable mois-
ture for wound recovery, failure to induce cell migration and proliferation, and 
weak mechanical performance. A series of preclinical studies on cellulose-based 
nanofibrous scaffolds have demonstrated promising outcomes in wound dressing 
applications. The advantages of nanofibrous materials from cellulose and its 
derivatives that make them ideal wound dressings include good biodegradability 
and biocompatibility, nonallergic, non-toxicity, good porosity, exudate absorp-
tion, and their capability to provide moisture to accelerate the process of wound 
healing. These materials can be further loaded with bioactive agents (e.g., growth 
factors, antibiotics, vitamins, and nanoparticles) to improve their biological 
activities. This book chapter reports the outcomes of electrospun nanofibers 
based on cellulose and its derivatives incorporated with therapeutic agents 
together with the in vivo and in vitro experiments, making them potential 
wound dressing materials. 
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24.1 Introduction 

Chronic wounds are a critical challenge in biomedicine and tissue engineering 
because of their delayed healing and complications during treatment. Numerous 
factors contributing to the retarded healing mechanism of chronic wounds include 
microbial infections, underlying conditions (such as cancer and diabetes mellitus), 
smoking, infections, obesity, and poor nutrition (Mutlu et al. 2018). The treatment 
and management of wounds result in negative socioeconomic impacts worldwide. In 
2015 and 2018, approximately 6.1 million and 8.2 million people suffered from 
injuries, respectively (Martinengo et al. 2019). The treatments of wounds cost 
between $28.1 billion and $96.8 billion annually. With a frequency of 1–2% in the 
universal population, chronic injuries are reported to be the highest case of skin 
lesions, especially surgical wounds and foot/leg ulcers (diabetic foot ulcer and 
pressure ulcer) (Walker et al. 2014). Some of the products that are presently utilized 
for the treatment of wounds in clinical applications suffer from various 
shortcomings, such as poor biological efficacies (antioxidant and antimicrobial 
activity), weak mechanical features, and they do not provide the appropriate mois-
ture for accelerated wound healing mechanism (Dhivya et al. 2015; Alven et al. 
2022a). There is a pressing necessity to design ideal wound dressing scaffolds that 
meet the standard for clinical application. The expected properties of perfect wound 
dressings include excellent biocompatibility and biodegradability, non-toxic and 
nonallergic, protection against pathogens, optimum local moisture, proper gaseous 
exchange, absorption of wound exudate, mechanical safety, easy to apply and 
remove, and affordability (Marin et al. 2018; Trevisol et al. 2019; Patil et al. 2020). 

Polymers are biomaterials that are commonly employed for the preparation of 
wound dressing scaffolds. These biomaterials are typically categorized into 
biopolymers (natural polymers) and synthetic polymers. Biopolymers are mainly 
found in natural sources, such as plants, animals, and microorganisms. The 
properties of biopolymers include excellent biological activity, biodegradability, 
and biocompatibility (Hussain et al. 2017). The natural origin of biopolymers results 
in them being appropriate for replacing natural extracellular matrix (ECM) 
constituents, making them suitable materials for wound treatment (Malafaya et al. 
2007). Examples of biopolymers include cellulose, alginate, chitosan, gelatin, silk 
fibroin, etc. However, wound dressings that are fabricated from biopolymers only 
suffer from weak mechanical performance (Huang and Fu 2010). This shortcoming 
can be simply overcome by combining them with synthetic polymers. Various 
synthetic biodegradable/nonbiodegradable, biocompatible polymers or copolymers 
have been utilized to fabricate wound dressing materials (Baldwin and Kiick 2010; 
Zhong et al. 2010). Examples of synthetic polymers include poly(lactic-co-glycolic 
acid) (PLGA), poly(vinyl pyrrolidone) (PVP), poly(ethylene oxide) (PEO), poly 
(ethylene glycol) (PEG), poly(ε-caprolactone) (PCL), poly(hydroxyethyl methacry-
late) (PHEMA), polylactide (PLA), and poloxamer (Alven et al. 2020). 

The polymer-based scaffolds designed for wound dressing applications are fre-
quently fabricated in various forms (e.g., nanofibers, films, hydrogels, membranes, 
sponges, composites, wafers, and foams). Nanofibers that are prepared using the



electrospinning method have attracted the fantastic attention of biomedical 
researchers due to their attractive properties. Distinct features of electrospun 
nanofibers include nanoscale structure, ability to imitate ECM, high porosity, and 
large surface area (Mbese et al. 2021). These features are vital in promoting cell 
adhesion and proliferation during wound recovery. Furthermore, nanofibers can also 
be utilized as therapeutic delivery systems to improve their biological outcomes 
(Mbese et al. 2021; Heydari et al. 2018). The bioactive agents that can be loaded into 
the nanofibers for the treatment of wounds include antibiotics, vitamins, growth 
factors, and nanoparticles. This chapter discusses the efficacy of electrospun cellu-
lose- and derivatives-based nanofibers encapsulated with bioactive agents in wound 
treatment. 
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24.2 Classification of Wound Dressings 

Wound dressing materials are crucial in the clinical management and treatment of 
acute or chronic wounds. The primary purpose of wound dressings is to keep injuries 
away from bacterial invasion and accelerate the mechanism of injury recovery 
(Zhang and Zhao 2020). Wound dressings are generally categorized into five classes: 
passive (traditional) dressings, skin substitutes, dermal grafts, interactive wound 
dressings, and bioactive wound dressings (Table 24.1) (Alven et al. 2022b). Tradi-
tional wound dressings are designed to protect the injury from foreign attack or 
contamination, control bleeding, cover the wound, absorb wound exudates, provide 
a dry environment, and cushion the wound (Alven et al. 2022b). Traditional 
dressings include bandages, gauze, plaster, and wool dressing. The shortcomings 
of some traditional dressings are the dripping of wound exudate, which usually 
results in microbial infections and pain, and skin damage during removal (Felgueiras 
and Amorim 2017).

Skin substitutes are biomaterials composed of tissue-engineered constituents 
classically from cell-cultured materials, and they are very suitable for skin regenera-
tion. Nevertheless, they can transmit diseases, cause infections, are rejected by the 
host body, are high-priced, and have a short shelf life. Examples of skin substitutes 
are OrCel, Apligraf, and TransCyte (Mir et al. 2018). Dermal grafts are the most 
critical biomaterials in the arena of dermatology and plastic surgery. Their examples 
are acellular xenografts, autografts, and allografts. These grafts are frequently used 
in traumatic wounds, burn reconstruction, post-oncologic resection defects, scar 
contracture release, hair restoration, and vitiligo. However, they are unsuitable for 
the management of complicated injuries (i.e., circumstances where bones are 
exposed and there are deep scars) (Alven et al. 2022b; Shimizu and Kishi 2012). 

Interactive dressings such as films, composites, foams, gels, and sprays act as a 
defensive barrier against microbial invasions, and they accelerate the process of 
wound healing by offering moisture to the wound site, improving reepithelialization 
and granulation, and improving water transmission rate with good mechanical 
performance (Ambekar and Kandasubramanian 2019). These wound dressing 
materials can also be incorporated with bioactive agents to form bioactive wound



dressings. Bioactive dressings such as nanofibers, hydrocolloids, sponges, 
hydrogels, wafers, foams, collagens, films, and composites are biodegradable and 
biocompatible. They can be used as drug delivery systems for various bioactive 
agents, such as growth factors (GFs), antibiotics, vitamins, and nanoparticles, with 
the improved process of wound recovery (Fahimirad and Ajalloueian 2019; Naseri-
nosar and Maria 2018). 
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Table 24.1 Summary of classification of wound dressings 

Classes of 
wound 
dressings Examples Advantages Disadvantages 

Passive/ 
traditional 
dressings 

Gauze, plaster, 
bandages, and cotton 
wool 

They shield the wound 
from foreign attacks, 
absorb wound exudates, 
terminate bleeding, offer a 
dry environment, and 
cushion the wound 

Dripping of wound 
exudate from wound 
dressing can cause 
microbial infections and 
cause pain and further 
skin damage during 
removal 

Skin 
substitutes 

OrCel, Apligraf, and 
TransCyte 

They are very appropriate 
for skin regeneration 

They can transmit 
diseases, cause wound 
infections, are expensive, 
are rejected by the host 
body, and have a short 
shelf life 

Dermal 
grafts 

Allografts, autografts, 
and acellular 
xenografts 

They are instrumental in 
burn reconstruction, 
traumatic injuries, 
congenital skin 
deficiencies, etc. 

They are not appropriate 
for the treatment of 
complicated wounds 

Interactive 
dressings 

Films, composites, 
foams, gels, and 
sprays 

Ability to offer suitable 
moisture for wound 
healing, enhance 
granulation and 
reepithelialization, and 
excellent mechanical 
properties 

Most of them suffer from 
poor antibacterial activity 

Bioactive 
dressings 

Nanofibers, sponges, 
hydrocolloids, 
hydrogels, foams, 
wafers, collagens, and 
films 

Drug delivery systems of 
various therapeutic agents 
and improved process of 
wound healing 

No obvious limitations

24.3 Physiological Process of Wound Healing 

It is crucial to study and understand the mechanism of wound healing to choose the 
appropriate wound dressing material for a specific phase of the healing process. The 
wound recovery process is a well-coordinated and multifaceted process that 
comprises a diversity of biochemical and cellular reactions, which require a dynamic



cascade of biological processes for the restoration of skin layers (i.e., epidermis, 
dermis, and subcutaneous layer), anatomical continuity, tissue regeneration, and 
functions of the skin (Patel et al. 2018; Massee et al. 2015). 
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24.3.1 Phases of Wound Healing Process 

The process of wound healing comprises four different consecutive phases that 
typically overlap: hemostasis, inflammation, proliferation, and maturation 
(remodeling) phases (Fig. 24.1) (Rezvanian et al. 2017). The hemostasis phase is 
the first and shortest phase (5–10 min) of wound recovery that happens instantly 
after the lesion. The fundamental purpose of this stage is to terminate bleeding via 
vasoconstriction, primary hemostasis (thrombocyte accumulation with the develop-
ment of thrombocyte plugs), and secondary hemostasis (formation of fibrin clot) 
(Iacob et al. 2020). The inflammation phase that typically coincides with the 
hemostasis involves the recruitment of macrophages and neutrophils, secretion of 
cytokines, destruction of microorganisms (e.g., bacteria), and development of 
wound bed. Inflammation stimulates leukocyte build-up in the wound, promoting 
various chemotactic factors and mediators 1–2 days after an injury (Kanikireddy 
et al. 2020; Cañedo-Dorantes and Cañedo-Ayala 2019). 

The proliferation phase involves a complex mechanism that includes the forma-
tion of granulation tissue via collagen deposition and fibroblast proliferation, 
neoangiogenesis, reepithelization, production of ECM, and wound retirement, and 
all these occur concurrently. This phase of the wound recovery process starts after 
3 days of tissue disruption and can occur for over 2 weeks (Pawar et al. 2013). The 
last stage of the injury recovery process is the maturation phase (remodeling), the 
most extended stage of all four steps, and can take weeks to 1–2 years, even more. 
The critical event of this stage is the remodeling of granulation tissue, where 
collagen type I substitutes collagen type III because type I is more stable. This 
also involves developing cellular connective tissue and hardening the new epithe-
lium, creating the ending scar (Yang et al. 2022).

Fig. 24.1 Sequential phases of wound healing process 
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24.3.2 Factors that Delay the Process of Wound Healing 

Numerous factors can delay the process of wound healing and subsequently result in 
chronic wounds. These factors can be classified into two groups: systematic and 
local factors (Fig. 24.2). Systematic factors comprise the health status or conditions 
of the patients. The systematic factors include immunocompromised diseases, 
conditions, smoking or alcohol, obesity, stress, medications, nutrition, age, gender, 
and sex hormones. Old age is one of the significant factors that retard wound healing 
because of the numerous comorbidities (Powers et al. 2016). Acute wounds have a 
prolonged duration of the wound repair process for elderly females than elderly 
males, and this can be elucidated through sex hormones that play an essential role in 
injury healing. Stress also induces the reduction of chemoattractant expression and 
decreases the level of pro-inflammatory cytokines, which are involved in the inflam-
mation phase of wound repair (Tudoroiu et al. 2021). 

Health condition such as diabetes mellitus negatively affects the wound healing 
process by causing a reduction of fibroblast proliferation and inhibiting the expan-
sion of neutrophils and macrophages and hypoxia (Okonkwo and DiPietro 2017).

Fig. 24.2 Factors that affect 
the process of wound healing 



Obesity is another major factor that impedes the wound recovery mechanism 
because it results in an augmented workload of the heart that offers oxygenated 
blood to the skin tissues; it cannot perfuse them and lead to ischemia and the 
development of infections that retard wound recovery. The medications such as 
anticancer drugs and steroids can also cause delayed wound healing by disturbing 
the proliferation phase, decreasing the deposition of fibrin, inhibiting the contraction 
of the lesion, proliferation of skin cells, and production of collagen (Serra et al. 
2017). The consumption of alcohol and smoking delay wound repair by causing 
injury dehiscence and infection, reduction of neutrophils, angiogenesis lessening, 
and necrosis of tissues (McDaniel and Browning 2014). Lastly, malnutrition can 
result in an extension of inflammation, declining angiogenesis, affecting fibroblast 
functions, and reducing biosynthesis and deposition of collagen, ultimately resulting 
in delayed wound repair (Sen 2019). 
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Examples of local factors that can lead to a slow wound recovery process are 
oxygenation, infections, foreign invasions, and venous insufficiency. Vascular dam-
age creates oxygen depletion in injured tissues, leading to hypoxia and impaired 
lesion healing (Desmet et al. 2018). Oxygen plays several roles in the damaged 
tissues, including activation of angiogenesis, prevention of infections, improvement 
of reepithelialization, differentiation of keratinocytes, increased proliferation of 
fibroblasts, collagen biosynthesis, and inducing contraction of wound (Gueldner 
et al. 2017). The physical invasion of skin when tissues are injured results in local 
infections of the wounds. Furthermore, endotoxins and bacteria can stimulate 
prolonged elevation of pro-inflammatory cytokines (IL-1 and TNF-α) and matrix 
metalloproteinases, leading to an extended inflammation phase (El-Ashram et al. 
2021). 

24.4 Properties of Cellulose and Derivatives in Wound Healing 
Applications 

Cellulose is a biopolymer and an organic polysaccharide from a plant source. It is 
non-toxic with a structural role, being the universe’s most abundant and renewable 
natural polymer. It was discovered in the nineteenth century by Anselme Payen. 
Cellulose is a linear biopolymer comprised of β-1,4 linked D-glucose units linked to 
produce cellobiose repeating units (Fig. 24.3) (Mano et al. 2007). Cellulose is

Fig. 24.3 Molecular 
structure of cellulose



extensively utilized in biomedical applications, including wound dressings. Some 
research investigations have demonstrated that cellulose and its derivatives possess 
excellent biocompatibility because of its smaller inflammatory response. Further-
more, the resorption of this biopolymer in a biological environment does not take 
place due to the inability of cells to produce cellulases (Helenius et al. 2006).
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Several studies have reported the wound repair efficacies of cellulose, which 
indicated that cellulose promotes the acceleration of the wound recovery process via 
the release and maintenance of many growth factors (GFs) in the wound environ-
ment. Examples of GFs released by cellulose include the epidermal growth factor 
(EGF), basic fibroblast growth factor (bFGF), and phosphodiesterase growth factor. 
The GFs induce the movement and growth of skin cells and hinder the invasion of 
microorganisms in the wound site (Barrientos et al. 2014). GFs are biologically 
active polypeptides that play an essential role in cell differentiation, growth, migra-
tion, proliferation, and metabolism. A wide variety of GFs and cytokines controlled 
all phases of the wound recovery process (Barrientos et al. 2014). Bioengineered 
cellulose, such as microbial cellulose, is mainly used as a healing matrix for chronic 
wound dressings, reducing healing time and reducing pain. For partial- and full-
thickness injuries, cellulose induces granulation and epithelialization (Alven and 
Aderibigbe 2020; De Sousa Moraes et al. 2016). Wound dressings with modified 
cellulose can be loaded with various bioactive molecules such as enzymes, 
antioxidants, antimicrobial drugs, plant extracts, vitamins, and hormones. Combin-
ing cellulose-based wound dressing materials with bioactive molecules significantly 
results in a synergistic effect in the wound healing mechanism (Zheng et al. 2020). 
The examples of cellulose derivatives that are regularly used for the fabrication of 
wound dressings include carboxymethyl cellulose (CMC), methylcellulose (MC), 
hydroxypropyl cellulose (HPC), hydroxypropylmethylcellulose (HPMC), 
hydroxyethyl cellulose (HEC), and hydroxyethylmethylcellulose (HEMC). 

24.5 Electrospinning Technique and Properties of Electrospun 
Nanofibers 

Several techniques are used to fabricate nanofibers or nanofibrous scaffolds (e.g., 
nanofibrous films, nanofibrous mats, nanofibrous sheets, and nanofibrous 
hydrogels). These techniques include melt blowing, phase separation, template 
synthesis, self-assembly, etc. (Gupta et al. 2014). Nevertheless, electrospinning is 
the most advantageous technique. The electrospinning procedure has been used 
since the 1890s (Last et al. 2002). The preparation of nanofibers utilizing the 
electrospinning method is presented in Fig. 24.4. This method employs electrostatic 
force to pull the fibers from the droplet formed at the spinneret tip. Various studies 
have been conducted to study appropriate parameters for electrospinning nanofibers 
with excellent physicochemical features for biomedical applications (Kenawy et al. 
2003). These three parameters influence the formation of nanofibers during the 
electrospinning method: ambient parameters (e.g., temperature and humidity), pro-
cess parameters (e.g., applied voltage, electric field induced by the collector, flow



rate, and the distance between tip and collector), and solution parameters (e.g., 
surface tension, solution viscosity, and conductivity) (Alven et al. 2021a). 
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Fig. 24.4 A schematic diagram of the electrospinning method 

The electrospinning procedure can form continuous nanofibers using a diversity 
of materials, such as polymers and their composites, with a mean diameter that 
ranges from micron to nanosized diameter (Wu et al. 2012). The biomedical 
applications of electrospun nanofibrous materials include wound dressing, tissue 
regeneration, drug delivery systems, etc. (Uppal et al. 2011). Polymers are frequently 
used for the fabrication of nanofibers, resulting in a significant role in the arena of 
wound recovery. The selection of suitable polymers for the formulation of 
nanofibers is substantial so that they would be eligible for the anticipated properties 
of ideal wound dressing. Biopolymers such as cellulose, chitosan, collagen, silk 
fibroin, alginate, hyaluronic acid (HA), and gelatin have been employed for the 
preparation of electrospun nanofibers for drug delivery and wound healing 
applications (Ranjith et al. 2019). Recent research experiments on biopolymers’ 
physical and biological properties have shown that these polymers possess excellent 
biocompatibility and play a vital role when fabricating nanofibrous materials for 
wound dressing (Liu et al. 2017). 

The electrospun nanofibrous scaffolds formulated from synthetic polymers pos-
sess excellent mechanical performance than those fabricated from biopolymers. 
Moreover, synthetic polymers are soluble in various solvents, which promotes 
their application in the formulation of nanofibers using an electrospinning procedure 
(Zhang et al. 2005). Biopolymers are commonly combined with synthetic polymers 
during electrospinning to improve the morphology, control the degradation rate, and 
enhance the mechanical properties of the nanofibers. The electrospun nanofibrous 
scaffolds have been employed in wound dressing applications to accelerate the 
process of wound recovery and to avoid postsurgical infections with sustained and



controlled drug-release kinetics (Xu et al. 2011). The other advantages of 
electrospun nanofibrous materials include a high surface-area-to-volume ratio, 
high porosity, and small pore size (Alven et al. 2021b). Nanofibrous wound 
dressings imitate the extracellular matrix (ECM), resulting in improved cell prolifer-
ation of epithelial cells and the formation of new tissues during the wound healing 
mechanism (Abrigo et al. 2014). Their nanometer fiber diameter significantly 
enhances fluid absorption, induces hemostasis of disrupted tissues, improves cell 
respiration, and promotes high-gaseous exchange and dermal drug delivery, thereby 
preventing bacterial invasion (Kalantari et al. 2019). 
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24.6 Electrospun Cellulose- and Derivatives-Based Nanofiber 
Wound Dressing Loaded with Bioactive Agents 

Cellulose and its derivatives have been used to formulate nanofibers employing an 
electrospinning technique for application in wound dressing. These nanofibers can 
be loaded with bioactive agents (e.g., essential oils, antibiotics, plant extracts, 
vitamins, antioxidants, growth factors, and nanoparticles) to improve their biological 
activities during wound dressing. 

24.6.1 Cellulose-Based Nanofibers 

Due to the various exciting properties of cellulose, some preclinical studies report 
cellulose-based nanofibers loaded with bioactive agents formulated using the 
electrospinning technique for wound healing applications. Haider et al. prepared 
lignin-mediated cellulose nanofibers loaded with CuO nanoparticles via an 
electrospinning method for wound care (Haider et al. 2021). The Fourier transform 
infrared (FTIR) and X-ray diffraction (XRD) analysis confirm the successful formu-
lation of CuO nanoparticles-loaded cellulose nanofibers. The in vitro antibacterial 
studies employing the disk diffusion procedure exhibited that the nanofibers 
containing CuO nanoparticles possess a higher zone of inhibition (ZOI) of 
2.46 ± 0.39 and 2.81 ± 0.29 mm on Escherichia coli (E. coli) and Staphylococcus 
aureus (S. aureus), respectively. In contrast, pristine nanofibers did not display ZOI 
on both bacteria strains. These results indicated that the good antibacterial activity of 
nanofibers was due to the loading of CuO nanoparticles, suggesting that CuO 
nanoparticle-encapsulated nanofibers are potential scaffolds for managing 
microbial-infected wounds. Moreover, the in vitro cytotoxicity analysis showed 
more than 80% cell viability of NIH3T3 fibroblasts when cultured with CuO 
nanoparticles containing cellulose nanofibers revealing good cytocompatibility and 
non-toxicity of nanofibrous scaffolds (Haider et al. 2021). Phan et al. formulated 
electrospun cellulose nanofibers loaded with either Cu or Ag nanoparticles that 
exhibited superior antibacterial activity against Bacillus subtilis (B. subtilis) and 
E. coli than the pristine cellulose nanofibers (Phan et al. 2019).
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Sofi and co-workers formulated cellulose nanofibers incorporated with hydroxy-
apatite and Ag nanoparticles. These nanofibers suppressed the microbial growth of 
S. aureus and E. coli effectively, indicating superior bactericidal activity against 
bacteria strains that clinically infect injuries. The in vitro cytotoxicity analysis 
exhibited that these nanofibers significantly stimulated the cell growth and prolifer-
ation of the chicken embryo fibroblasts, demonstrating their potential to induce 
wound healing acceleration (Sofi et al. 2021). Abdul et al. formulated electrospun 
cellulose-based nanofibers incorporated with Ag nanoparticles for wound dressing 
application. The in vitro antimicrobial study showed superior antibacterial efficacy 
(area of inhibition zone of 347.1305 mm2 ) against S. aureus in comparison to E. coli 
(area of inhibition zone of 269.9637 mm2 ) (Wahab et al. 2019). The cellulose/ 
chitosan nanofibers enriched with cinnamon extract fabricated by Kefayat 
demonstrated significantly higher bactericidal effects against E. coli and S. aureus 
than the plain nanofibers with good biocompatibility on L929 normal skin 
fibroblasts, suggesting the properties of ideal wound dressing (Kefayat et al. 2022). 

Yazdanbakhsh and co-workers successfully prepared electrospun cellulose-based 
nanofibers incorporated with ciprofloxacin hydrochloride confirmed by FTIR for 
bacterial-infected wounds. The antibacterial studies of ciprofloxacin-loaded 
nanofibers showed excellent antibacterial activity against S. aureus. The in vivo 
experiments utilizing created lesions on male Wistar rats showed that the 
ciprofloxacin-loaded cellulose nanofibers significantly accelerated the wound 
healing process as they are permeable to oxygen and humidity (Yazdanbakhsh 
et al. 2018). Meamar et al. reported cellulose nanofibers co-loaded with venlafaxine 
and doxycycline for the treatment of diabetic foot ulcers (DFU) (Meamar et al. 
2021). These nanofibers exhibited a high loading efficiency of about 37.8 ± 1.6% 
and 48 ± 1.9% for doxycycline and venlafaxine, respectively. The ex vivo perme-
ation experiments of dual drug-loaded nanofibers on rat skin showed permeation 
effectiveness of 40% for doxycycline after 7–29 h and 83% for venlafaxine during 
the 105 h. They also conducted clinical studies on dual drug-loaded cellulose 
nanofibers in DFU patients. A quicker reduction after 3 months for patients treated 
with cellulose nanofibers containing venlafaxine and doxycycline than the control 
group (ordinary wound treatment system) indicated that these nanofibers are poten-
tial candidates for diabetic wound care. Moreover, the abnormal responses in the 
Michigan Neuropathy Screening Instrument (MNSI) survey showed that reduced 
and pain-free walking distance significantly increased in the patients treated with 
nanofibers compared to the control group (Meamar et al. 2021) (Table 24.2).

24.6.2 Electrospun Cellulose Acetate-Based Nanofibers 

Cellulose acetate (CA) is the acetate ester of cellulose that has been recently 
evaluated and considered an excellent biomaterial upon producing electrospun 
nanofibrous wound dressing candidates due to its capacity to improve the cellular 
interaction between the candidates and skin fibroblast cells (Fischer et al. 2008). The 
other exciting properties of CA nanofibers that are advantageous in wound care



_ Cu or Ag

include biocompatibility, biodegradability, chemical resistance, good hydrolytic 
stability, high entrapment efficiency, and combined delivery of diverse bioactive 
agents (Khoshnevisan et al. 2018). In the last decade, numerous preclinical 
experiments have demonstrated that the electrospun CA-based nanofibers loaded 
with various therapeutic agents are potential scaffolds for treating and managing 
injuries. Gomaa et al. fabricated electrospun CA/PLA nanofibers incorporated with 
thymoquinone (an antimicrobial drug) for wound dressing application (Gomaa et al. 
2017). The scanning electron microscope (SEM) analysis of nanofibers displayed 
round-shaped and bead-free with uniform diameters that ranged between 390 ± 45 
and 830 ± 82 nm, mimicking the ECM structure. The in vitro cytotoxicity 
experiments of thymoquinone-loaded nanofibers displayed more than 97% cell 
viability of mouse fibroblast cells, indicating excellent cytocompatibility and 
non-toxicity of CA/PLA nanofibers. The in vivo wound recovery studies employing 
bulb c male mice wound model showed a faster rate of wound closure for lesions 
covered with thymoquinone-loaded nanofibers than those treated with reference 
(gauze) (Gomaa et al. 2017). 
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Table 24.2 Summary of electrospun cellulose nanofibers 

Polymers 
combined with 
cellulose 

Loaded bioactive 
agents Main findings Ref. 

Lignin CuO 
nanoparticles 

Good antibacterial activity with 
excellent cytocompatibility and 
non-toxicity 

Haider et al. 
(2021) 

nanoparticles 
Superior antibacterial activity Phan et al. 

(2019) 

_ Hydroxyapatite 
and Ag 
nanoparticles 

Improved cell growth and 
proliferation 

Sofi et al. 
(2021) 

_ Ag nanoparticles Superior antibacterial efficacy Wahab et al. 
(2019) 

Chitosan Cinnamon 
extract 

Good antibacterial activity and 
biocompatibility 

Kefayat et al. 
(2022) 

_ Ciprofloxacin 
hydrochloride 

Acceleration of wound healing 
process 

Yazdanbakhsh 
et al. (2018) 

_ Venlafaxine and 
doxycycline 

Reduced and pain-free walking 
distance in clinical trials 

Meamar et al. 
(2021)

The propolis-loaded CA/PCL nanofiber mats prepared by Khoshnevisan and 
co-workers showed superior antioxidant and antibacterial activity than the free 
propolis against S. aureus, S. epidermidis, P. aeruginosa, and E. coli, suggesting 
their ability to target prolonged inflammatory phase of the wound recovery process 
(Khoshnevisan et al. 2019). Liu et al. fabricated CA/zein nanofiber membranes 
loaded with sesamol to treat diabetic wounds. The hydrophilicity analysis displayed 
that the water contact angles of nanofibers decreased from 134.2° to 118.1° after 
incorporating sesamol, suggesting that the hydrophilicity of electrospun nanofibers 
was improved after the incorporation. The in vivo experiments demonstrated that the



nanofiber membranes loaded with high-dose sesamol significantly induced 
myofibroblast cell development by enhancing the TGF-β signaling pathway trans-
duction and promoting keratinocyte growth cells and inhibiting chronic inflamma-
tion in a lesion, consequently improving the process of the wound healing in diabetic 
mice (Liu et al. 2020). Suteris et al. fabricated electrospun curcumin-loaded cellulose 
acetate/PCL nanofibers that significantly promoted a higher proliferation and expres-
sion of actin in 3T3 mouse fibroblast cells than the plain nanofibers for wound 
healing applications (Suteris et al. 2022). The electrospun nanofiber mats 
co-enriched with curcumin and honey were fabricated by Gaydhane et al. for 
wound recovery application. They demonstrated good antibacterial activity toward 
E. coli with approximately 90% antioxidant efficacy against diphenyl-picrylhydrazyl 
(DPPH)-free radical, revealing their potential to target the inflammation stage of 
wound recovery mechanism prolonged in chronic clinical-infected wounds 
(Gaydhane et al. 2020). 
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Ullah et al. formulated electrospun CA nanofibrous mats enriched with Manuka 
honey that demonstrated significantly high porosity that ranged between 85 and 
90%, water vapor transmission rate (WVTR) values of 2600 to 1950 g/m2 /day, and 
excellent cytocompatibility on NIH3T3 mouse fibroblast cells, revealing them as an 
ideal wound dressing that can lead to suitable wound breathability/moisture and 
non-toxicity to subsequently result in the accelerated wound healing process (Ullah 
et al. 2020). Elsayed and co-workers designed electrospun cellulose acetate/PLA 
mats encapsulated sulfonamide analog for wound dressing application (Elsayed et al. 
2020). The antimicrobial experiments of sulfonamide-loaded nanofibers exhibited a 
superior antibacterial efficacy against S. aureus and E. coli up to 85%, indicating that 
sulfonamide-loaded nanofibers are potential scaffolds for microbial-infected 
injuries. Moreover, the in vivo studies on mice wound model exhibited a significant 
wound area reduction on the fifth and seventh day of injuries dressed with nanofiber 
mats, suggesting that the sulfonamide analog has significantly improved the wound 
recovery process without toxic effect on the developing tissue (Elsayed et al. 2020). 
The sambong oil-enriched CA nanofibers fabricated by Ullah and co-workers using 
an electrospinning technique demonstrated good antioxidant activity against the 
DPPH solution and high bactericidal effects against E. coli and S. aureus with 
high cell viability of approximately 92% of NIH3T3 cells in prolonged time of 
incubation, demonstrating suitable biological activities and cytocompatibility that 
are suitable for the acceleration of wound recovery process (Ullah et al. 2021). 

The antimicrobial analysis of ceftriaxone-incorporated CA/PVA nanofibers 
reported by Youdhestar et al. demonstrated effective inhibitory activity against 
S. aureus and E. coli with ZOI of about 20–25 mm, indicating their suitability for 
the management of infected injuries (Youdhestar et al. 2022). Aly and Ahmed 
fabricated CA nanofibers loaded with ZnO nanoparticles and graphene oxide for 
wound dressing applications. XRD and FTIR analysis confirmed electrospun 
nanofibers’ physicochemical properties and successful fabrication. The in vitro 
experiments of dual drug-incorporated nanofibers exhibited a viability of about 
97.38 ± 3.9% for human fibroblasts with good cell migration and proliferation that 
can significantly promote wound healing (Aly and Ahmed 2021). Wang et al.



prepared CA/PCL nanofibers co-loaded with Ag nanoparticles and lavender oil for 
wound management. The in vitro antimicrobial experiments of co-enriched 
nanofibers using disk diffusion assay showed superior inhibition zone of 
20.08 ± 0.63 and 19.75 ± 0.96 mm for S. aureus and E. coli, respectively, 
demonstrating synergistic antibacterial activity (Wang et al. 2022). Al-Saeedi and 
co-workers formulated CA nanofibrous materials containing CuO nanoparticles and 
showed excellent antibacterial efficacy against E. coli and S. aureus with good 
cytocompatibility on HFB4 fibroblasts (Al-saeedi et al. 2021). 
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The graphene oxide/curcumin/TiO2-integrated CA nanofibers developed by 
Prakash and co-workers using electrospinning showed sustained drug release with 
antibacterial activity against E. coli, S. aureus, E. faecalis, and P. aeruginosa that 
can significantly improve wound recovery and skin regeneration. The in vitro studies 
of nanofibers exhibited superior cell viability and migration of NIH3T3 fibroblast 
cells, confirming excellent biocompatibility and higher healing properties (Prakash 
et al. 2021). Samadian et al. formulated electrospun CA/gelatin nanofibers 
encapsulated with berberine for diabetic wound management. The berberine-loaded 
nanofibers showed high % porosity of 78.17 ± 1.04, which can promote cell 
migration and proliferation. The in vivo studies on the streptozotocin-induced 
diabetic Wistar rats demonstrated that the berberine-loaded CA/gelatin nanofibers 
improved the wound healing process (Samadian et al. 2020). 

Sharaf et al. formulated CA-based nanofibers incorporated with bioactive glass 
nanoparticles for wound treatment. The in vivo analysis of CA nanofibers containing 
bioactive glass nanoparticles employing a diabetic rat model induced with wounds 
demonstrated efficient acceleration of wound closure by the tenth day (Sharaf et al. 
2022). The gallic acid-loaded CA nanofibers reported by Wutticharoenmongkol and 
co-workers using the electrospinning showed superior scavenging activity against 
DPPH and good antimicrobial efficacy against S. aureus revealing their potential use 
as wound dressings (Wutticharoenmongkol et al. 2019). The SEM micrographs of 
gentamicin-loaded CA nanofibers formulated by Bie and co-workers displayed 
beadless morphology with a fiber diameter of around 320 ± 2 nm, mimicking natural 
ECM with excellent antibacterial efficacy against E. coli and B. subtilis (Bie et al. 
2020). Antimicrobial efficacy of tetracycline hydrochloride-incorporated CA 
nanofibers formulated by Gouda et al. exhibited effectiveness of 77–88% and 
83–85% bacteria reduction for E. coli and S. aureus, demonstrating superior 
antibacterial efficacy (Gouda et al. 2014). The Li and Yang fabricated rutin-loaded 
CA/PEO nanofibers showed higher antioxidant efficacy of 98.3% and antimicrobial 
properties of 95.0% and 93.5% against S. aureus and E. coli, respectively (Bachelor 
and Yang 2020). 

Khan et al. fabricated Ag sulfadiazine-loaded CA nanofibers for bacterial-
infected wound treatment. XRD and FTIR analysis confirmed the successful fabri-
cation and physicochemical properties of nanofibers. The in vitro antimicrobial 
studies of Ag sulfadiazine-loaded CA nanofibers displayed superior antimicrobial 
efficacy against B. subtilis and E. coli bacteria with significant sustainability for 
repetitive use, indicating their suitability for treating wound pathogens that are 
common in chronic injuries (Khan et al. 2019). The core-shell Au@Se



nanoparticles-incorporated CA/polyvinylidene fluoride nanofibers formulated by 
Aldalbahi and co-workers demonstrated high cell viability of 88.2 ± 4.3% and 
91.1 ± 3.4% for HFB4 cells at the both highest and lowest concentrations of 
nanoparticles, respectively, showing excellent biocompatibility (Aldalbahi et al. 
2020). Lei et al. prepared electrospun CA nanofibers containing tirilazad mesylate 
for wound healing applications (Lei et al. 2022). The in vitro drug-release profile 
exhibited initial burst release of tirilazad mesylate at physiological conditions 
followed by sustained drug release. The cytotoxicity analysis utilizing MTT assay 
exhibited high cell viability of L929 cells when cultured with tirilazad mesylate-
encapsulated CA nanofibers, indicating superior cytocompatibility. The results of 
wound size closure analysis using a diabetic rat model showed that the tirilazad 
mesylate-loaded CA nanofibers closed the injuries up to 75.19 ± 3.28% and 
94.79 ± 2.61% on days 7 and 14, respectively, while the plain CA nanofibers 
showed wound closure of 58.59 ± 4.19 and 75.08 ± 3.05% on days 7 and 14, respec-
tively, demonstrating that loading of tirilazad mesylate into nanofibers effectively 
promoted wound healing process (Lei et al. 2022) (Table 24.3).
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24.6.3 Carboxymethyl Cellulose-Based Nanofibers Loaded 
with Bioactive Agents 

Carboxymethyl cellulose (CMC) is a cellulose derivative made up of carboxymethyl 
groups (–CH2-COOH) bound to a backbone of cellulose. This derivative is highly 
water-soluble with a diversity of applications because of its biodegradable and 
biocompatible nature (Elshazly et al. 2019). Fabrication of nanofibers using the 
electrospinning method from plain CMC is difficult due to its rigid structure that 
does not permit chain entanglement (El-Newehy et al. 2016). Therefore, combining 
CMC with other polymers, especially biocompatible and non-toxic synthetic 
polymers, is a way out of this issue. Electrospun CMC-based nanofibers are gaining 
popularity because of their unique features, such as hydrophilicity, bioadhesive, 
biocompatibility, good biodegradability, and non-toxicity (Zhang et al. 2020). Some 
research reports revealed the potential of CMC-based nanofibers containing bioac-
tive agents for treating injuries. 

Alipour et al. prepared electrospun CMC/PVA composite nanofibers 
incorporated with Ag sulfadiazine for wound management (Alipour et al. 2019). 
The successful preparation and physicochemical properties of nanofibers were 
confirmed by FTIR, XRD, atomic absorption spectroscopy (AAS), and 
thermogravimetric analysis (TGA). The in vitro drug-release kinetics at physiologi-
cal conditions exhibited that Ag sulfadiazine’s release was mainly controlled by its 
diffusion from the polymer surface. The cytotoxicity analysis using MTT assay 
showed that composite nanofibers containing Ag sulfadiazine possessed more than 
85% cell viability of HSF-PI 18 fibroblast cells after 48 h of incubation, suggesting 
excellent cytocompatibility and non-toxicity of nanofibers. The in vitro antimicro-
bial studies of Ag sulfadiazine-loaded CMC/PVA nanofibers exhibited significant 
antibacterial efficacy against both P. aeruginosa and S. aureus than pristine



(continued)
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Table 24.3 Summary of electrospun CA nanofibers 

Polymers 
combined with 
CA 

Loaded 
bioactive 
agents Main findings Ref. 

PLA Thymoquinone An accelerated rate of wound 
recovery 

Gomaa et al. (2017) 

PCL Propolis Superior antioxidant activity 
and antibacterial activity 

Khoshnevisan et al. 
(2019) 

Zein Sesamol Induced development and 
growth of skin cells 

Liu et al. (2020) 

PCL Curcumin Induced proliferation and 
expression of actin in fibroblast 
cells 

Suteris et al. (2022) 

_ Curcumin and 
honey 

Good antibacterial and 
antioxidant activity 

Gaydhane et al. (2020) 

_ Manuka honey High porosity, moderate 
WVTR, and excellent 
cytocompatibility 

Ullah et al. (2020) 

PLA Sulfonamide 
analog 

The accelerated wound healing 
process and superior 
antibacterial activity 

Elsayed et al. (2020) 

_ Sambong oil Good antibacterial and 
antioxidant activity with 
excellent cytocompatibility 

Ullah et al. (2021) 

PVA Ceftriaxone Effective inhibitory efficacy 
against bacterial strains 

Youdhestar et al. 
(2022) 

_ ZnO 
nanoparticles 
and graphene 
oxide 

High cell viability, 
proliferation, and migration 

Aly and Ahmed (2021) 

PCL Ag 
nanoparticles 
and lavender 
oil 

Synergistic antibacterial 
activity 

Wang et al. (2022) 

_ CuO 
nanoparticles 

Excellent antibacterial activity 
and cytocompatibility 

Al-saeedi et al. (2021) 

Graphene 
oxide, 
curcumin, and 
TiO2 

Good antibacterial efficacy and 
improved wound recovery and 
skin regeneration 

Prakash et al. (2021) 

Gelatin Berberine Promoted cell migration and 
proliferation with the enhanced 
process of diabetic wound 
healing 

Samadian et al. (2020) 

_ Bioactive glass 
nanoparticles 

Acceleration of diabetic wound 
closure 

Sharaf et al. (2022) 

_ Gallic acid Superior antioxidant activity 
and good antimicrobial efficacy 

Wutticharoenmongkol 
et al. (2019)



_ Ag

nanofibers, revealing that Ag sulfadiazine-loaded CMC/PVA nanofibers are effec-
tive antibacterial wound dressing materials to protect injuries from known 
pathogens. The in vivo experiments showed that wounds on rabbits treated with 
Ag sulfadiazine-loaded CMC/PVA nanofibers were faster when compared to those 
treated with control (plain CMC/PVA nanofibers) (Alipour et al. 2019). 
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Table 24.3 (continued)

Polymers 
combined with 
CA 

Loaded 
bioactive 
agents Main findings Ref. 

_ Gentamicin Beadless morphology 
mimicking natural ECM and 
excellent antibacterial efficacy 

Bie et al. (2020) 

_ Tetracycline 
hydrochloride 

Superior antibacterial efficacy Gouda et al. (2014) 

PEO Rutin Higher antioxidant efficacy and 
good antimicrobial properties 

Bachelor and Yang 
(2020) 

sulfadiazine 
Superior antimicrobial efficacy Khan et al. (2019) 

Polyvinylidene 
fluoride 

Core-shell 
Au@Se 
nanoparticles 

Excellent biocompatibility Aldalbahi et al. (2020) 

_ Tirilazad 
mesylate 

Superior cytocompatibility and 
induced wound recovery 

Lei et al. (2022)

The CMC/PVA nanofibers formulated by Allafchian and co-workers showed an 
initial burst release of flufenamic acid (an antioxidant and analgesic drug) followed 
by sustained release, revealing their potential application for treating injury pain and 
inflammation (Allafchian et al. 2020). Kazeminava et al. reported CMC/PVA 
nanofibers incorporated with colistin as the potential antibacterial wound dressing 
materials. The in vitro cytocompatibility experiments showed more than 80% cell 
viability of human skin fibroblast cell line (HFF-1 cells) when incubated with 
colistin-loaded nanofibers, revealing that these nanofibers could potentially be 
regarded as safe wound dressing candidates. Moreover, the in vitro antibacterial 
study employing disk diffusion procedures demonstrated that blank nanofibers 
(reference) revealed no inhibitory efficacy. In contrast, the colistin-loaded nanofibers 
displayed superior antibacterial activity against various bacteria strains (S. aureus, 
K. pneumoniae, P. aeruginosa, and E. coli) than chitosan films used as the control 
sample, demonstrating that colistin-loaded nanofibers can be utilized as effective 
antibacterial wound dressings (Kazeminava et al. 2022) (Table 24.4).

24.6.4 Ethyl Cellulose-Based Nanofibers Loaded with Bioactive 
Agents 

Ethyl cellulose (EC) is an inert water-insoluble hydrophobic cellulose derivative 
used to develop sustained drug-release scaffolds (Park et al. 2015). Among the



numerous biomaterials electrospun into nanofibers, EC is a perfect candidate as an 
amalgamation material due to its film-forming capability, high flexibility, 
non-toxicity, hydrophobicity, and thermoplasticity for application in pharmaceutics, 
food, and microencapsulation (Wasilewska 2019). This cellulose derivative can be 
used for the formulation of electrospun nanofibers for the treatment of wounds due to 
the properties mentioned above. Ahmadian et al. formulated EC/PLA/collagen 
hybrid nanofiber mats loaded with Ag sulfadiazine for infected wound care 
(Ahmadian et al. 2020). The mechanical characterization of nanofibers displayed a 
tensile strength that ranges between 5.90 ± 0.11 MPa and 10.32 ± 0.65 MPa, 
depending on the increasing weight of Ag sulfadiazine, indicating their compatibility 
to the human skin and easy application during wound dressing. The in vitro 
experiments exhibited enhanced cell proliferation of NIH 3T3 cells when incubated 
with Ag sulfadiazine-loaded nanofibers, suggesting that Ag sulfadiazine did not 
cause any toxicity on the cells. The antibacterial studies showed that nanofibers 
incorporated with higher content of Ag sulfadiazine possessed superior ZOI than 
nanofibers containing less Ag sulfadiazine for both E. coli and Bacillus (Ahmadian 
et al. 2020). 
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Table 24.4 Summary of electrospun CMC nanofibers 

Polymers 
combined with 
CMC 

Loaded 
bioactive 
agents Main findings Ref. 

PVA Ag 
sulfadiazine 

Excellent cytocompatibility, 
non-toxicity, and faster recovering 

Alipour et al. 
(2019) 

PVA Flufenamic 
acid 

Initial rapid drug-release mechanism 
followed by sustained release 

Allafchian 
et al. (2020) 

PVA Colistin Good antibacterial activity and 
cytocompatibility 

Kazeminava 
et al. (2022)

Godakanda et al. prepared EC/PVP nanofibers encapsulated with naproxen 
(an anti-inflammatory agent) using electrospinning for wound treatment. The SEM 
micrographs of nanofibers displayed smooth and cylindrical morphologies with 
average diameters ranging from 647 to 802 nm, imitating the ECM. The in vitro 
drug-release profile exhibited tunable release of naproxen from nanofibers with zero-
order drug release over 20 and 80 h, showing that these nanofibers possess great 
potential in managing pain and inflammation (Godakanda et al. 2019). The 
electrospun EC/PVP nanofibers fabricated by Li and co-workers for drug delivery 
of ciprofloxacin (a broad-spectrum antibiotic) displayed high cell growth and prolif-
eration of human dermal fibroblasts (HDFs), indicating excellent cytocompatibility. 
The antimicrobial studies demonstrated that the development of E. coli and S. aureus 
could be effectively hindered due to the presence of ciprofloxacin in the EC/PVP 
nanofibers. These results revealed that ciprofloxacin-loaded nanofibers are potential 
antibacterial wound dressing scaffolds with excellent biocompatibility and reduced 
toxicity, which are the properties of ideal wound dressings (Li et al. 2019). 

Ghorbani and co-workers fabricated EC/gum tragacanth nanofibers loaded honey 
via electrospinning technique for wound management (Ghorbani et al. 2021). The



in vitro antioxidant experiments exhibited that the honey-enriched nanofibers signif-
icantly demonstrated strong radical scavenging activity against DPPH, which might 
be due to the plentiful phenolic antioxidants of honey, revealing their potential to 
control the overproduction of ROSs that is strongly associated with chronic injuries 
and extended inflammation. The cell proliferation analysis displayed that NIH3T3 
fibroblasts adhered well to the honey-enriched nanofibers’ surface, revealing good 
interaction between the skin cells and nanofibers. The incorporation of honey into 
the electrospun EC/gum tragacanth nanofibers resulted in superior antibacterial 
activity against E. coli and S. aureus. In contrast, the unmodified nanofibers did 
not show any inhibition effect against these strains. This study showed that the 
fabricated honey-enriched nanofibers could be excellent candidates for wound 
treatment and tissue regeneration due to their non-toxicity, good biocompatibility, 
and promising biological activities (antibacterial and antioxidant properties) 
(Ghorbani et al. 2021) (Table 24.5). 
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Table 24.5 Summary of electrospun EC nanofibers 

Polymers 
combined 
with EC 

Loaded 
bioactive 
agents Main findings Ref. 

PLA and 
collagen 

Ag 
sulfadiazine 

Excellent mechanical properties, enhanced 
cell proliferation, and good antibacterial 
activity 

Ahmadian 
et al. (2020) 

PVP Naproxen Tunable drug release with zero-order drug 
release over a prolonged time 

Godakanda 
et al. (2019) 

PVP Ciprofloxacin High cell growth and proliferation and good 
antibacterial activity 

Li et al. 
(2019) 

Gum 
tragacanth 

Honey Suitable biological activities and improved 
cell proliferation and adhesion 

Ghorbani 
et al. (2021) 

24.6.5 Other Electrospun Cellulose Derivatives-Based Nanofibers 
Loaded with Bioactive Agents 

The electrospun nanofibers containing bioactive agents can be fabricated from the 
other cellulose derivatives for wound dressing applications. Those derivatives 
include NaCMC, MC, hydroxypropyl cellulose (HPC), hydroxyethyl cellulose 
(HEC), ethyl hydroxyethyl cellulose (EHEC), HPMC, and HEMC. HEC is a non-
ionic moderately substituted hydroxyethyl ether of cellulose (Rošic et al. 2011). This 
water-soluble cellulose derivative is used as a binder, thickener, stabilizer, coating 
agent, dispersing agent, stabilizer, and emulsifier in the pharmaceutical, cosmetic, 
food, and biotechnological industries because of its reduced toxicity, splendid 
biocompatibility, and non-susceptibility to immunogenic responses (El Fawal et al. 
2018). Ullah et al. formulated electrospun HEC/soy protein isolate nanofibers 
co-loaded with diclofenac sodium and halloysite nanotubes to manage microbial-
infected wounds. The in vitro drug-release studies at physiological conditions



exhibited sustained release of diclofenac sodium from the nanofibers for over 
2 weeks, showing their effectiveness in protecting the wound from bacterial inva-
sion. The antimicrobial analysis of dual drug-loaded nanofibers using agar disk 
diffusion procedure showed higher inhibition against B. subtilis and E. coli than 
the plain nanofibers with excellent cytocompatibility on COS-7 cells. These 
nanofibers exhibited the properties of an ideal wound dressing (Ullah et al. 2022). 
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HPC is also a nonionic derivative of cellulose that can be produced by 
substituting with hydroxypropyl ether groups. HPC is widely utilized in wound 
dressing and tissue regeneration for drug delivery applications. Nevertheless, as far 
as we know, there are few research studies in the literature associated with the 
electrospinning of HPC, especially the loading of bioactive agents into the 
electrospun HPC nanofibers (Aytac et al. 2015). Aytac et al. fabricated 
HPC/hydroxypropyl-beta-cyclodextrin nanofibers incorporated with sulfisoxazole. 
The SEM images of sulfisoxazole-loaded nanofibers showed bead-free and uniform 
nanofibers with a diameter of about 60 ± 25 nm, imitating the natural ECM that 
supports the growth of skin cells and restores injured tissues. The in vitro drug-
release kinetics showed an initial burst release of sulfisoxazole from nanofibers 
followed by sustained release, demonstrating that these nanofiber scaffolds can 
significantly destroy microorganisms at the wound bed and protect the wound 
from further microbial invasions (Aytac et al. 2015). 

EHEC is a nonionic cellulose ether used in various applications, such as rheology 
control agents in detergents, paints, cosmetics, and oil recovery. This cellulose 
derivative is also commonly employed in biomedical fields because of its biode-
gradability, biocompatibility, and non-toxicity. The electrospinning of pristine 
EHEC solution is problematic because it displays a complex solution behavior 
with the inherent feature of temperature-stimulated phase separation. Hence, using 
synthetic polymers as co-spinning biomaterials in the electrospinning procedure can 
solve this shortcoming (Wali et al. 2019). Wali and co-workers prepared electrospun 
EHEC/PVA nanofibers incorporated with gentamicin sulfate and halloysite clay for 
an accelerated wound recovery process. The XRD and FTIR spectroscopy confirmed 
the successful formulation of electrospun EHEC/PVA nanofibers containing genta-
micin sulfate and halloysite clay. The mechanical analysis showed that the 
incorporation of halloysite clay into the nanofibers significantly improved the 
mechanical properties of nanofiber wound dressings. The in vitro cytotoxicity 
studies showed more than 100% cell viability of L929 fibroblast cells over 5 days, 
revealing the excellent cytocompatibility and cell adhesion, migration, and prolifer-
ation on the surface of dual drug-loaded EHEC/PVA nanofibers. The in vivo wound 
healing studies of dual drug-loaded EHEC/PVA nanofibers using a rat wound model 
showed wound closure of 100% on the 14th day. In comparison, injuries treated with 
marketed ointment (povidone-iodine used as a control) demonstrated only 84% 
wound closure, revealing the capability of EHEC/PVA nanofibers to accelerate the 
wound healing process (Wali et al. 2019) (Table 24.6).
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Table 24.6 Summary of electrospun nanofibers from other cellulose derivatives 

Polymers used 
Loaded bioactive 
agents Main findings Ref. 

HEC and soy 
protein 

Diclofenac 
sodium and 
halloysite 
nanotubes 

Sustained drug release and higher 
inhibition against bacteria strains 

Ullah 
et al. 
(2022) 

HPC and 
hydroxypropyl-
beta-cyclodextrin 

Sulfisoxazole Initial burst release of sulfisoxazole 
followed by the sustained drug release 

Aytac 
et al. 
(2015) 

EHEC and PVA Gentamicin sulfate 
and halloysite clay 

Excellent cytocompatibility, cell 
attachment, migration, and proliferation 
enhance wound healing properties 

Wali 
et al. 
(2019) 

24.7 Commercially Available Cellulose-Based Wound Dressing 
Products 

Very few wound dressing products are fabricated from cellulose and its derivatives, 
which are available on the market. An example of a commercial cellulose wound 
dressing product is Aquacel® Hydrofiber dressing, an antimicrobial carboxymethyl 
derivative of cellulose. On the wound bed, it absorbs exudate and forms a gel-like 
network that sustains moisture in the wound environment and subsequently 
accelerates the mechanism of wound recovery (Hussain et al. 2017). Another 
commercially available cellulose wound dressing product is Hcel® NaT. This 
product possesses excellent cell proliferation and adhesion characteristics on HDF 
cells using fibrin. Some studies demonstrated that the porous forms of Hcel® NaT 
have better cell proliferation and adhesion properties when compared to the homo-
geneous Hcel® NaT forms (Bacakova et al. 2018). 

24.8 Conclusion and Future Perspective 

The electrospun scaffolds containing bioactive agents formulated from cellulose and 
its derivative are promising candidates for wound treatment. These scaffolds have 
demonstrated the properties of ideal wound dressing, such as non-toxicity and 
excellent biocompatibility, by showing high cell viability of various skin cells, 
enhanced drug delivery, and good antibacterial and antioxidant properties. The 
combination of cellulose with other polymers significantly improved the mechanical 
performance of nanofiber dressings, suggesting their compatibility with human skin 
and easy application during wound dressing. These preclinical outcomes demon-
strate electrospun cellulose-based nanofiber scaffolds loaded with bioactive agents 
possess the potential to solve several wound-associated issues in clinical applications 
and enhance wound management in the future. Undoubtedly, the fabrication and



exploration of cellulose and its derivatives-based nanofibers and their extended 
advances remain crucial emphases of future research. 
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Abstract 

Although there are many treatment advances in oncology, cancer remains the 
cause of morbidity and mortality worldwide. The most common cancer types 
diagnosed in men are lung and prostate cancer. The use of anticancer drugs is 
known as the best strategy for the treatment of these cancer types. However, 
various limitations exist, including multidrug resistance, poor tumor tissue drug 
accumulation, and nonspecific cytotoxicity or off-target effects. On the other 
hand, combination chemotherapy is the most promising one, with numerous 
advantages among the approaches employed to solve the drawbacks. On the 
other hand, polymer-based nanomedicines are drug delivery systems that can 
further enhance the therapeutic outcomes of combination chemotherapy. This 
book chapter reports the preclinical results of polymer-based nanomedicines 
co-encapsulated with anticancer agents for efficient lung and prostate cancer 
therapy. This chapter discusses the challenges and advantages of nanomedicine; 
especially the delivery routes (e.g., by using nanoparticles, dendrimers, micelle, 
drug conjugate, nanocapsules, nanoliposomes, exosome, noisome, nanogel, etc.) 
are elaborated. Furthermore, a brief scenario of clinical trials and future 
perspectives using these approaches are discussed in this chapter. 
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25.1 Introduction 

Globally, in developed and developing countries, public health systems are disrupted 
because of the growing number of cases and deaths caused by noncommunicable 
diseases such as cancer, ischemic heart disease, strokes, and low respiratory tract 
infections, with cancer regarded as the fatal one among them all (Rana et al. 2015; 
Mahdi et al. 2022; Wende et al. 2021; Matthews et al. 2022; Peter and Aderibigbe 
2019). Cancer is caused by an unusual growth (uncontrolled cell replication and 
proliferation) of body cells resulting in tumor cells that can spread to other organs 
leading to metastatic cancer (advanced cancer). Generally, cancer can be caused by a 
gene mutation (5–10%), and 90–95% are attributed to aging, poor dietary habits, and 
individual lifestyles, such as lack of physical activity, high consumption of alcohol, 
obesity, and smoking. Cancer types are also named according to the body organs 
they affect, including lung, prostate, breast, liver, brain, colorectal, and stomach 
cancer (Peter and Aderibigbe 2019; Peter et al. 2021, 2022). 

Statistically, before the high transmission of COVID-19, reports from the World 
Health Organization (WHO) and GLOBOCAN estimated an increasing number of 
cancer incidents and deaths. There were more than 19 million cancer cases and more 
than 9 million deaths in 2020 globally, with developing countries in Africa and Asia 
contributing more to these numbers than developed countries (Peter et al. 2022; Gao 
et al. 2020; Sung et al. 2021). Additionally, further predictions indicate that the 
numbers could double by 2040 due to their drastic increase since the year 2000 
(Peter et al. 2022). Among the 30 types of cancer reported internationally, lung and 
prostate cancers are cancer types that are lethal in both men and women (Xia et al. 
2022; Barta et al. 2019; Culp et al. 2020). Globally, lung carcinoma is reported as a 
leading cause of cancer-related deaths in men and women, the second leading 
diagnosed cancer type among women after breast cancer, and the first leading 
diagnosed cancer type among men. Additionally, prostate cancer is reported as the 
sixth leading cause of cancer deaths and the second diagnosed cancer among men. 
Thus, lung cancer is responsible for 1 in 5 cancer-associated deaths, and prostate 
cancer affects 1 in 25 men worldwide (Culp et al. 2020; Mirzaei et al. 2022). Due to 
the limitations of the present procedures, including chemotherapy (anticancer drugs), 
that are used for the treatment of lung and prostate cancer, there is an urgent need to 
develop enhanced therapeutics. 

The issue with the currently used anticancer drugs for lung and prostate cancer is 
that they suffer from myriad shortcomings, such as drug toxicity and multidrug 
resistance (MDR), lack of specificity, poor solubility, poor delivery system, and poor 
bioavailability (Peter et al. 2021; Gao et al. 2020). Therefore, the global desperation 
to discover a cure for cancer since the number of cancer incidents is still increasing 
has resulted in several medicinal researchers developing novel and effective anti-
cancer therapeutic agents (Dadashpour and Emami 2018; Khalifa et al. 2019; Beik 
et al. 2019). Moreover, despite the use of different strategies such as chemotherapy, 
radiotherapy, and surgery, nanotechnology has caught the attention of various 
researchers, and this strategy is a potent approach for combating cancer because it 
improves drug transportation resulting in enhanced therapeutic effects with reduced



side effects (Khalifa et al. 2019; Zheng et al. 2021; Bhatia 2016). Thus, reports 
indicate that more than 250 nanomedicine therapies or technologies with effective 
anticancer effects are in the final stages of clinical practice. Some have been 
approved by the Food and Drug Administration (FDA) recently (Tang et al. 2018). 
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Nanotechnology is the application of small-size (1–1000 nm) materials to 
develop nanomedicine, including polymers, for chemotherapeutic purposes (Tang 
et al. 2018). This approach can overcome the shortcomings associated with thera-
peutic agents that are used for lung and prostate cancer therapy by loading the 
selected anticancer drugs, and they can be easily modified for improved specificity. 
Furthermore, applying nanotechnology in cancer management and treatment is a 
promising approach. This strategy can be used to tailor the therapeutic response, 
drug delivery, and diagnosis (Qin et al. 2021; Kirtane et al. 2021; Ali et al. 2020). 
Moreover, combination therapy of anticancer agents using nanomedicines can result 
in various advantages, including synergistic anticancer effects against lung and 
prostate cancer cells. Polymers that are frequently utilized for the preparation of 
nanomedicines are categorized into two classes, i.e., natural and synthetic polymers. 
Natural polymers include proteins, chitosan, alginate, hyaluronic acid (HA), nucleic 
acids, peptides, etc. Examples of synthetic polymers include poly(ε-caprolactone) 
(PCL), poly(L-aspartate), poly(ethylene glycol) (PEG), etc. (Ali et al. 2020; Zhao 
et al. 2018). Several publications on polymer therapeutics have reported improved 
therapeutic effects (biocompatibility, biodegradability, specificity, etc.) with limited 
shortcomings in vitro and in vivo. However, natural polymers show some shortfalls, 
such as uncontrollable drug release rate and short half-lives (Ali et al. 2020; Rao 
et al. 2018). Therefore, this chapter will review the co-delivery of antitumor agents 
using polymer-based nanomedicines for lung and prostate cancer therapy, an update, 
and future perspectives about this approach in treating and managing these cancer 
types. 

25.2 Classification of Anticancer Drugs 

Anticancer drugs are classified according to their mechanism of action into four 
groups: anti-tubulin agents, alkylating agents, topoisomerase inhibitors, and 
antimetabolites (Figs. 25.1 and 25.2) (Alven et al. 2020; Fathi et al. 2021). 
Alkylating agents (A) are anticancer drugs that covalently bind to the 
deoxyribonucleic acid (DNA) and cross-link them, destroying the DNA (Fathi 
et al. 2021; Huang et al. 2017). Some examples include cyclophosphamide, melpha-
lan, carboplatin, cisplatin, and oxaliplatin. Anti-tubulin agents (B) terminate mitotic 
spindles and stop mitosis. Their examples include vinblastine, vincristine, docetaxel, 
and paclitaxel (the most active chemotherapeutic that is used for the treatment of 
various cancer types) (Alven et al. 2020; Fathi et al. 2021).

Antimetabolites (C) hinder the biosynthesis of nucleic acid, and their examples 
include bortezomib, bevacizumab, methotrexate, and 5-fluorouracil (Fathi et al. 
2021; Kaye 1998). Topoisomerase inhibitors (D) impede DNA replication and are 
responsible for binding to the active site of topoisomerase, hindering the binding of



the substrate of DNA (Fathi et al. 2021; Goftar et al. 2014). Furthermore, topoisom-
erase inhibitors result in a cleavage complex that avoids enzyme turnover and the 
build-up of excessive amounts of the cytotoxic cleavage complex within the tumor 
cell (Fathi et al. 2021; Hevener et al. 2018). Their examples include doxorubicin, 
camptothecin, and irinotecan (Fathi et al. 2021; Khadka and Cho 2013). 
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A B C D 
1. Vinblastine 

2. Vincristine 

3. Docetaxel 

4. Paclitaxel 

They destroy mitotic 
spindles and stop mitosis 

1.Cyclophosphamide 

2.Melphalan 
3.Carboplatin 
4.Cisplatin 
5.Oxaliplatin 

They covalently bind 
into the DNA and 
destroy the DNA 

1.Bortezomib 

2.Bevacizumab 

3.Methotrexate 

4.5-fluorouracil 

They inhibit nucleic 
biosynthesis 

1.Doxorubicin 

2.Camptothecin 

3.Irinotecan 

They impede DNA 
replication 

They can be classified according to their modes of action 

Classification of anticancer drugs 

Fig. 25.1 Classification of anticancer drugs according to their mode of action

25.3 Challenges in Lung and Prostate Cancer Treatment 

The increasing numbers of cancer incidents are due to the management and treatment 
of cancer being hampered by various limitations. Several medicinal scientists are 
still investigating and developing effective anticancer therapies to control cancer. 
For instance, clinical therapies, including chemotherapy, radiotherapy, surgery, 
immunotherapy, and hormone-targeting drugs, are still being investigated. More-
over, nanotechnology (nanomedicines) is also used to combat cancer (van der Spek 
et al. 2020; Navya et al. 2019; Kanno et al. 2021; Hegde and Chen 2020). Contrarily, 
some of these therapies or drugs used in these therapies are limited by drug resistance 
leading to a reoccurrence of the disease, drug toxicity mostly leading to severe drug 
side effects, poor bioavailability, lack of specificity, poor solubility, poor stability, 
and disrupted metabolism resulting to poor pharmacokinetics which sometimes 
leads to some anticancer drugs not reaching clinical trials, let alone the market due 
to adverse side effects (van der Spek et al. 2020; Navya et al. 2019; Kanno et al. 
2021; Hegde and Chen 2020). 

Specifically, in most countries, although the increasing aging population is a 
drawback to the treatment of lung cancer due to lack of compliance, high consump-
tion of tobacco is another major drawback in the treatment of lung cancer as it 
contributes to the increasing number of cases (Didkowska et al. 2016; To et al. 
2021). Furthermore, an early lung cancer diagnosis is challenging. Therefore, the 
treatment of metastatic lung cancer has some challenges as the currently used



therapies, including chemotherapy to treat it, lack specificity and they depend on the 
tumor type histology resulting in relapse cases. Thus, only 1–2% of patients treated 
with these therapies exceed a 5-year survival rate (Ilie et al. 2016). Moreover, the 
classical locations for metastatic lung cancer are the bone, liver, nervous system,
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Fig. 25.2 Chemical structures of anticancer drugs used to treat cancers



adrenal glands, and respiratory system. The first treatment in these locations is 
surgical removal. However, this approach is not convenient; as a result, it is used 
in 10–20% of patients as it depends on the respiratory status of patients and the site 
of lesions (Mangal et al. 2017). Furthermore, anticancer drugs’ ability to pass the 
blood-brain barrier (BBB) is another drawback to the treatment of metastatic lung 
cancer in the nervous system (Zhong et al. 2019a). 
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Additionally, the delivery system for the treatment of metastatic lung cancer is 
also a challenge. For instance, intravenous administration results in drugs being 
distributed to various organs, leading to low drug concentration on tumor site, which 
leads to dose increase to keep the therapeutic effect leading to drug toxicity and 
severe adverse side effects. Another example is the use of inhalation chemotherapy 
as a delivery system where it also leads to drugs distribution to several organs and 
compromises drug concentration to the tumor site resulting to the use of high doses 
leading to drug toxicity and side effects such as coughing, respiration-related 
complications, and damaging of healthy lung cells. Consequently, these scenarios 
compromise the compliance of patients and the efficacy of the anticancer drugs for 
the treatment of metastatic lung cancer (Mangal et al. 2017). Other respiratory 
diseases, such as COVID-19, are also a drawback to treating lung cancer patients 
as there are several complications to consider (Calabrò et al. 2020). In essence, 
early diagnosis of lung cancer is a significant challenge in the treatment of lung 
cancer. 

Prostate cancer management experiences similar challenges as lung cancer, such 
as a lack of specific and highly effective therapies, drug resistance, etc. The most 
common challenge with treating this type of cancer is its detection. For instance, the 
use of biopsy needles guided by transrectal ultrasound is sometimes not accurate. 
They can detect low-grade prostate cancer and miss higher-grade prostate cancer. 
Furthermore, the use of prostate-specific antigen screening can result in false detec-
tion (Barqawi et al. 2012; Barrett and Haider 2017; Crocetto et al. 2022). Thus, these 
false detections of prostate cancer stages may result in overdiagnosis leading to 
overtreatment. Consequently, overtreatment results to some serious side effects 
(Crocetto et al. 2022). Nevertheless, another issue is the therapy resistance due to 
inaccurate detection, which sometimes leads to undertreatment of prostate cancer as 
it may be detected in its advanced stages. For instance, the use of typical hormone 
therapy can display resistance over time, resulting in castrate-resistant prostate 
cancer (Flores-Téllez and Baena 2022; Haberkorn et al. 2016; Silberstein et al. 
2013). Basically, screening for prostate cancer is a significant drawback to its 
management. Despite these limitations hampering lung and prostate cancer treat-
ment and management, it is noted that global pandemics such as COVID-19, Ebola, 
severe acute respiratory syndrome coronavirus 2, etc. sometimes increase cancer 
cases and deaths. During the pandemic, the focus is on managing the pandemic crisis 
resulting in reduced screening for cancer, whereby cancer is diagnosed at the 
advanced stages.
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25.4 Advantages of Combination Chemotherapy Using 
Nanomedicines 

Combination chemotherapy is one potent approach commonly utilized to solve the 
drawbacks of anticancer agents. The advantages that are exhibited by combination 
therapy using polymer-based nanomedicines include synergistic anticancer effects, 
co-delivery of bioactive molecules with different physicochemical and pharmaco-
logical properties, ratiometric drug loading and controlled drug release mechanism, 
and stimuli-responsive. 

25.4.1 Synergistic Anticancer Effects 

Combination chemotherapy nanomedicines have been widely studied and have 
shown the capability to promote synergistic cytotoxic effects against various cancer 
cell lines leading to superior anticancer activity than monotherapy with reduced side 
effects (Pan et al. 2019). Monotherapy which is based on the application of a single 
bioactive agent is not enough to suppress tumor regression. But with the combina-
tion chemotherapy via nanomedicines, the synergistic effect of two or more drugs 
targeting various cell-cycle checkpoints, pathways, or genes in the cancer process 
possesses the chance to eradicate cancer (Xu et al. 2015). Henceforth, combination 
therapy nanomedicines are a suitable and promising strategy that can be utilized to 
improve the activity of chemotherapy. The synergistic antitumor effect of 
co-delivered anticancer drugs employing nanomedicines is not easily achieved 
using conventional therapeutics administration because of several factors such as 
injection schedule, various pharmacokinetics features, metabolism, and nonuniform 
distribution. The anticancer drugs co-loaded-based nanomedicines are delivered to 
the targeted tumor site sustainably (Mahira et al. 2019; Unsoy and Gunduz 2018). 

25.4.2 Co-delivery of Bioactive Molecules with Different 
Physicochemical and Pharmacological Properties 

Nanomedicines-mediated combination chemotherapy can deliver more anticancer 
drugs with various physicochemical and pharmacological properties in one 
nanomedicine (Gurunathan et al. 2018). Since most polymer-based nanomedicines 
have been employed for the co-delivery of therapeutic agents that have similar 
properties, biomedical researchers focused on formulating novel nanocarriers that 
can multi-deliver anticancer molecules with different pharmacological and physico-
chemical properties such as the mechanism of action, charge, size, solubility, weight, 
etc. Moreover, nanomedicines formulated for the co-delivery of therapeutics can 
deliver both hydrophobic and hydrophilic drugs (Alven and Aderibigbe 2020; Kanai 
et al. 2011). This can be done by chemical conjugation or modification procedures 
whereby the drugs are modified, making them more compatible with the polymeric 
nanomedicines (Kolishetti et al. 2010).
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25.4.3 Ratiometric Drug Loading and Drug Release Mechanism 

Ratiometric drug loading and release mechanism of the drugs is another significant 
aspect that must be considered in designing multidrug delivery nanomedicines 
because the drug-to-drug ratio strongly affects the effectiveness of combination 
chemotherapies. The research studies that were recently conducted have 
demonstrated that the degree of antagonism and synergism between the therapeutic 
agents in combinations is mainly dependent on their respective concentrations 
(Raitanen et al. 2002). The nanomedicines that are used for co-delivery can stimulate 
overlap between the pharmacological features of the loaded drugs, also resulting in 
the opportunity of delivering many drugs at a prearranged ratio to accomplish the 
good activity of the combination chemotherapy. The examples in this aspect are 
liposomes CPX-1 (1:1 molar ratio of irinotecan and floxuridine) and CPX-351 (5:1 
molar ratio of cytarabine and daunorubicin), which are loaded with therapeutic 
agents at fixed drug molar ratios, exhibit potential in vivo activity, and are presently 
in clinical trials (Lancet et al. 2014). Moreover, improvements in polymer chemistry 
led to the designing of the systems capable of ratiometric drug loading and controlled 
release of more than two anticancer drugs in a single nanomedicine (Liao et al. 
2014). 

25.4.4 Stimuli-Responsive 

Nanomedicines that are stimuli-responsive can alter drug release and physicochemi-
cal properties when they encounter specific environmental conditions, which can 
significantly result in high amount of the loaded drugs to be delivered to the targeted 
diseased cells/tissues. These stimuli can be the application of adjustments in extra-
cellular conditions such as near-infrared light, heating, or ultrasound to generate an 
effect or intracellular conditions such as enzymatic reactions, introduction of reduc-
ing agents, or lower pH. Some stimuli-responsive nanomedicines have been devel-
oped successfully, and they are in clinical trials for the treatment of various cancer 
types (Gadde 2015). Nevertheless, these nanomedicines are mainly appropriate for 
the delivery of single therapeutic agents and might not be ideal for co-delivery. 
Biomedical researchers are focusing on designing novel multidrug delivery 
nanomedicines that possess stimuli-responsive abilities, as they can lead to an 
advantage in controlling the release of loaded drugs, which is vital in achieving 
maximum synergy (Gadde 2015; Jia et al. 2021). 

The aforementioned advantages of drug co-delivery nanomedicines can further 
result in improved biological efficacy of the encapsulated/incorporated drugs, over-
come MDR, increased drug stability, reduced drug toxicity, improved drug internal-
ization and accumulation in the cancer cells, and extended the plasma circulation 
time of the encapsulated molecular agents. Although there are many exciting 
properties of nanomedicines for the co-delivery of anticancer drugs, some challenges 
need to be considered in their formulation, including those associated with the 
entrapment of drugs with various physicochemical features and solubilities,



controlling their sequential drug release, and increasing drug build-up in the cancer 
site. Nanomedicines evaluated for co-delivery of anticancer drugs include 
nanoparticles, dendrimers, micelles, polymer-drug conjugates, nanocapsules, and 
nanoliposomes. The polymers utilized to fabricate the nanomedicines are classified 
into six categories: thermo-sensitive polymers, block co-polymer conjugates, 
MMP-sensitive polymers, magnetic-responsive polymers, pH-sensitive polymers, 
and redox-sensitive polymers (Kanai et al. 2011). 
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25.5 Co-delivery of Anticancer Drugs Using Polymer-Based 
Nanomedicines 

25.5.1 Polymeric Nanoparticles 

Polymeric nanoparticles are colloidal particle nanomedicines or nanocarriers with a 
mean diameter of 1–1000 nm (Sailaja et al. 2011). An example of the polymeric 
nanoparticles is shown in Fig. 25.3. These nanomedicines are frequently prepared 
from synthetic, natural, and semisynthetic polymers, whereby the therapeutic drugs 
can be loaded, chemically incorporated, entrapped, encapsulated, absorbed, or 
dissolved. Nanoparticles possess fascinating properties, such as excellent biodegrad-
ability, biocompatibility, and versatility in their use. Many biodegradable polymers 
are usually used for the formulation of polymeric nanoparticles, such as poly(D, 
L-lactic acid) (PLA), polyalkylcyanoacrylates, polyethylene glycol (PEG), poly 
(e-caprolactone) (PCL), poly(D,L-lactic-co-glycolic acid) (PLGA), etc. (Dennis 
et al. 2015). Nanoparticles, predominantly stimuli-sensitive nanoparticles, exhibit a

Fig. 25.3 Schematic diagram 
of a polymeric nanoparticle



high drug-encapsulating ability and controlled drug release kinetics with enhanced 
in vivo stability for co-distribution of several antitumor drugs. The benefits of 
polymeric nanoparticles include targeted drug delivery, sustained and controlled 
drug release mechanisms, the improved therapeutic activity of the loaded bioactive 
agent, enhanced drug hydrophilicity, reduced drug toxicity, and appropriateness for 
co-delivery of drugs (Jawahar et al. 2019). Several polymeric nanoparticles have 
been reported for combination chemotherapy to treat lung and prostate cancer 
(Table 25.1).
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25.5.1.1 Nanoparticles for Lung Cancer Therapy 
Many research studies have reported polymeric nanoparticles co-encapsulated with 
anticancer agents for lung cancer therapy. Zhou et al. prepared PLGA-PEG 
nanoparticles co-loaded with gemcitabine (GEM) and 5-fluorouracil (5FU) for 
lung cancer therapy (Zhou et al. 2021). The drug release at physiological conditions 
(pH 7.2 and 37°) was controlled and sustained for both loaded anticancer drugs. The 
in vitro cytotoxicity analysis showed half-maximal inhibitory concentrations (IC50) 
of 4.62 ± 0.97 and 5.16 ± 2.80 μM for dual drug-loaded nanoparticles against lung 
cancer cell lines, A549 and HEL-299, respectively, while the IC50 values of the 
nanoparticles loaded with one drug ranged between 9.05 ± 2.11 and 11.20 ± 0.98. 
These results suggested that polymeric nanoparticles co-loaded with GEM and 5FU 
possessed superior anticancer efficacy against lung carcinoma than nanoparticles 
loaded with only one drug, which could be due to synergistic anticancer efficacy 
(Zhou et al. 2021). The PLGA-based nanoparticles containing GEM and NU7441 
(potent radiosensitizer) developed by Menon et al. demonstrated high drug loading 
efficiencies for GEM and NU7441 (88% and 52%), respectively (Menon et al. 
2017). The in vivo studies using H460 (lung cancer cell line)-tumor nude mice 
showed that the volumes of tumors for the group administered with nanoparticles 
co-loaded with GEM and NU7441 were significantly smaller when compared to 
tumor volumes of the group treated with a combination of free GEM and NU7441, 
revealing that these nanoparticles can be simultaneously used for the treatment of 
lung cancer. 

Zhao et al. synthesized PLGA-PEG copolymer nanoparticles co-encapsulated 
with 5FU and puerarin for lung cancer therapy (Zhao et al. 2021). The transmission 
electron microscopy (TEM) images displayed particle sizes of 72.4 ± 0.7 nm for 
5FU-loaded nanoparticles, 71.4 ± 0.3 nm for puerarin-loaded nanoparticles, and 
81.5 ± 0.6 nm for dual drug-loaded nanoparticles, indicating their potential to 
promote high cellular internalization. The dual drug-loaded nanoparticles showed 
good cytotoxic effects on human lung cancer cell lines. The IC50 values of free 5FU, 
free puerarin, 5FU-loaded nanoparticles, puerarin-loaded nanoparticles, and 
co-loaded nanoparticles in the A549 cells were 13.04 ± 2.54, 14.45 ± 2.47, 
10.24 ± 3.14, 9.54 ± 1.48, and 3.98 ± 2.14 μM, respectively. The IC50 values of 
the free 5FU, free puerarin, 5FU-loaded nanoparticles, puerarin-loaded 
nanoparticles, and co-loaded nanoparticles in HEL-299 lung cancer cell lines were 
19.47 ± 3.24, 20.14 ± 2.47, 10.57 ± 3.28, 11.24 ± 3.24, and 5.12 ± 2.45 μM, 
respectively.
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Mogheri et al. developed PLGA-PEG nanoparticles for the co-delivery of 
silibinin and metformin. The dynamic light scattering (DLS) data of dual drug-
loaded polymeric nanoparticles revealed a mean particle size of 35 ± 8.38 nm, 
polydispersity index (PDI) of 0.109, and surface charges of -2.9 ± 1.2 mV, 
demonstrating their suitability for effective internalization in cancerous cells. The 
cytotoxicity studies employing MTT assays indicated superior anticancer efficacy 
against the A549 lung cell line for polymeric nanoparticles co-encapsulated with 
metformin and silibinin than the free drugs and blank nanoparticles (Mogheri et al. 
2021). Zhong et al. prepared PEG-PCL-PEG nanoparticles co-loaded with crizotinib 
and sorafenib, demonstrating a significant reduction of tumor development, reduced 
side effects, and longer survival rate than the free drugs when intravenously 
administered to mice xenograft model with 4T1 lung cancer cells (Zhong et al. 
2021). The aptamer-decorated PLA-PEG nanoparticles developed by Wu for the 
co-delivery of cisplatin and docetaxel showed significantly low cell viability of 
A549 lung cancer cells than the free drugs and non-aptamer-decorated nanoparticles, 
especially in lower concentrations, suggesting good anticancer activity against lung 
cancer (Wu et al. 2020). Nan reported epidermal growth factor receptor (EGFR)-
targeted lipid PEG nanoparticles co-encapsulated with doxorubicin (DOX) and 
cisplatin for lung cancer treatment. The synergistic effects studies and in vivo 
antitumor studies using mice bearing the lung cancer model showed that dual 
drug-loaded PEG nanoparticles induced synergistic anticancer effects with a combi-
nation index (CI) of 0.57 and reduced tumor volume with inhibition of tumor growth 
ratio to 74.5%, respectively, indicating significant anticancer activity useful for lung 
carcinoma therapy (Nan 2019). 

Xu et al. formulated mPEG-OEI-PLG nanoparticles co-loaded with cisplatin and 
DOX for lung carcinoma therapy (Xu et al. 2019). The in vitro drug release studies at 
acidic conditions (pH 5.0 and 6.8) showed initial burst release of cisplatin and DOX 
from the nanoparticles followed by slow and sustained release, demonstrating that 
these dual drug-loaded nanoparticles will be advantageous for therapeutic activity in 
anticancer application because of rapid release that would take place in the acidic 
tumor microenvironment. The in vivo cellular uptake studies showed that the lungs 
administered with co-loaded nanoparticles by pulmonary administration 
demonstrated very solid fluorescence intensity of DOX in the cancer environment 
indicating high cellular uptake and accumulation of DOX but no prominent DOX 
fluorescence in normal lung tissues. Furthermore, the in vivo anticancer evaluation 
using metastatic lung cancer on C57BL/6 mice showed that the mice treated with 
co-loaded nanoparticles were more effective in hindering tumor growth than DOX 
nanoparticles and cisplatin nanoparticles, indicating that the co-loading of cisplatin 
and DOX in polymeric nanoparticles is a potential antitumor approach when com-
pared to DOX nanoparticles or cisplatin nanoparticles (Xu et al. 2019). The PLGA-
PEG nanoparticles formulated by Zhang et al. for the co-delivery of cisplatin and 
etoposide showed good anticancer efficacy in murine models utilizing both the H460 
xenograft and 344SQ allograft (Zhang et al. 2021). 

Jin et al. designed PEG nanoparticles co-incorporated with survivin small 
interfering RNA (siRNA) and paclitaxel (PTX) for lung cancer treatment. The



DLS results of co-loaded nanoparticles displayed a particle size and positive surface 
charge of about 82.4 nm and 4.1 mV, respectively. The in vitro cytotoxicity analysis 
utilizing cell counting kit-8 assay showed that the nanoparticles possessed an 
enhanced anti-proliferation effect on A549 lung carcinoma cells. Furthermore, the 
in vivo studies using mice showed that the accumulated nanoparticles in the tumor 
site could significantly inhibit tumor development and prolong the survival rate of 
the animals (Jin et al. 2018). The in vitro studies of PLGA nanoparticles co-loaded 
with PTX and cisplatin by Wang et al. demonstrated an IC50 value of 26.7 μg/mL 
with higher cellular uptake. In comparison, the free drug combination showed an 
IC50 value of 75.3 μg/mL, revealing a significantly higher antitumor activity of the 
nanoparticles co-encapsulated with PTX and cisplatin when compared to individual 
drugs against A549 lung carcinoma cells. Moreover, the DLS results displayed an 
average particle size of approximately 190 nm and a zeta potential of -35 mV, 
which could be suitable for high cellular internalization (Wang et al. 2018). 

766 S. Peter et al.

The PLGA nanoparticles developed by Xiao et al. for co-delivery of docetaxel 
(DTX) and si-colon cancer-associated transcript-2 (siCCAT2) exhibited exceptional 
tumor targeting potential. They led to an improved anticancer effect when compared 
to the DTX-loaded nanoparticles due to the silencing of CCAT2 levels in the lung 
tumor, resulting in downregulated expressions of multidrug resistance-associated 
proteins 1 (MRP1) and P-glycoprotein (P-GP) (Xiao et al. 2022). Ma et al. 
formulated HA-based nanoparticles to co-deliver Pt (IV) and survivin siRNA to 
lung cancer cells. The drug release was sustained for Pt (IV) that gradually reduced 
to toxic Pt (II) species, which reduced drug efflux and induced apoptosis of cancer 
cells. The in vivo anticancer studies showed that the co-loaded nanoparticles pos-
sessed a prominently enhanced therapeutic effect (TIR, 82.46%) in nude mice 
induced with A549/DDP lung tumor model, with no noticeable side effects 
(Ma et al. 2021a). 

25.5.1.2 Nanoparticles for Prostate Cancer 
Several biomedical researchers have reported polymeric nanoparticles 
co-encapsulated with anticancer drugs for the treatment of prostate cancer. Hong 
et al. designed PEG2000- and PEG5000-modified polydopamine nanoparticles 
co-encapsulated with indocyanine green and dimethylcurcumin for castration-
resistant prostate cancer therapy (Hong et al. 2022). The Fourier-transform infrared 
spectroscopy (FTIR) analysis confirmed the successful formulation of the modified 
co-loaded nanoparticles. These polymeric nanoparticles displayed drug encapsula-
tion efficiencies of 62.1 ± 3.1% and 73.2 ± 2.8% for indocyanine green and 
dimethylcurcumin, respectively. The drug release kinetics was a sustained release 
of the loaded bioactive agents from nanoparticles at the pH of 5.0 and 7.4. The 
cellular uptake in vitro displayed that these two PEG-modified nanoparticles pos-
sessed enhanced cellular uptake than the free indocyanine green and 
dimethylcurcumin. The in vitro cytotoxicity analysis on 22Rv1 prostate cancer 
cells using MTT assay showed that dual drug-loaded PEG2000- and PEG5000-
modified nanoparticles have superior in vitro anticancer effect than the free drugs



upon 808 nm laser irradiation, which could be due to their improved cellular uptake 
(Hong et al. 2022). 
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Ma et al. formulated PEG-based nanoparticles co-loaded with indocyanine green 
and methylene blue for prostate cancer therapy. The in vitro anticancer studies 
exhibited dose-dependent cytotoxicity against PC3 and DU145 prostate tumor 
cells than the plain nanoparticles, with a significantly higher cell apoptotic rate of 
80% (Ma et al. 2022). Arya et al. prepared chitosan-PCL nanoparticles for the 
co-delivery of an anti-androgen drug, bicalutamide and hesperetin. The DLS inves-
tigation of co-loaded nanoparticles exhibited a mean particle size of 281 ± 13.7 nm 
and a surface charge of +12.10 ± 1.11 mV, which can improve cellular internaliza-
tion. The in vitro cytotoxicity studies of chitosan-PCL nanoparticles co-incorporated 
bicalutamide and hesperetin showed cell cytotoxicity (CC50) of 22.27 μM against 
PC3 cells which were threefold lower than the combination of free bicalutamide and 
hesperetin (66.38 μM), indicating good antitumor efficacy of dual drug-encapsulated 
nanoparticles with improved cellular uptake (Arya et al. 2016). 

Lin et al. synthesized the PLGA-based nanoparticles co-loaded with resiquimod 
and indocyanine green, which showed the anticancer activity for prostate cancer 
therapy by combining PTT with immunotherapy (Lin et al. 2021). The PLGA 
nanoparticles formulated by Qu et al. for co-delivery of cabazitaxel-hyaluronic 
acid prodrug and orlistat demonstrated sustained drug release behaviors with signifi-
cantly higher inhibition of tumor volume in PCa xenograft mice than the free drug 
and plain nanoparticles, suggesting good anticancer activity of the dual drug-loaded 
nanoparticles against prostate cancer in vivo (Qu et al. 2021). Chen et al. synthesized 
PEG-based nanoparticles co-loaded with DTX and enzalutamide for prostate cancer 
treatment. These nanoparticles possessed an average particle size of 143.7 ± 4.1 nm, 
a surface charge of +29.1 ± 2.4 mV, and PDI of 0.162 ± 0.037 with high cell uptake 
by PCa cells of approximately 70%, which can significantly improve anticancer 
activity against prostate cancer (Chen et al. 2022). 

25.5.2 Dendrimer 

Dendrimers are nanomedicines with three-dimensional, hyperbranched, and spheri-
cal structures (Fig. 25.4) (Narmani et al. 2019). They are regularly used in biomedi-
cal applications for drug delivery of different therapeutic molecules, including 
anticancer, antimalarial, antiviral drugs, antitubercular, etc. Their globular nanosize 
(1–10 nm) and well-defined surface functional groups make them appropriate for 
drug delivery. Polymer-based dendrimers such as polyamidoamine (PAMAM) 
dendrimers have attracted significant attention from biomedical researchers because 
of their low cytotoxicity (Uram et al. 2018). Other dendrimers utilized in biomedical 
applications, particularly in oncology, are phosphorus, poly-lysine, carbosilane, and 
PPI dendrimers (Qiu and Bae 2006; Caminade 2020). These nanomedicines have 
been demonstrated to be able to successfully deliver anticancer agents for the 
treatment of various cancer types. The advantages of dendrimers in cancer treatment 
include improved drug activity, reduced drug toxicity, reduced drug resistance,



enhanced drug biocompatibility and bioavailability, and sustained and controlled 
drug release mechanisms (Aqil et al. 2013). Various anticancer agents have been 
co-encapsulated into polymeric dendrimers for lung cancer therapy (Table 25.2). 
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Fig. 25.4 Schematic diagram of a dendrimer showing the core, cavity, branching units, and surface 
groups. Here various drugs can be entrapped inside the dendrimer 

Table 25.2 Dendrimers co-loaded with anticancer agents for lung cancer therapy 

Polymers 
used 

Loaded 
anticancer 
drugs 

Targeted 
cancer 
type 

Therapeutic 
outcomes 

Factors that made 
dendrimers 
suitable for drug 
co-delivery Ref 

PEG and 
PAMAM 

siRNA and 
paclitaxel 

Lung 
cancer 
(HT-1080 
and A375 
cells) 

The suppressed 
growth rate of 
the tumor and 
superior anti-
relapse effect 

Uniform diameter 
of about 160 nm 
and sustained drug 
release 

Li et al. 
(2018) 

PAMAM Erlotinib 
and 
survivin-
shRNA 

Lung 
cancer 
(H1975 
cells) 

Improved 
cellular uptake 

The particle size of 
about 200 nm 

Lv et al. 
(2018) 

PAMAM 
and PEG 

DOX and 
siRNA 

Lung 
cancer 
(A549 
cells) 

Improved serum 
stability and 
enhanced 
transfection 
effectiveness 

Triblock 
polymeric 
G4-PAMAM-PEG 
dendrimers with 
various functional 
groups 

Biswas 
et al. 
(2013) 

PAMAM siRNA and 
cis-diamine 
platinum 

Lung 
cancer 
(H1299 
cells) 

Cell growth 
inhibition of 
cancer cells 

High drug 
encapsulation 
efficiency 

Amreddy 
et al. 
(2018)
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25.5.2.1 Dendrimers for Lung Cancer 
Li et al. prepared PAMAM-PEG dendrimers co-loaded with siRNA and paclitaxel 
for lung cancer treatment (Li et al. 2018). The particle size studies of co-loaded 
dendrimers utilizing DLS showed a uniform diameter of about 160 nm, indicating 
their suitability for therapeutic distribution to cancer cells. The drug release 
experiments displayed an initial rapid release of siRNA and paclitaxel from the 
dendrimers, followed by a slow and sustained drug release mechanism after 12 h. 
The cytotoxicity results showed that the dual drug-loaded dendrimers possessed 
stronger growth inhibition effects on HT-1080 and A375 lung tumor cell lines than 
the single drug-loaded dendrimers after 48 h of incubation, demonstrating good 
anticancer activity for combination therapy of siRNA and paclitaxel using 
dendrimers. The in vivo antitumor studies using a tumorigenesis-relapse model of 
A375 cell-xenografted mice revealed that co-loaded polymeric dendrimers displayed 
the lowest growth rate of the tumor and superior anti-relapse effect with the highest 
survival rate in comparison with the control (Taxol) and free drugs (Li et al. 2018). 

Lv et al. reported aptamer-modified PAMAM dendrimers for survivin-shRNA 
co-delivery and erlotinib (Lv et al. 2018). Chloroquine was incorporated with 
dendrimers to regularize tumor vessels for necessary gene/drug delivery to overcome 
drug resistance in non-small cell lung cancer (NSCLC). TEM results of 
nanoparticles displayed spherically shaped particles with a particle size of approxi-
mately 200 nm that can significantly improve cellular uptake. The in vitro drug 
release of the PAMAM dendrimers at pH 7.4 or 5.4 was a biphasic pattern that was 
characterized by a rapid release followed by a sustained release under acidic 
conditions. This research showed that the normalization of tumor vessels promoted 
the intracellular survivin-shRNA/erlotinib delivery, and the downregulation of 
survivin acted synergistically with erlotinib to reverse erlotinib resistance in EGFR 
mutation-positive NSCLC. 

Biswas et al. developed triblock polymeric generation 4 (G4)-PAMAM-PEG 
dendrimers to co-deliver DOX and siRNA. These nanomedicines demonstrated a 
high DOX and siRNA loading rate, improved serum stability due to the extended 
PEG chains, and improved transfection effectiveness due to lipid modification. 
Moreover, PAMAM dendrimers can also be used in inhaled nanocarriers for lung 
cancer therapy (Biswas et al. 2013). Amreddy et al. formulated folic-modified 
PAMAM dendrimer nanocarriers for combined cis-diamine platinum and siRNA 
delivery for lung carcinoma therapy. These dual drug-loaded dendrimers showed 
significant cell growth inhibition of more than 50% on H1299 lung cancer cells, 
indicating potential anticancer efficacy against lung cancer (Amreddy et al. 2018). 
To the best of our knowledge, no polymer-based dendrimers were reported for the 
co-delivery of anticancer drugs to prostate cancer cells.
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25.5.3 Micelles 

Micelles are self-aggregated or colloidal nanomedicines with a mean particle size of 
5–100 nm (Fig. 25.5) (Valenzuela-oses et al. 2017). They are composed of 
surfactants or amphiphiles and comprise two regions: hydrophilic heads and hydro-
phobic tails (Zhong et al. 2019b). Critical micelle concentration (CMC) is a concen-
tration whereby the micelles are formed (Chen et al. 2020). Various factors affect the 
development of these nanomedicines, such as the solvent employed during their 
formulation, the temperature, the concentration of amphiphiles, and the size of the 
hydrophobic domain in the amphiphilic molecule (Suroshe et al. 2019). The benefits 
of micelles include high drug encapsulation efficiency, high drug loading capacity, 
high cellular uptake, enhanced drug stability, and protection of normal body cells 
from drug toxicity, and they are simply removed from the system after biodegrada-
tion; they improve pharmacokinetic parameters of loaded anticancer drugs and are 
suitable for combination chemotherapy (Senevirathne et al. 2016). Various antican-
cer agents have been co-encapsulated into the micelles leading to an improved 
anticancer efficacy against lung and prostate cancer lines in the preclinical trials 
(Table 25.3). 

25.5.3.1 Micelles for Lung Cancer 
Ma et al. formulated HA-vitamin E succinate copolymer micelles co-loaded with 
curcumin and DOX for synergistic antitumor efficacy against lung carcinoma 
(Ma et al. 2017). The DLS analysis exhibited a mean particle size of about 
223.8 nm and a surface charge of -10 ± 0.12 mV due to the carboxyl groups on 
the HA surface. The encapsulation rates of micelles for DOX and curcumin were 
94.8% and 72.5%, respectively. The drug release studies of the drug-co-loaded 
micelles displayed sustained release at 7.4 (simulating physiological pH), 6.5 
(simulating tumor extracellular pH), 5.5 (simulating endosomal pH), and pH 4.5 
(simulating lysosomal pH). The in vitro antitumor experiments of the dual

Fig. 25.5 Schematic diagram 
of a micelle
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Table 25.3 Polymeric micelles co-loaded with anticancer agents for lung and prostate cancer 
therapy 

Polymers used 

Loaded 
anticancer 
drugs 

Targeted 
cancer 
type 

Therapeutic 
outcomes 

Factors that 
made micelles 
suitable for drug 
co-delivery Ref 

HA Curcumin 
and DOX 

Lung 
cancer 
(MCF-7/ 
Adr 
cells) 

Sustained drug 
release with 
superior 
cytotoxicity on 
cancer cells 

High 
encapsulation 
rates of more 
than 70% for 
both therapeutic 
agents 

Ma 
et al. 
(2017) 

PEG-pp-PEI-
PE 

PTX and 
siRNA 

Lung 
cancer 
(A549 
cells) 

Increased 
cellular uptake 
with increased 
cytotoxicity on 
cancer cells 

Multiple 
functional 
groups that can 
promote the 
co-loading of 
drugs 

Zhu 
et al. 
(2014a) 

mPEsG-b-
PLG-b-PLL 

PTX and 
DOX 

Lung 
cancer 
(A549 
cells) 

Highly effective 
targeting and 
build-up at the 
implanted site of 
xenograft tumor 

Multiple 
functional 
groups that can 
promote the 
co-delivery of 
drugs 

Lv 
et al. 
(2014) 

PEG PTX and 
parthenolide 

Lung 
cancer 
(A549-
T24 and 
A549 
cells) 

Higher 
intracellular 
delivery of 
paclitaxel 

High 
encapsulation 
efficiency of 
more than 90% 

Gill 
et al. 
(2016) 

PEG Cisplatin 
and 
etoposide 

Lung 
cancer 
(A549 
cells) 

Superior 
anticancer 
efficacy 

Wide range of 
drug 
combination 
ratios and high 
two-drug 
loading of more 
than 50% wt 

Wan 
et al. 
(2018) 

mPEG DOX and 
gene p53 

Lung 
cancer 
(H1299 
and A549 
cells) 

Effectively 
deliver and 
release 
co-loaded 
bioactive agents 
into cancer cells 

Multiple 
functional 
groups 

Liu 
et al. 
(2013) 

PEG PTX with 
shRNA 

Lung 
cancer 
(A549 
cells) 

Superior 
antitumor 
activity 

High drug 
loading capacity 

Shen 
et al. 
(2012)
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Table 25.3 (continued)

Polymers used 

Loaded 
anticancer 
drugs 

Targeted 
cancer 
type 

Therapeutic 
outcomes 

Factors that 
made micelles 
suitable for drug 
co-delivery Ref 

Polymetformin Cisplatin 
prodrug and 
IL-12 
cytokine 
gene 

Lung 
cancer 
(A549 
cells) 

Hindering of the 
carcinoma 
growth and 
prolonged 
overall survival 
of tumor-bearing 
mice 

High 
encapsulation 
rates 

Sun 
et al. 
(2021a) 

PEG PTX and 
siRNA 

Lung 
cancer 
(A549 
cells) 

Improved cell 
apoptosis of lung 
cancer cell lines 

A sustained 
drug release 
mechanism 

Zhu 
et al. 
(2014b) 

PEG PTX and 
embelin 

Prostate 
cancer 
(PC3 
cells) 

Excellent 
anticancer 
activity 

The high drug 
loading 
efficiency of 
more than 60% 

Lu 
et al. 
(2013) 

PEG DOX and 
dasatinib 

Prostate 
cancer 
(PC3 
cells) 

Sustained drug 
release with 
significant 
cytotoxic effect 
on prostate cells 

The high drug 
loading 
efficiency of 
more than 90% 

Zhang 
et al. 
(2015) 

Hydrazone-
caproyl-
maleimide 

DOX and 
si-Beclin1 

Prostate 
cancer 
(PC3 
cells) 

Higher 
cytotoxicity and 
apoptosis in 
cancer cells 

Multiple 
available 
functional 
groups for drug 
incorporation 

Hu 
et al. 
(2021) 

PEG DTX and 
siRNA 

Prostate 
cancer 
(PC3 
cells) 

Prolonged blood 
circulation, 
selective 
targeting, and 
improved 
anticancer 
effects 

High drug 
loading and 
encapsulation 
efficiency 

Zhang 
et al. 
(2022a) 

PEG DTX and 
retinoic acid 

Prostate 
cancer 
(22Rv1 
and C4-2 
cells) 

Synergistic 
anticancer effect 
with improved 
cytotoxicity 

High drug 
loading capacity 

Hu and 
Xu 
(2021) 

Polylactide 
and 
polyethylene 

Marizomib 
and 
crizotinib 

Prostate 
cancer 
(LNCAP 
and 
PC3pip 
cells) 

Dose-dependent 
cytotoxic effects 

Multiple 
functional 
groups 

Ma and 
Dong 
(2021) 

PEG PTX and 
lapatinib 

Prostate 
cancer 
(DU145-
TXR 
cells) 

Good antitumor 
activity 

Multiple 
functional 
groups 

Li et al. 
(2011)



drug-loaded micelles employing MTT analyses demonstrated superior cytotoxicity 
on MCF-7/Adr lung cancer cells when compared to the individual drug solutions of 
either doxorubicin-curcumin or doxorubicin (Ma et al. 2017). 

25 Co-delivery of Anticancer Drugs Using Polymer-Based Nanomedicines for. . . 773

The PEG-pp-PEI-PE micelles reported by Zhu et al. for the co-delivery of siRNA 
and PTX to lung cancer cells demonstrated significant increased cellular uptake from 
400% to 650% after the cleavage of matrix metalloproteinase 2 when incubated with 
A549 lung cancer cells (Zhu et al. 2014a). These results revealed polymeric 
micelles’ capability to induce cellular internalization and subsequently result in 
good anticancer activity. The in vitro synergistic experiments of micelles, when 
cultured with A549 T24 or A549 cells, revealed increased cytotoxicity of PTX than 
the free PTX, resulting from an enhanced cellular uptake of the drug-loaded micelles 
(Zhu et al. 2014a). 

Lv et al. formulated deoxycholate-decorated mPEsG-b-PLG-b-PLL micelles 
co-encapsulated with PTX and DOX for lung carcinoma therapy. The in vitro 
cytotoxicity experiments of co-delivered nanoparticles showed a synergistic anti-
cancer effect on A549 lung cells by promoting apoptosis of cancer cells. Further-
more, the ex vivo DOX fluorescence imaging showed that these micelles resulted in 
highly effective targeting and accumulation at the in vivo implanted site of the A549 
xenograft tumor (Lv et al. 2014). Gill et al. fabricated EGFR-functionalized PEG 
micelles for the combined delivery of PTX and parthenolide. The DLS analysis of 
micelle nanomedicines exhibited a particle size of 15 ± 3 nm with a negative zeta 
potential of -34 mV. The cellular uptake studies showed that the EGF-targeted 
micelles resulted in superior intracellular delivery of paclitaxel than the non-targeted 
micelles in both A549-T24 and A549 lung cancer cell lines (Gill et al. 2016). The 
amphiphilic block copolymer micelles formulated by Wan et al. for combination 
chemotherapy of cisplatin and etoposide displayed superior anticancer efficacy than 
the individual drug-loaded micelles or free drugs against NSCLC, which could be 
due to synergetic antitumor effects (Wan et al. 2018). 

Liu et al. synthesized mPEG-based micelles co-encapsulated with DOX and 
tumor suppressor gene p53 that showed superior antitumor activity on H1299 and 
A549 lung carcinoma cells with effective delivering of the co-loaded bioactive 
agents in A549 cells than the single drug or gene therapy (Liu et al. 2013). The 
vitamin E-coated (d-α-tocopherol PEG glycol 1000 succinate) micelles fabricated by 
Shen et al. for simultaneous delivery of PTX with shRNA showed an IC50 value 
lower than that of the free drug by 360-fold, indicating excellent anticancer activity. 
In addition, the in vivo experiments employing A549 tumor-induced mice models 
exhibited superior antitumor activity for the co-loaded micelles (Shen et al. 2012). 
Sun et al. formulated HC/pIL-12/polymetformin micelles co-loaded with cisplatin 
prodrug and IL-12 cytokine gene for lung cancer treatment. The prolonged 
circulating micelles promoted the accumulation of bioactive in the tumor, which 
led to significant inhibition of the lung carcinoma growth and extended the survival 
rate of the cancer-bearing mice (Sun et al. 2021a). Zhu et al. designed self-assembled 
block copolymer micelles for combination therapy of PTX and siRNA. These 
polymeric micelles showed several significant properties, e.g., passive tumor



targeting, enhanced stability, and improved cell apoptosis of lung cancer cell lines 
(Zhu et al. 2014b). 
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25.5.3.2 Micelles for Prostate Cancer 
Lu et al. formulated PEG-based micelles for co-distribution of embelin (a natural 
product with anticancer efficacy) and PTX with a low CMC value of 0.002 μM. The 
particle size analysis of micelles displayed a particle size that ranges between 20 and 
30 nm with or without encapsulated drugs. The in vitro cell viability experiments of 
the micelles containing PTX and embelin showed more potent anticancer efficacy 
than Taxol in PC3 and DU145, which are the two androgen-independent human 
prostate cancer cell lines (Lu et al. 2013). Zhang et al. reported PEG-lysyl-(-
α-Fmoc-ε-Cbz-lysine)2 for potential combination chemotherapy of dasatinib (onco-
genic tyrosine kinases inhibitor) and DOX in the treatment of various cancer types. 
The in vitro drug release kinetics in physiological environments exhibited a signifi-
cantly sustained release of both drugs from polymeric micelles than the free drugs. 
The cytotoxicity assay showed that the drug-free micelles did not induce a cytotoxic 
effect on PC3 cells. In contrast, dual drug-loaded micelle nanocarriers improved the 
inhibition of cell proliferation which could be due to a strong synergistic effect of 
DOX and dasatinib (Zhang et al. 2015). The hydrazone-caproyl-maleimide micelles 
formulated by Hu et al. for the co-delivery of DOX and si-Beclin1 demonstrated 2.7-
fold more significant cytotoxicity and cell apoptosis in PC-3 cancer cells when 
compared to the free DOX, indicating that the si-Beclin1 hindered the autophagy 
functioning of prostate cancer cells by targeting the type III PI3K pathway and 
enhanced the sensitivity to the DOX. The in vivo studies showed that the micelles 
co-loaded with DOX and si-Beclin1 significantly resulted in a 3.4-fold more consid-
erable tumor inhibition, revealing a synergistic anti-proliferative effect (Hu et al. 
2021). 

Zhang et al. designed micelles to deliver DTX and siRNA for castration-resistant 
prostate cancer therapy. These micelles showed selective targeting, extended blood 
circulation, and improved anticancer effects (Zhang et al. 2022a). Hu and Xu 
synthesized PEG-based micelles co-loaded with DTX and retinoic acid for synergis-
tic prostate cancer therapy. These co-delivered micelles displayed enhanced cellular 
uptake than the free drugs. The cytotoxicity analysis using 22Rv1 and C4-2 cells 
showed that DTX in combination with retinoic acid showed a synergistic anticancer 
effect, and the dual drug-loaded micelles showed improved cytotoxicity against 
22Rv1 and C4-2 prostate cancer cells than the free drugs, indicating a significant 
potential for prostate cancer therapy (Hu and Xu 2021). Ma and Dong developed 
polylactide-polyethylene succinate glycol micelle nanomedicines for the co-delivery 
of marizomib and crizotinib to prostate cancer cell lines. The cytotoxicity tests of 
micelles showed significant dose-dependent cytotoxic effects in both LNCAP and 
PC3pip prostate cancer cells (Ma and Dong 2021). Li et al. formulated the PEG-b-
poly(2-methyl-2-carboxylpropylene carbonate-graft-dodecanol) micelles for combi-
nation therapy of PTX and lapatinib destroyed 70% and 80% of DU145-TXR 
prostate cancer cells, indicating good antitumor activity. At the same time, 
monotherapy did not show any cytotoxic effect (Li et al. 2011).
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25.5.4 Polymer-Drug Conjugates 

Polymer-drug conjugates, also known as polymeric prodrugs, are nanocarriers 
fabricated for chemically incorporating bioactive molecules into the polymers 
employing chosen functionalities (e.g., amides, alcohols, esters, hydrazine, etc.). 
These nanomedicines comprise three components: therapeutic agent, targeting moi-
ety, and solubilizing unit. These components are combined via covalent bonds into 
the backbone of the polymer. This model was firstly proposed by Helmut Ringsdorf 
in 1975 (Fig. 25.6) (Elvira et al. 2005; Pang and Yang 2014). The solubilizing unit 
improves the water solubility of polymer prodrugs, while the targeting moiety 
enhances its delivery to the targeted biological site (Larson and Ghandehari 2012). 
Examples of targeting moieties that are typically used include engineered antibodies, 
peptides, folic acid, and sugars (Kumar 2012). The linkers or functionalities play a 
vital role in releasing the incorporated therapeutic agent under certain conditions, 
such as the change in pH, the presence of enzymes, and overexpressed groups of 
diseased tissue (Patil and Mahajan 2015). The polymers that can be employed for the 
preparation of polymer-drug conjugates include polyamidoamine carriers, 
polyglutamic acid, PEG, polyaspartamides, etc. (Marasini et al. 2017). The 
advantages of polymer-drug conjugates include enhanced drug solubility, reduced 
drug toxicity, improved drug bioavailability, enhanced pharmacokinetics, pharma-
codynamics, and pharmacological properties. Polymer-drug conjugates can be used 
for combination therapy, which is very useful for the treatment of various diseases 
including cancer (Sanchis et al. 2010). Moreover, these nanomedicines preserve and 
protect loaded drugs during circulation from attacks of enzymes (Alven et al. 2019). 
There are very few polymeric prodrugs that have been reported for combination 
chemotherapy to treat lung and prostate cancer (Table 25.4). 

25.5.4.1 Polymer-Drug Conjugates for Lung Cancer 
Hong et al. formulated U11 peptide-functionalized pH-sensitive polymeric prodrugs 
co-incorporated with DOX and curcumin through an amide linkage to lung cancer 
cells (Hong et al. 2019). The TEM results of the nanomedicines exhibited a spheri-
cally shaped morphology with a core-shell structure. The DLS analysis employing 
Zetasizer Nano average displayed an average particle size of about 121.3 nm and 
zeta potential of -33.5 mV, with a DOX and curcumin encapsulation rate of 81.7

Fig. 25.6 Structure of a 
polymer-drug conjugate



and 90.5%, respectively. The in vitro drug release analysis performed at pH 5.0, 6.0, 
and 7.4 exhibited the pH-dependent release kinetics for both drugs. U11 peptide-
functionalized conjugates showed notably higher cellular uptake than the non-U11 
peptide-functionalized conjugates. The cytotoxicity studies of the co-loaded 
conjugates showed better antitumor efficacy against A549 cells compared to the 
plain drugs. The in vivo studies showed that the decorated nanocarriers possessed 
enhanced tumor growth inhibition than the non-decorated nanocarriers and free 
drugs. The sustained release kinetics of the dual drug-loaded polymeric prodrugs 
significantly reduced systematic toxicity and enhanced anticancer efficacy (Hong 
et al. 2019). The DLS analysis of polymeric prodrugs designed by Jin et al. for 
simultaneous delivery of DOX and cisplatin displayed particle size of 
128.6 ± 3.2 nm, a zeta potential of 15.7 ± 1.7 mV, and PDI of 0.196 ± 0.021. 
These polymer-drug conjugates showed superior tumor inhibition efficiency of 
about 79.9% in A549 lung cancer-induced BABL/c mice with slight body weight 
loss, demonstrating synergistic anticancer effects against lung cancer (Jin et al. 
2020). 
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Table 25.4 Polymeric prodrugs co-loaded with anticancer agents for lung and prostate cancer 
therapy 

Polymers 
used 

Loaded 
anticancer 
drugs 

Targeted 
cancer 
type 

Therapeutic 
outcomes 

Factors that 
made polymeric 
prodrugs suitable 
for drug 
co-delivery Ref 

U11 peptide DOX and 
curcumin 

Lung 
cancer 
(A549 
cells) 

pH-dependent 
release kinetics, 
higher cellular 
uptake, and good 
anticancer activity 

The particle size 
of about 
121.3 nm and the 
high 
encapsulation 
rate 

Hong 
et al. 
(2019) 

Glutathione DOX and 
cisplatin 

Lung 
cancer 
(A549 
cells) 

Superior tumor 
inhibition efficiency 

The particle size 
of 128.6 nm and 
dispersive index 
of 0.196 ± 0.021 

Jin 
et al. 
(2020) 

Poly(oligo 
(ethylene 
glycol) 
methacrylate) 

DOX and 
dasatinib 

Prostate 
cancer 
(PC3 
cells) 

Slow sustained drug 
release with good 
anticancer efficacy 

The high drug 
loading 
efficiency of 
90% and above 

Sun 
et al. 
(2017)

25.5.4.2 Polymer-Drug Conjugates for Prostate Cancer 
Sun et al. developed poly(oligo(ethylene glycol) methacrylate)-based polymeric 
prodrugs co-loaded with DOX and dasatinib to treat various cancer types. The 
in vitro drug release kinetics at physiological conditions exhibited slow and 
sustained drug release of the co-loaded drugs from the polymeric prodrugs. The 
in vitro cytotoxicity analysis revealed that the dual drug-loaded polymeric prodrugs 
possessed lower IC50 in the PC-3 prostate cancer cell line than the free drugs and 
single drug-loaded prodrugs, demonstrating good anticancer efficacy of co-loaded



prodrugs that might be caused by a synergistic effect of dasatinib and the co-loaded 
DOX (Sun et al. 2017). 
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25.5.5 Polymeric Nanocapsules 

Nanocapsules are polymer-based nanomedicines made up of a core and protective 
shell where bioactive agents are loaded (Fig. 25.7) (Kothamasu et al. 2012). Differ-
ent techniques can be used to prepare these nanomedicines, such as the solidification 
of droplet shells, self-assembly of block copolymers, nanoemulsion polymerization, 
etc. (Ariga et al. 2011). The average particle size of nanocapsules ranged between 
10 and 1000 nm. Nanocapsules exhibit several advantages in drug delivery and 
biomedicines, including reduced drug toxicity, high drug encapsulation efficiency, 
controlled and sustained drug release kinetics, and enhanced drug bioavailability and 
biodegradability (Alven and Aderibigbe 2020). Several polymeric nanocapsules 
have been reported for combination chemotherapy to treat lung and prostate cancer 
(Table 25.5). 

25.5.5.1 Nanocapsules for Lung Cancer 
Rudnik et al. formulated PEG-PCL nanocapsules to co-deliver curcumin and meth-
otrexate to lung cancer cells. The DLS results of polymeric nanocapsules displayed 
an average particle size that ranged between 287.83 and 325.16, PDI varying from 
0.290 to 0.351, and negative zeta potential between -33 and -41 mV with a high 
encapsulation rate of 82.4–99.4%. These nanocapsules showed prolonged drug 
release kinetics with no rapid effect when compared to the free drugs. The in vitro 
cytotoxicity experiments of dual drug-loaded nanocapsules using MTT assay 
exhibited an enhanced reduction in Calu-3 lung cancer cell viability when 4.94:

Fig. 25.7 Structure of 
nanocapsule



2 and 9.88:4 ratios of curcumin/methotrexate were evaluated, indicating a synergis-
tic anticancer effect of combination chemotherapy against lung cancer (Rudnik et al. 
2020). Furthermore, the methotrexate- and cisplatin-containing PEG-PCL 
nanocapsules reported by Akbari showed reduced cell viability of A549 non-small 
cell lung cancer cells, revealing anticancer effects against lung carcinoma (Akbari 
et al. 2022). 
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Table 25.5 Polymeric nanocapsules co-loaded with anticancer agents for lung and prostate cancer 
therapy 

Polymers 
used 

Loaded 
anticancer 
drugs 

Targeted 
cancer 
type 

Therapeutic 
outcomes 

Factors that made 
nanocapsules 
suitable for drug 
co-delivery Ref 

PEG and 
PCL 

Curcumin 
and 
methotrexate 

Lung 
cancer 
(Calu-3 
cells) 

Higher 
cytotoxicity 
against cancer 
cells 

High 
encapsulation 
efficiency of 90% 

Rudnik 
et al. 
(2020) 

PEG and 
PCL 

Methotrexate 
and cisplatin 

Lung 
cancer 
(A549 
cells) 

Reduced cell 
viability of 
cancer cells 

Narrow particle 
size distribution 
with an average 
particle diameter 
of about 100 nm 

Akbari 
et al. 
(2022) 

HA and 
chitosan 

Indocyanine 
green and 
gold 
nanoparticles 

Lung 
cancer 
(A549 
cells) 

Inhibition of 
tumor volume 
growth 

Regular round 
sphere with a 
particle size of 
approximately 
250 nm 

Zhu et al. 
(2022) 

mPEG PTX and 
erlotinib 

Lung 
cancer 
(Calu-3 
cells) 

Time- and 
concentration-
dependent 
cellular uptake 
with higher 
antitumor 
activity 

High drug 
loading and 
loading efficiency 

Gupta 
et al. 
(2018) 

Albumin Etoposide 
and berberine 

Lung 
cancer 
(A549 
cells) 

Improved 
internalization 
and cytotoxicity 
into cancer cells 

Particle size 
diameter of about 
148 nm 

Elgohary 
et al. 
(2018) 

PCL DOX and 
siRNA 

Prostate 
cancer 
(PC3 
cells) 

Higher antitumor 
activity 

High 
encapsulation 
efficiency 

Chen 
et al. 
(2014) 

PLA and 
PEG 

Carboplatin 
and NaHCO3 

Prostate 
cancer 
(RM-1 
and PC3 
cells) 

Potential cellular 
uptake ability 
with improved 
anticancer 
efficacy 

Particle sizes that 
range between 
88 and 144 nm 

Fu et al. 
(2020)

The HA/chitosan nanocapsules formulated by Zhu et al. for concurrent delivery 
of indocyanine green and gold nanoparticles demonstrated that lung tumor-bearing



mice without treatments showed sustained growth of tumor volume. Still, the tumors 
in mice treated with nanocapsules showed significant inhibition of the tumor (Zhu 
et al. 2022). Gupta et al. designed mPEG-based nanocapsules co-loaded with PTX 
and erlotinib for lung cancer therapy. These nanocapsules showed time- and 
concentration-dependent cellular uptake by NCI-H23 lung cancer cells with a 
significantly higher antitumor activity than the free drugs and PTX/erlotinib 
(Gupta et al. 2018). Elgohary et al. prepared boronic acid-decorated albumin 
nanocapsules for the combined delivery of etoposide and berberine to treat cancer. 
TEM images showed spherically shaped morphology and smooth surface 
non-decorated and decorated nanoparticles with diameters of 148.3 and 
201.21 nm, respectively. Furthermore, boronic acid-decorated albumin 
nanocapsules showed significantly improved internalization and cytotoxicity in the 
A549 lung cancer cells through binding to sialic acid residues overexpressed by 
cancer cells than the non-decorated nanocapsules and free drugs (Elgohary et al. 
2018). 
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25.5.5.2 Nanocapsules for Prostate Cancer 
Chen et al. formulated allyl-functionalized PCL nanocapsules for combination 
chemotherapy of DOX and siRNA. TEM micrographs of nanocapsules confirmed 
their capsule-like morphology with surface dimensions of about 50 nm. The in vitro 
cytotoxicity assays showed significantly higher antitumor efficacy of the dual drug-
loaded nanocapsules to the PC3 prostate cancer cells than the free DOX (Chen et al. 
2014). Fu et al. designed PLA-PEG nanocapsules co-loaded with carboplatin and 
NaHCO3 for prostate cancer therapy. The in vitro release experiment showed a 
significantly rapid release of bioactive agents from nanocapsules in a pH of 5.0 
(simulating a cancer cell environment) compared to the neutral pH (pH 7.4). The 
cellular uptake analysis showed potential cellular uptake ability into RM-1 cells, 
indicating the capacity to improve the anticancer efficacy of loaded drugs. The 
in vitro cytotoxicity studies showed superior antitumor activity for dual drug-loaded 
polymeric nanocapsules when compared to the carboplatin solution on RM-1 and 
PC3 prostate cancer cell lines, suggesting synergistic anticancer effects of 
carboplatin and NaHCO3 loaded in nanocapsules (Fu et al. 2020). 

25.5.6 Nanoliposomes 

Nanoliposomes are smaller and artificial spherical-shaped nanomedicines fabricated 
from cholesterol and phospholipid (Fig. 25.8). Nanoliposomes were discovered in 
the 1960s by Bangham and co-workers. These nanomedicines exhibit hydrophilic 
and hydrophobic properties with a size range of 30 nm to a few micrometers (Danaei 
et al. 2018). The features of nanoliposomes are different depending on the particle 
size, surface charge, formulation method, and composition of the lipids. 
Nanoliposomes are comprised of lipid bilayers encircled by aqueous constituents, 
whereby the polar head groups are oriented in the pathway of the exterior and 
interior aqueous phases. The form of nanoliposomes’ bilayers, such as rigidity,



bilayer charge, and permeability, is influenced by the components employed for their 
formulation. These nanomedicines are appropriate for drug delivery of hydrophobic 
and hydrophilic bioactive agents (Khosravi-Darani and Mozafari 2010). The 
advantages of nanoliposomes include good biocompatibility and biodegradability, 
reduced drug toxicity to normal body cells, site-specific drug delivery, usefulness for 
the co-delivery of therapeutic agents, etc. (Shade 2016). All these features of 
nanoliposomes make them appropriate for the co-delivery of anticancer drugs to 
treat lung and prostate cancer (Table 25.6). 
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Fig. 25.8 A schematic 
diagram of a nanoliposome

25.5.6.1 Nanoliposomes for Lung Cancer 
Ghosh et al. formulated PEG-based nanoliposomes for the co-delivery of DOX and 
vincristine to lung and breast cancer cell lines (Ghosh et al. 2021). These 
nanoliposomes displayed significantly higher encapsulation efficiency of more 
than 95% for both antitumor drugs. The DLS analysis of co-loaded nanoliposomes 
displayed particle size of about 95 nm, PDI of less than 0.1, and adverse surface 
charge of -9.17 ± 1.19 mV. The in vitro experiments showed higher cellular uptake 
of nanoliposomes by A549 lung cancer cells that were visualized through confocal 
microscopy. At the same time, the MTT assay demonstrated IC50 values for the dual-
drug nanoliposome, which showed an eightfold reduction in cellular viability in 
A549 cells as compared to DOX-loaded liposomal nanomedicines, indicating supe-
rior anticancer activity of co-loaded nanoliposomes than the single drug-loaded 
nanoliposomes that is due to synergistic antitumor activity. Furthermore, the 
in vivo anticancer experiments using A549 tumor xenograft models exhibited a 
more significant reduction in tumor volume than the DOX-encapsulated liposomes, 
vincristine-encapsulated liposomes, and a mixture of liposomes. 

The methoxy-PEG-2000 nanoliposomes prepared by Yang et al. for the 
co-delivery of DOX and lapatinib demonstrated efficient delivery of DOX into 
GLC-82 lung adenocarcinoma cells because the cancer cells effectively internalize 
liposome nanomedicines through the hydrophobic and electrostatic interactions 
between their membranes (Yang et al. 2019). Li et al. formulated



(continued)
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Table 25.6 Polymeric nanoliposomes co-loaded with anticancer agents for lung and prostate 
cancer therapy 

Polymers 
used 

Loaded 
anticancer 
drugs 

Targeted 
cancer 
type 

Therapeutic 
outcomes 

Factors that 
made 
nanoliposomes 
suitable for drug 
co-delivery Ref 

PEG DOX and 
vincristine 

Lung 
cancer 
(A549 
cells) 

High cellular 
uptake and 
superior 
anticancer 
activity 

High 
encapsulation 
efficiency of 
about 95% for 
both drugs with 
a particle size of 
95 nm 

Ghosh et al. 
(2021) 

PEG DOX and 
lapatinib 

Lung 
cancer 
(GLC-82 
cells) 

Efficient delivery 
of loaded drugs 
into cancer cells 

High loading 
rate without 
drug leakage 

Yang et al. 
(2019) 

PEG DTX and 
baicalein 

Lung 
cancer 
(A549 
cells) 

Good anticancer 
efficacy 

High drug 
loading and 
loading 
efficiency 

Li et al. 
(2017) 

PEG GEM and 
cisplatin 

Lung 
cancer 
(A549 
cells) 

Better inhibition 
of cellular 
proliferation and 
lower cell 
viability of 
cancer cells 

Various 
functional 
groups for drug 
incorporation 

Liu et al. 
(2021) 

PEG Cabazitaxel 
and 
β-elemene 

Lung 
cancer 
(A549/T 
cells) 

Superior 
anticancer 
activity 

Encapsulation 
efficiencies of 
more than 95% 

Zeng et al. 
(2019) 

PEG DXT and 
shRNA 

Lung 
cancer 
(A549 
cells) 

Higher reduction 
in tumor volume 

High 
entrapment 
efficiencies that 
range between 
43.6 and 98.9% 

Chowdhury 
et al. (2017) 

PEG and 
PLA 

Cisplatin 
and siRNA 

Lung 
cancer 
(A549 
cells) 

Excellent 
pharmacokinetic 
properties and 
potential 
antitumor effects 

High 
entrapment 
efficiencies of 
more than 70% 
for both drugs 

Patel et al. 
(2021) 

PEG Curcumin 
and SN38 
prodrug 

Lung 
cancer 
(A549 
cells) 

Most potent 
inhibitory effects 
and more 
significant cell 
apoptosis in 
cancer cells 

Mean particle 
size of about 
171.21 
± 1.10 nm 

Gao et al. 
(2022)



transferrin-decorated PEG nanoliposomes for combination chemotherapy of DTX 
and baicalein. The antitumor studies demonstrated better anticancer efficacy for dual 
drug-loaded transferrin-decorated PEG nanoliposomes in A549 cells than the 
non-decorated nanoliposomes and single drug-loaded nanoliposomes with the sig-
nificant synergistic anticancer effects (Li et al. 2017). The micelle-containing 
PEGylated hybrid nanoliposomes reported by Liu et al. for simultaneous delivery 
of GEM and cisplatin exhibited better inhibition of cellular proliferation and lower 
cell viability of A549 lung cancer cells at all evaluated concentrations when com-
pared to GEM/cisplatin mixture, demonstrating good anticancer activity of hybrid 
nanoliposomes co-encapsulated with GEM and cisplatin (Liu et al. 2021). Zeng et al. 
formulated nanoliposomes co-loaded with cabazitaxel and β-elemene for paclitaxel-
resistant lung adenocarcinoma treatment. The in vivo anticancer studies showed that 
dual drug-loaded nanoliposomes had a superior anticancer effect on nude mice 
utilizing the human paclitaxel-resistant A549/T cells when compared to the free 
drugs and blank nanoliposomes (Zeng et al. 2019). 
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Table 25.6 (continued)

Polymers 
used 

Loaded 
anticancer 
drugs 

Targeted 
cancer 
type 

Therapeutic 
outcomes 

Factors that 
made 
nanoliposomes 
suitable for drug 
co-delivery Ref 

PEG DTX and 
resveratrol 

Prostate 
cancer 
(PC3 
cells) 

Sustained drug 
release kinetics 
and potential 
antitumor 
efficiency 

Spherically 
shaped 
morphology 
with an average 
particle size of 
about 99.67 nm 

Zhang et al. 
(2022b) 

PEG DOX and 
tanshinones 

Prostate 
cancer 
(LNCaP 
cells) 

Higher cellular 
uptake with 
inhibition effects 
on tumor 
development 

High 
encapsulation 
efficiencies 

Sun et al. 
(2021b) 

PEG Curcumin 
and 
genistein 

Prostate 
cancer 
(PC3 
cells) 

Superior cell 
growth inhibition 
in cancer cells 

High drug 
entrapment 
efficiency of 
more than 75% 

Aditya et al. 
(2013)

Chowdhury et al. formulated DXT and shRNA plasmid-containing 
nanoliposomes that showed a 3.8-fold reduction in tumor volume in the A549 
lung cancer xenograft model, which was significantly higher when compared to 
the free drugs (Chowdhury et al. 2017). The PEG-PLA di-block copolymer 
nanoliposomes that Patel et al. reported for combination chemotherapy of cisplatin 
and siRNA demonstrated significantly increased half-life and tumor regression in an 
A549 xenograft model in BALB/c nude mice, suggesting excellent pharmacokinetic 
properties and potential antitumor effects for the treatment of lung cancer (Patel et al. 
2021). Gao et al. formulated PEG-based nanoliposomes co-encapsulated with



curcumin and SN38 prodrug for lung cancer therapy (Gao et al. 2022). The DLS 
results of co-encapsulated nanoliposomes displayed a mean particle size of 
171.21 ± 1.10 nm and negative zeta potential of 5.96 ± 0.32, revealing that the 
dual drug-loaded nanoliposomes possess the good potential to improve chemother-
apy activity because of their suitable particle size that is within the range of enabled 
endocytosis. The in vitro cytotoxicity studies of co-loaded nanoliposomes using 
CCK-8 assay exhibited the most potent inhibitory effects in A549 cell lines than the 
free drugs. The dual drug-loaded nanoliposomes showed significantly greater cell 
apoptosis of 49.79% when compared to the free curcumin (14.61%) and SN38 
prodrug (36.39%). 
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25.5.6.2 Nanoliposomes for Prostate Cancer 
Zhang et al. formulated PEGylated nanoliposomes co-loaded with DTX and resver-
atrol for prostate cancer therapy. The nanoliposome particle size analysis displayed a 
mean diameter of about 99.67 nm with a spherically shaped morphology. The in vitro 
drug release studies at physiological conditions showed a sustained release of DTX 
and resveratrol. The in vivo anticancer experiments using PC3-bearing male Balb/c 
nude mice model exhibited potential antitumor efficiency for dual drug-loaded 
nanoliposomes, while the saline-treated groups demonstrated rapidly increased 
tumor weight (Zhang et al. 2022b). Sun et al. reported PEGylated nanoliposomes 
for co-delivery of DOX and tanshinones to prostate cancer cells. The DLS analysis 
of co-encapsulated nanoliposomes exhibited an average particle size and positive 
surface charge of 139.7 ± 4.1 nm and 11.2 ± 1.6 mV, respectively. The dual drug-
loaded nanoliposomes presented higher cellular uptake by the LNCaP prostate 
cancer cells of over 58.9 ± 1.9%, with more in vivo inhibition effect on tumor 
growth than DOX and tanshinones which could be due to cell internalization and 
synergistic anticancer effect (Sun et al. 2021b). The curcumin- and genistein-
containing nanoliposomes formulated by Aditya et al. exhibited significantly higher 
drug entrapment efficiency of more than 75% with superior cell growth inhibition in 
PC3 prostate cancer cells, indicating good effective antitumor effectiveness of 
liposomes for the treatment of prostate cancer (Aditya et al. 2013). 

25.5.7 Other Nanomedicines Co-loaded with Anticancer Drugs 
for Lung and Prostate Cancer Therapy 

Several other nanomedicines can be used as potential delivery systems for treating 
lung and prostate tumors. Those nanomedicines include nanogels/hydrogels, 
exosomes, niosomes, etc. Figure 25.9 represents the diagram of some 
nanomedicines. Some polymeric nanoparticles have been reported for combination 
chemotherapy to treat lung and prostate cancer (Table 25.7).
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Fig. 25.9 Schematic diagram of exosome, noisome, and nanogel

25.5.7.1 Other Nanomedicines for Co-delivery of Anticancer Drugs 
to Lung Cancer Cells 

Lv et al. formulated polypeptide hydrogels co-loaded with DOX and cisplatin for 
lung cancer therapy (Lv et al. 2020). The in vitro cytotoxicity assays showed that the 
combination chemotherapy of DOX and cisplatin using hydrogels significantly 
resulted in synergistic anticancer effects by inhibiting both A549 and A549/CDDP 
lung cancer cells with increased inhibition of the expression of the anti-apoptosis 
B-cell lymphoma 2 and multidrug-resistant (MDR) genes. Moreover, the in vivo 
studies of DOX/cisplatin-co-encapsulated polymeric hydrogels using nude mouse 
bearing A549 or A549/CDDP xenografts exhibited remarkably high antitumor 
activity than a single drug-loaded hydrogel or dual-drug solution. These preclinical 
results revealed that dual drug-loaded hydrogels are potential candidates for the 
treatment of lung carcinoma. 

The 192.3 nm chondroitin-lactoferrin nanocomposites reported by Elwakil et al. 
for combined delivery of ellagic acid and DOX to lung cancer showed higher cellular 
internalization and superior cytotoxicity on A549 lung cancer cells mediated through 
Tf and CD44 receptors (Elwakil et al. 2018). Said-Elbahr et al. formulated 
nebulization-friendly nanoemulsions co-loaded with naringin and celecoxib for 
lung cancer treatment (Said-Elbahr et al. 2022). The DLS analysis of dual drug-
loaded nanocomposites displayed particle sizes that ranged between 75 and 106 nm 
and negative zeta potential that ranged from -3.42 to -4.86 mV, suggesting the 
ability to promote superior internalization by cancer cells. The nanoemulsions 
showed good stability properties and better anticancer on A549 lung cancer cells.
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25.5.7.2 Other Nanomedicines for Co-delivery of Anticancer Drugs 
to Treat Prostate Cancer 

Ghaffari et al. formulated PEGylated niosomes for the combined delivery of 
miRNA-16-1 and miRNA-15a to lung cancer cells (Ghaffari et al. 2021). The DLS 
analysis exhibited a particle size of 69.7 nm and a surface charge of +14.83 mV. The 
anticancer experiments showed that noisome-loaded miRNAs possessed superior 
cytotoxicity against PC3 prostate cancer cells when compared to the free miRNAs, 
suggesting synergistic anticancer activity of co-loaded miRNAs in niosomes. The 
bioinspired nanovesicle designed by Ma et al. for dual targeting of prostate-specific 
membrane antigen (PSMA) and prostate-specific antigen (PSA) demonstrated high 
cellular uptake with significantly reduced C4-2B prostate tumor growth in vivo than 
the free PSA-DOX and nontargeted nanovesicles (Ma et al. 2021b). 

25.6 Nanomedicines in Clinical Trials for Lung and Prostate 
Cancer Treatment 

Although a variety of nanomedicines have been reported for the treatment of lung 
and prostate cancer, only a few nanotherapeutics have reached clinical trials to date. 
Doxil-loaded liposomal nanomedicine is the first FDA-approved cancer 
nanomedicine sold under the tradename “Abraxane,” with improved circulation 
half-life and reduced toxic side effects. Other nanomedicines, such as Myocet, 
Marqibo, and DaunoXome, were later approved (Anselmo and Mitragotri 2016). 
The lipid-based nanomedicine (DOTAP/Chol TUSC2) is under phase I clinical trial 
which is being investigated for the treatment of metastatic lung cancer. In the 
nanoformulation, solid lipid nanoparticle (SLN)-carrier p53 was compared with 
Lipofectin, in which SLN-carrier p53 was found to be efficient and a potential 
therapeutic in treating the transfected p53-null H1299 lung cancer cells. This study 
demonstrated this approach’s effectiveness and encouraged a preclinical and clinical 
investigation for its application in gene/chemotherapy (Choi et al. 2008). Further-
more, one of the polymeric nanomedicines, “Genexol-PM,” is presently being 
evaluated for phase II clinical trials in NSCLC patients (Ahn et al. 2014). 

In prostate cancer clinical trials, nanomicelles loaded with curcumin were 
administrated with radiotherapy in a phase II clinical trial (NCT02724618), while 
albumin nanoparticles co-encapsulated with PTX and lapatinib have accomplished a 
phase I trial (NCT00313599). Cyclodextrin for the delivery siRNA is another 
nanomedicine that reached a phase I trial ((NCT00689065) for prostate cancer 
therapy. Nevertheless, the study was stopped in 2013. A phase II trial 
(NCT02341404) was accomplished with calcium sulfate gel loaded with 
2-hydroxyl flutamide in 2015. The adenoviral nanoformulations also reached clini-
cal trials for prostate cancer therapy. The administration of IL-12 (NCT00406939) 
gene therapy has accomplished a phase I clinical trial. Likewise, another phase I trial 
is the administration of TLR5 receptor, and its agonist protein 502 s Mobilan 
(M-VM3) (NCT02654938) was accomplished in 2017. Besides, many natural 
compounds are verified to be potential therapeutics, including genistein, currently



under phase II clinical trials as it presented multifactorial inhibition of cell invasion 
and proliferation (Lazarevic et al. 2011; Johnson et al. 2022). Another compound 
silibinin, acting efficiently against prostate cancer cell lines (DU145, LNCaP, and 
PC-3 cells), is in phase I/II clinical trials (NCT01871662) (Johnson et al. 2022). 
Although numerous articles have reported the potential of nanomedicines to treat 
lung and prostate cancer in the past decade, very few have reached clinical trials. 
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25.7 Conclusion and Future Perspective 

Polymer-based nanomedicines reported in preclinical studies for the co-delivery of 
anticancer drugs have demonstrated promising and interesting therapeutic outcomes 
in treating lung and prostate cancer. These nanomedicines showed selective cyto-
toxicity because they were toxic against various cancer cell lines. At the same time, 
they possessed high cell viability on normal cell lines, suggesting reduced toxicity of 
co-loaded drugs. The superior anticancer activity of nanomedicines containing two 
or more anticancer agents than the free drugs and plain nanocarriers was promoted 
by various factors, such as initial burst drug release followed by a sustained release at 
tumor microenvironment, high cellular uptake and internalization by the cancer cells 
due to nanosized particle range, synergistic anticancer effects which significantly 
overcome MDR, and modification of nanocarriers by ligands. However, biomedical 
researchers must consider some drawbacks of nanomedicines, such as unclear 
anticancer mode of mechanism, toxicological profiles over a long-term biomedical 
application, high cost, etc. Moreover, there is a pressing need for more in vitro and 
in vivo studies of the dual drug-loaded nanomedicines that are presently reported for 
lung and prostate cancer therapy. Nevertheless, due to the significant therapeutic 
outcomes revealed by nanomedicines, there is no doubt that they will reach clinical 
application for the treatment of various cancer types in the near future. 
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Abstract 

One of the significant challenges humanity faces is attack by microbes. Silver 
(Ag) nanoparticles (NPs) have been used from time immemorial to treat 
infections. Ag NPs are effective against many bacteria, fungi, and viruses and 
work by binding to and inactivating the enzymes that bacteria need to grow and 
reproduce. The incorporation of Ag into textiles has a broad scope ranging from 
health care to household applications, but the major limitation is to ensure 
durability during laundering. The durability of Ag on the fabrics depends on 
the form of Ag used, the type of substrate, and the method of incorporation. The 
present chapter gives a holistic picture of incorporating silver nanoparticles into 
textile substrates. A few examples of cotton, protein, polyester, nylon, polyolefin, 
and high-performance-based textile recently impregnated with Ag NPs are 
discussed here. Moreover, the potential of biodegradable and nonbiodegradable 
is highlighted briefly regarding antimicrobial activities. 

Keywords 

Fabric · Fiber · Nanofibers · Silver nanoparticles 

26.1 Introduction 

Silver (Ag) nanoparticles (NPs) offer bactericidal activity against a wide range of 
multidrug-resistant bacteria and viral strains due to the cationic nature of Ag ions 
(Ag+ ) as it interacts with the anionic cell wall of bacteria/microbes, thereby causing
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cell lysis. The Ag NPs were applied on the textile substrate as it provides structural 
stability and integrity upon usage. The Ag ions can be introduced into the textile 
substrate either through coating or incorporation into a polymeric solution followed 
by spinning into fibers. The mechanism of cell lysis of Ag NPs involves the 
attachment of Ag ions within the bacterial cell wall as it gradually penetrates through 
microbial cells resulting in structural changes causing the death of the cell. Ag is 
nonreactive in its metal form (Ag). For bactericidal properties against a wide range 
of microorganisms, Ag in the ionic state (Ag+ ) offers higher advantages compared to 
other metal salts and metal nanoparticles, namely, gold (Au), titanium oxide (TiO2), 
copper oxide (CuO), zinc oxide (ZnO), and magnesium oxide (MgO). Ag NPs can 
be synthesized in biological, physical, and chemical ways. The biological method 
includes the utilization of enzymes present in bacteria, fungi, algae, and plant extract. 
In contrast, physical synthesis includes irradiation, utilization of silica gel and 
activated carbon, and electrokinetic coagulation. The chemical synthesis includes 
oxidation and ozonation processes, sodium hypochlorite, and electrochemical and 
photochemical destruction processes (Hemamalini et al. 2021). The chapter 
summarizes the treatment of Ag NPs on the textile substrate and their potential in 
antimicrobial applications.
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26.2 Incorporation of Ag NPs on the Surface of the Textile 
Substrate 

Ag NPs can be treated on the textile substrate in various forms, namely, fiber, yarn, 
and fabric. The coating of Ag NPs on the fabric produced through the woven, 
knitted, and nonwoven structures can be carried out using padding or exhaustion. 
The padding process involves coating the fabric with NPs followed by passing 
through the pair of positively loaded rollers, which in turn apply pressure on the 
substrate as it decides the final add-on value of the Ag NPs. The latter can be 
increased by altering the processing parameters, such as the number of nips and 
dips, the concentration of liquor, and pressure acting between the nip of padding 
rollers. The exhaustion technique involves treating the fabric with Ag nanoparticles 
containing liquor on the machine. The technique is suitable for the substrate, which 
offers an affinity for the Ag components, thereby offering the chemical interaction 
between the substrate and NPs in order to increase the serviceability and durability of 
the fabric (Cay et al. 2009). 

26.2.1 Cotton-Based Textile Substrate 

Ag NPs were prepared by adding AgNO3 and Fusarium oxysporum biomass in 
distilled water. AgNO3 reacts with fungal filtrate solution resulting in the formation 
of NPs confirmed by forming a peak around 420 nm confirmed by plasmon 
resonance. The cotton fabrics were impregnated in Ag NPs solution followed by a 
padding and drying process. Cytotoxicity assay of Ag NPs was studied by culturing



fibroblast cells for 48 h, and the semiconfluent culture was exposed to different 
concentrations of Ag NPs ranging from 0 to 22 μM. The neutral red uptake (NRU) 
and methylthiazol tetrazolium (MTT) reduction assays confirmed that the Ag NPs 
showed no cytotoxicity till 16 μM. The spherical-shaped Ag NPs have a diameter of 
7.30 nm, examined using transmission electron microscope (TEM) images. Using 
the disc diffusion method, the antibacterial performance of Ag-loaded cotton fabrics 
showed better antibacterial activity with the inhibition zone of 35 mm, 18 mm, 
20 mm, 22 mm, and 21 mm against S. aureus, S. epidermis, E. coli, and Salmonella 
enterica, respectively. It was reported that the adhesion of biogenic Ag NPs on 
cotton fabrics showed good antibacterial activity even after 30 washing cycles 
(Marcato et al. 2012). Ag offers strong biocidal activity on pathogenic bacteria, 
thereby functionalizing the cotton fibers results in the functionalization of fibers for 
technical applications. The cotton fibers were surface modified by treatment with 
ammonium cerium (IV) nitrate/nitric acid (Ce4+/ HNO3) followed by GMA-IDA 
solution (glycidyl methacrylate-iminodiacetic acid), which resulted in the formation 
of grafted cotton fibers. The polymer radicals were formed between cotton and Ce4+ , 
which in turn react with GMA-IDA solution resulting in grafted fibers that react with 
AgNO3 to form NPs upon UV irradiation. It was reported that increasing the 
concentration of the grafting agent increases the weight of Ag+ thereby increasing 
the diameter of Ag NPs. The antibacterial effect of Ag-grafted cotton fibers and bulk 
Ag metal against E. coli was studied by colony-counting method. The fibers 
incorporated with Ag NPs of 75 nm offered high antibacterial activity, thereby 
offering the potential for antimicrobial applications (Chen and Chiang 2008). Col-
loidal Ag NPs were coated onto cotton fabrics with the aid of 
3-mercaptopropyltrimethoxysilane (3-MPTMS). The colloidal solution was 
prepared by the addition of 3-MPTMS and Ag in isopropanol. The cotton fabrics 
were dipped in the colloidal solution, then rinsed in propanol, and then dried. It was 
reported that no traces of Ag were detected in the cotton fabric treated with a colloid 
solution without 3-MPTMS, thereby indicating that 3-MPTMS aids in trapping Ag 
within the structure. It was reported that an increase in temperature resulted in an 
increase in the loading of Ag onto the fabric. Cotton treated with Ag NPs/3-MPTMS 
showed 100% reduction against both the microbes, whereas cotton treated with 
3-MPTMS alone showed inferior antibacterial activity. It showed considerable 
wash fastness than the pad-dry-cure process by retaining 66% of Ag after five 
washing cycles (Kim et al. 2011). Cotton fabric was coated with a colloidal Ag 
solution prepared by microwaving AgNO3, polyvinylpyrrolidone, and ethylene 
glycol to yield a yellow-colored colloidal solution. The fabric was padded with 
different concentrations of the Ag colloidal solution followed by squeezing, drying, 
and washing in order to assess the antibacterial property of the fabric according to the 
colony-counting method. It was reported that increasing the concentration of Ag 
resulted in higher bacterial reduction, and upon washing, antibacterial efficiency of 
the developed fabric decreased due to weak physical interaction between Ag NPs 
and cotton fabric (Ke Thanh and Phuong Phong 2009). Ag NPs were synthesized 
using green synthesis with a reducing agent of hydroxypropyl starch (HPS). The 
cotton fabric was padded with 50 and 100 ppm of Ag NPs followed by drying and

26 Silver Nanoparticle-Incorporated Textile Substrate for. . . 801



curing at 70 and 100 °C, respectively. It was reported that increasing the concentra-
tion of Ag treatment resulted in increased deposition of nanoparticles on the sub-
strate, and Ag-treated cotton fabric offered bacterial growth reduction of 95% 
against E. coli and S. aureus prior to washing. Upon washing the fabric from 5 to 
20 washing cycles, bacterial growth reduction was decremented to be 56%, which 
may be due to poor attachment of nanoparticles on the substrate. It was reported that 
the fabric treated with Ag NPs in the presence of a binder showed a higher bacterial 
reduction of above 90% on the selected bacteria (Hebeish et al. 2011). Synthesis of 
dodecanethiol-capped Ag NP sol-gel solution was prepared by the robust stirring of 
AgNO3, chloroform and tetraoctylammonium bromide, a phase transfer catalyst. 
Migrated Ag ions from the organic phase after removal of dodecanethiol were added 
to aqueous sodium borohydride followed by stirring. Ag NPs were added in a 
dropwise manner of desired concentration to the sol containing tetraethyl 
orthosilicate, alcohol, and water in a ratio of 1:1:4, respectively. The cotton fabric 
samples were padded with the sol doped with dodecanethiol-capped Ag NPs, 
followed by drying and curing at 60 and 150 °C, respectively. Antibacterial activity 
of the cotton fabrics treated with sol dopped with 15 mL of dodecanethiol-capped Ag 
NPs showed better inhibitory effect and bactericidal performance up to 40% against 
E. coli (Tarimala et al. 2006). 
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26.2.2 Protein-Based Textile Substrate 

The deposition of the fatty acid on the surface of the pristine wool fiber causes a 
rough surface aiding in microbial growth in cuticle structure and generating a static 
charge. The removal of rough hydrophobic surface and coating with hydrophilic 
material decreases the mechanical property of the fibers and also lowers the electrical 
resistivity and creates charge dissipation. The surface of the wool fibers was treated 
with different concentrations of protease enzyme and loaded with Ag NPs by 
varying the pH level from 4 to 7. The scales on the wool surface were entirely 
degraded by the action of pneumonia, aiding in forming a hydrophilic layer. 
Increasing the concentration of protease enzyme resulted in a smooth surface 
resulting from scales stripping, thereby increasing the friction between fibers. It 
was reported that lowering the pH resulted in an increase in the absorption of Ag NPs 
due to the protonation of internal amino acids and resulted in a decrease in the 
specific resistance of the fibers. The antibacterial efficiency of developed fibers was 
higher at 6% protease enzyme and Ag NPs at pH 7 against S. aureus and 
K. pneumoniae due to the interaction between thiol groups of bacteria and inhibited 
their growth. The half-life period of wool decreased at 3% protease concentration 
due to the accumulation of charges created by Ag NPs (Memon et al. 2018). Wool 
fibers (Merino type) were treated with SNSE (sulfur, nano-Ag, ethanol-based col-
loid) solution using the pad-dry-cure method. The antibacterial properties of the 
samples were assessed qualitatively against Staphylococcus and Klebsiella 
pneumoniae through AATCC 100-1999 method. The bacteriostatic activity was 
evaluated through the percent reduction of bacteria. Mothproofing test was



conducted according to International Organization for Standardization 3998-1177 
with Tinea pellionella as larvae. The antibacterial efficiency of S. aureus was 
consistent irrespective of Ag ppm, whereas, in K. pneumoniae, lower ppm showed 
lower bacterial reduction (99.70%) than higher ppm. It was reported that 
mothproofing test showed no pupation of larvae on the developed samples 
(Ki et al. 2007). 
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The antibacterial activity of Ag-coated silk fabric was studied against E. coli and 
S. aureus by subjecting the fabric to plasma treatment in the presence of 
non-polymerizing gases such as oxygen and argon. The samples were immersed in 
the solution containing stannous chloride and hydrochloric acid to obtain surface 
sensitization and rinsed with deionized water. Then, the fabric was subjected to 
electroless plating of Ag utilizing the solution containing AgNO3, NaOH, and NH4 

+ 

solution and glucose, followed by curing at 150 °C. It was seen that oxygen plasma-
treated fabric showed severe damage on its surface due to a faster rate of etching 
compared to argon plasma-treated fabric, which was confirmed using a surface 
morphology study. The Ag deposition on the oxygen-treated fabric was higher due 
to the presence of higher hydrophilic groups compared to argon-treated samples and 
offered higher antibacterial activity against bacteria with the inhibitory zone of 
11 mm and 10 mm, respectively, and also provided better antistatic and ultraviolet 
radiation properties compared to untreated samples (Jiang et al. 2009). In order to 
utilize the amphoteric nature of silk, degumming of silk was carried out in the 
presence of plant extract (Keliab), sodium chloride, enzyme (Alcalase), and sodium 
carbonate (Na2CO3). Uniform surface without fibrillation was seen on raw silk upon 
degumming; the fiber became soft and shiny due to the removal of sericin which was 
confirmed using a morphology study. The fibers were treated with Ag NPs to impart 
antibacterial activity against Escherichia coli and Staphylococcus aureus. The 
treated fibers offered higher antibacterial activity with a Ag concentration above 
50 ppm confirmed using the bacterial-counting method. Due to the degumming 
process, silk fiber attains more positive charges at acidic pH, thereby increasing the 
interaction with negatively charged Ag NPs resulting in higher uptake. It was 
reported that the antibacterial activity of degummed silk was lower than raw silk at 
the same pH due to an increase in water absorption. Sericin showed poor solubility at 
an isoelectric point at pH of 4 and also possessed a low positive charge and limited 
interaction with Ag NPs resulting in lower antibacterial activity. It was reported that 
increasing the concentration of sodium chloride and sonication time resulted in an 
increase in nanoparticle uptake as it increases the surface tension and ionic strength, 
thereby decreasing the vapor pressure. It was seen that the sonication process 
increased the dispersion and uniform absorption of nanoparticles on the fibrous 
surfaces due to the collision of Na+ . It was reported that the deposition of Ag NPs 
was lower in the fabric treated with Na2CO3 as it interacts with water resulting in 
decreased antibacterial activity (Moazami et al. 2010).
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26.2.3 Polyester and Nylon-Based Textile Substrate 

The antibacterial property of nonwoven polyester (PET) fabrics was studied by 
incorporating different nanoparticles such as Ag, Cu, and ZnO NPs. The thin film 
of organosilicon of 70 nm thickness was deposited using a plasma jet deposition 
system followed by immersion in an ethanol solution containing a suspension of 
nanoparticles. The second layer of organosilicon was deposited on the nanoparticle-
treated nonwoven as the barrier layer. The antibacterial test was carried out against 
Staphylococcus aureus and Escherichia coli; it was reported that the polyester 
fabrics incorporated with Ag, Cu, and ZnO NPs exhibit effective antibacterial 
activity against the selected microorganism (Deng et al. 2015a). PET nonwoven 
fabrics with antimicrobial properties were produced via a double layer of the plasma-
deposited organic film. The two separate layers of organosilicon film were deposited 
with an intermediate step of immersing the fabric into Ag NPs/ethanol suspension. 
X-ray photoelectron spectroscopy (XPS) showed that the oxygen and silicon 
concentrations in the fibrous mat decreased upon the incorporation of Ag NPs. Ag 
concentration was reduced with the deposition of a barrier layer, and it was reported 
that the cracks and pores were formed on the treated nonwoven web due to thermal 
stress containing minimum Ag concentration. The release of the Ag from the web 
was controlled by increasing the thickness of the barrier layer. The test microbes 
taken for measuring the antibacterial activity were S. aureus, P. aeruginosa, and 
C. albicans. The samples without a barrier layer offered the highest reduction of 
microbes, about 90%, but in the presence of a barrier layer, the decline was around 
50% which was due to the slow release of Ag NPs from the fibrous web. The 
mechanism of microbial reduction was due to the destruction of cell membranes by 
Ag ions by inactivating enzymes by reacting with -SH groups. The cytotoxic effect 
of Ag NPs was mediated by the generation of oxidative stress. It was reported that 
for the samples with a barrier layer, Ag concentration had almost negligible 
fluctuations for all washing cycles, but upon increasing the washing cycle to five 
times, the antimicrobial activity reduced significantly due to loss of Ag NPs (Deng 
et al. 2015b). Desized and bleached polyester (PET) samples were subjected to 
low-temperature plasma treatment followed by immersion in Ag NP colloid that was 
prepared from AgNO3 and NaBH4. The antibacterial efficiency of the developed 
samples was quantitatively assessed using E. coli and S. aureus. Scanning electron 
microscopy (SEM) images showed that untreated PET (UPET) fabrics offered a 
smooth surface, whereas plasma-treated PET (PPET) showed a change in morphol-
ogy with uneven cracks, pits, and striations with an increase in fiber surface 
roughness. It was reported that the plasma treatment resulted in the uniform deposi-
tion of Ag NPs by imparting hydrophilicity and increased surface roughness. The 
total amount of Ag deposited onto PPET fabrics was approximately two times higher 
than that of UPET fabrics. It was concluded that the release of Ag during washing 
might be due to the simple detachment of Ag NPs from fiber to the washing bath or 
due to the oxidation of Ag, thereby reducing the activity against selected bacteria 
(Ilić et al. 2010).
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Modified silica sols were coated on the polyamide (PA) fabric by pad-dry-cure 
technique for antimicrobial application. Silica sols were prepared by hydrolysis of 
tetraethoxysilane (TEOS) and 3-glycil-oxypropyltriethoxysilane (GLYEO) to which 
AgNO3 and hexadecyltrimethylammonium-p-toluene sulfonate (HTAT) were 
added. Upon application of sol-gel on the fabric, the appearance of the fabric was 
changed, and a change in property was reported as the weight of the fabric increased 
and air permeability and surface resistance were decreased. The release of Ag ions 
from the substrate was slower, which may be related to the reducing AgNO3 to Ag 
NPs; thus, the treated fabric offered better antimicrobial activity against E. coli 
(Mahltig and Textor 2010). Ag NPs were prepared from AgNO3 using hydrazine 
as a reducing agent and polyvinylpyrrolidone as a stabilizer and applied on 
degummed mulberry silk fabric through the exhaustion method. The usage of a 
reducing agent results in the conversion of AgNO3 to Ag NPs resulting in the 
agglomeration of particles, but increasing the dispersion speed results in a decreased 
particle size. The time for reducing to Ag NPs was less as hydrazine was a powerful 
reducing agent compared to glucose. At lower temperatures, the interaction between 
the reducing agent and AgNO3 was low, resulting in the formation of small 
nanoparticles. It was reported that the interaction between silk fabric and 
nanoparticles was higher at acidic pH, and the developed fabric offered higher 
antibacterial activity against S. aureus (Gulrajani et al. 2008). Exposure to Ag 
beyond a particular limit (0.01 mg/m3 ) creates adverse effects, namely, argyria, in 
humans. To detect the amount of release of Ag, fabric samples were coated with 
different concentrations of Ag ranging from 0, 0.5, 1, 5, to 10 respectively. The 
fabrics were then soaked in four different formulations of artificial sweat with pH 
ranging between 4.3, 5.5, 6.5, and 8.0, respectively. The initial Ag content and 
release of Ag from the fabric upon soaking in the artificial sweat were detected 
through GFAAS (graphite furnace atomic absorption spectroscopy) and ICP (induc-
tively coupled plasma) spectrometer. It was reported that the amount of Ag released 
from the fabric was based on the initial concentration of Ag present in the fabric as 
the higher release was seen upon initial contact with sweat and gradually decreased. 
The sweat formulation of 5.5 pH released a very low concentration of Ag which was 
similar to the pH of human skin. Thus the developed Ag NP-coated fabric showed 
higher antibacterial activity against S. aureus than against E. coli (Kulthong et al. 
2010). To increase the stability of the Ag NPs on the surface of the fabric, a cross-
linking agent was used. Ag NPs were applied to the nylon-knitted fabric by pad-dry 
technique with the aid of butanetetracarboxylic acid (BTCA). Ag NPs of 100 and 
200 ppm were dispersed in deionized water in the presence of BTCA and sodium 
hypophosphate as the catalyst. The cross-linking agents react with the amine end 
group of the polyamide chain in the nylon backbone, resulting in cross-linking 
between nanoparticles and fabric. The antimicrobial activity of cross-linked fabric 
offered higher activity for more than 30 washes than uncross-linked fabric. It was 
reported that fabric loaded with 100 ppm of Ag NPs offered low bacterial reduction 
against S. aureus after 30 washes due to the thicker cell wall of bacteria (Montazer 
et al. 2012).
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Surface modification of PET and PA was carried out using the corona discharge 
technique by applying a low frequency or pulsed, high voltage across fabrics placed 
between the two electrodes. Ag NPs were synthesized by dissolving AgNO3 in 
argon-purged water with the reducing agent NaBH4. The corona-treated PET and PA 
fabrics were immersed in the colloidal suspension, followed by curing at 100 °C, 
drying, rinsing, and again drying at room temperature. Atomic absorption spectrom-
eter (AAS) confirmed that the presence of Ag NPs on corona-treated PET and PA 
fabrics was 8.61 and 4.46 mg/g, respectively, and the nanoparticles of 10 nm were 
formed confirmed using a transmission electron microscope (TEM). The corona-
treated fabrics showed a formation of polar functional groups between Ag NPs and 
PET/PA fabrics. It was reported that corona-treated Ag-loaded PA fabrics showed 
better antibacterial activity of 99.8% and 99.9% reduction for E. coli and S. aureus 
than the corona-treated Ag-loaded PET fabrics, and corona-treated Ag-loaded PET 
fabrics showed excellent laundering durability compared to corona-treated 
Ag-loaded PA fabrics (Radetić et al. 2008). 

26.2.4 Polyolefin-Based Textile Substrate 

The antibacterial efficiency of Ag-coated polypropylene (PP) fibers and 
Ag-incorporated composite fibers was studied by spinning the polymer chips to 
fibers using the lab-scale melt spinning technique. The polymer was powdered and 
spun into composite fibers with Ag concentration at a weight ratio of 0.3 and 0.5, 
respectively. Ag NPs of 20 nm and 50 nm were sputter coated on the surface of PP 
fibers. It was reported that Ag on sputter-coated PP fibers was higher than that of 
Ag/PP nanocomposite fibers which was confirmed using atomic force microscopy 
(AFM) and energy-dispersive X-ray (EDX) spectrum. The antibacterial activity of 
PP, Ag/PP-spun, and Ag-coated PP fibers was analyzed against S. aureus using the 
shake flask test method. It was reported that PP fibers offered no antibacterial 
activity; sputter coating of Ag on PP fibers offered better antibacterial activity, 
thereby reducing the growth of bacteria compared to Ag/PP-spun composite fibers 
(Wei et al. 2009). Polyethylene/polypropylene-based nonwovens act as a carrier for 
infectious disease-causing bacteria. The Ag colloidal solutions were prepared by 
dispersing in water and ethanol and dispersing nanosized Ag/sulfur composites in 
ethanol. The resulting solutions were padded using padding mangle, and the 
antibacterial activity of the developed fabric was studied using AATCC 100. It 
was reported that the stability of Ag NPs decreased with an increase in time, and the 
antibacterial activity of the fabric increased with an increase in Ag concentration. 
Uniform deposition of Ag NPs was seen on the nonwovens confirmed using surface 
morphology studies (Jeong et al. 2005). The outer layer of the surgical mask was 
meant to filter the microbes and gaseous substances from the environment or 
patients, thereby offering protection to the wearer. Oleophobol C aids in the homog-
enous dispersion of nanoparticles within the solution. The antibacterial activity of 
the developed surgical mask was tested according to AATCC 100-1999 against 
E. coli and S. aureus. The minimum inhibitory concentration was 1/128 and 1/512,



and the minimal bacterial concentration was 1/128 and 1/64 against E. coli and 
S. aureus. It was reported that upon coating with Ag-based nanoparticles, surgical 
masks offered 100% bacterial reduction compared to an uncoated mask. It was 
reported that upon treatment, the surgical mask offered no signs of skin inflammation 
or itchiness on the skin (Li et al. 2006). 
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26.2.5 Blend of Natural and Synthetic Fabric-Based Textile Substrate 

Ultrasonication is a technique adopted for the synthesis and uniform application of 
nanoparticles onto the textile substrate. The Ag NPs were incorporated onto the 
substrate by the addition of AgNO3 in the solution containing water and ethylene 
glycol, which acts as a reducing agent in the presence of argon gas to remove the 
traces of oxygen on the surface of the fabric, namely, nylon, polyester, and cotton. 
Then the material was sonicated utilizing an ultrasonic horn. Aqueous ammonia 
solution was added as it slowed down the reduction process resulting in the forma-
tion of Ag NPs. The fixation of NPs on the textile substrate was confirmed by the 
color change from clear to gray fabric, and the fabric was washed with aqueous 
ethanol. The amount of Ag deposited on the surface of nylon, polyester, and cotton 
fabric were 1.4, 1.2, and 1.1 wt%, respectively, and no chemical interaction was 
imparted by the sonication process between nanoparticles and fabric. Rather a 
physical adsorption of nanoparticles was reported. The mechanical properties of 
the fabric tend to decrease by 30% compared to the pristine fabric as the 
ultrasonication process results in faster migration of Ag NPs on the fabric with an 
average diameter of Ag NPs of 80 nm. It was reported that sonochemically treated 
Ag-incorporated fabric offered higher antibacterial activity against E. coli and 
S. aureus (Perelshtein et al. 2008). Ag NPs were reduced and applied to the cotton 
and SMS (spunbond meltblown spunbond) fabric by pad-dry-cure technique. The 
reducing agents used were tulsi leaf extract, neem extract, and quaternary ammo-
nium compound, and citric acid was used as a binder. The treated samples were 
tested for antibacterial activity against S. aureus, E. coli, and P. aeruginosa. It was 
reported that spherical Ag NPs were formed at 58–82 nm in neem extract as a 
reducing agent. Percentage reduction test (AATCC 100) showed maximum reduc-
tion in cotton fabrics against P. aeruginosa followed by a drug-resistant strain of 
P. aeruginosa and S. aureus, whereas maximum reduction in SMS nonwoven 
fabrics was observed against the drug-resistant strain of P. aeruginosa. Wash 
durability test of cotton fabrics treated with Ag NPs synthesized from neem leaf 
extract offered superior durability to laundering. Still, on the other hand, SMS 
nonwoven fabrics offered poor resistance due to the low absorption capacity of Ag 
NPs as the latter cannot penetrate through the fabric surface reducing the binding 
ability between the nanoparticles and the fiber surface (Desai 2015). 

Pristine wool, polyester, and a blend of wool/polyester fabric were treated with 
AgNO3 and NaCl utilizing the exhaustion process. The antibacterial activity of the 
treated fabrics was analyzed according to ASTM E 2149-01, and the antifungal 
property was assessed against Aspergillus niger. Uniform deposition of spherical Ag



NPs of a diameter of 30–200 nm was reported. It was reported that increasing the 
concentration of AgNO3 and NaCl resulted in an increase in Ag nanoparticles. The 
amount of Ag NPs adsorbed on the surface of the fabric was in the increasing order 
of polyester, blend of polyester/wool, and wool fabric. It was reported that bacterial 
reduction was dependent on adsorbed Ag NPs and fiber properties as wool fabric 
offered poor bacterial reduction as it hinders the release of Ag cations due to 
chemical bond interaction but polyester fabric offered higher antibacterial activity 
as Ag was physically adsorbed on the surface of the fabric due to crystallinity and 
hydrophobic nature. The antifungal property of the developed fabric was found to be 
similar to antibacterial activity with a concentration of 0.5 mM of AgNO3 and NaCl 
solutions. It was reported that increasing the washing cycle decreased the 
antibacterial activity of the developed fabrics (Klemenčič et al. 2013). Cotton, 
polyester, blend of polyester/cotton, and polyester/spandex were coated with nano-
Ag colloids before dyeing and after dyeing in order to study the antibacterial activity 
evaluated against Staphylococcus aureus and Klebsiella pneumoniae. It was 
reported that TEM (transmission electron microscope) confirmed the presence of 
Ag NPs that were spherical in shape with an average diameter of 2–5 nm. The 
bacterial reduction was more effective in the samples treated with Ag colloids after 
dyeing compared to before-dyed samples. Fabrics with higher concentrations of Ag 
colloidal solution offered better bacteriostasis. ICP-MS (inductively coupled plasma 
mass spectrometry) measurements showed that the concentration of Ag NPs 
decreased rapidly after five times of laundering. Ag NPs offered better bacteriostasis 
even at smaller concentrations because of the high particle size-to-volume ratio (Lee 
et al. 2003). 
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26.2.6 High-Performance Fiber-Based Textile Substrate 

Ag nanoparticles was applied to the m-aramid fibers using the pad-dry-cure tech-
nique. The padding technique involves immersion of m-aramid fibers in 
glycidyltrimethylammonium chloride (GTAC, a quaternary ammonium salt) solu-
tion followed by drying at 80 °C and curing at 180 ° C, respectively, and the 
unreacted GTAC on the fibers was removed by washing in distilled water. The 
GTAC-treated and GTAC-untreated m-aramid fibers were coated with Ag colloids 
and dried. It was reported that increasing the concentration of Ag increased the 
surface roughness of the fibers. The antimicrobial (GTAC/Ag NPs)-treated m-ara-
mid fibers showed 75.63% retention of Ag after five wash cycles using an aqueous 
detergent solution and 3% lower tensile strength and poor thermal stability compared 
to GTAC-treated and GTAC-untreated m-aramid fibers. Using the disc diffusion 
method, the efficacy of antimicrobial activity against P. aeruginosa was higher in the 
samples treated with GTAC/Ag NPs compared to GTAC and Ag-treated fibers 
(Kang et al. 2017). Radical mediated dispersion polymerization technique was 
used to produce Ag/PMMA (polymethyl methacrylate) nanofibers by injecting 
2-2-azobis(isobutyronitrile) and methyl methacrylate into a polymeric aqueous 
solution containing polyvinyl alcohol and AgNO3 followed by precipitation and



washing. The formation of Ag was confirmed using an organic reagent test, namely, 
rhodamine, into AgNO3 and Ag NP solution. The developed fibers were tested 
against two bacteria such as E. coli and S. aureus using the colony-counting method. 
It was reported that the organic reagent confirmed the formation of Ag NPs as it 
forms a fade solution due to the formation of Ag-rhodamine complex present on the 
surface, whereas in the case of AgNO3, red-yellow precipitates that gradually 
changed to black-brown precipitates indicate the presence of Ag in the solution. 
The developed nanofibers offered higher antibacterial activity against the selected 
bacteria, which can be attributed to ion reduction or salt formation between the Ag 
ions and bacterial cell walls (Kong and Jang 2008). 
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26.3 Incorporation of Ag NPs onto the Structure of the Textile 
Substrate 

The Ag NPs can be incorporated within the fibrous matrix utilizing the 
electrospinning technique. Electrospinning is an electrohydrodynamic process com-
posed of three major components as voltage supplier, syringe pump, and collector 
for spinning the polymeric solution into nanofibers. The principle involves loading 
polymeric solution on the syringe and charging the solution with a positive charge by 
application of an electric field through the metal needle in the syringe. The polymeric 
solution undergoes instability caused by the application of charges, and upon 
increasing the electric field, the charged polymeric solution undergoes repulsive 
force within the polymeric chain in the solution. On increasing the voltage beyond 
the threshold or critical value, the polymeric solution undergoes deformation from 
spherical to the conical shape called a Taylor cone as the repulsive force overcomes 
the surface tension of the polymeric solution followed by whipping instability 
resulting in nanofiber formation by the evaporation of the solvent before reaching 
the grounded or negatively charged metal conductor (Hemamalini and Giri Dev 
2018; Thillaipandian and Rengaswami 2021). 

26.3.1 Biodegradable Polymers 

Electrospun membrane comprises of silk fibroin and polyethylene oxide was 
prepared for antibacterial applications by the photoreduction method. Aqueous silk 
fibroin solution was prepared along with polyethylene oxide and electrospun. The 
fibrous membrane was crystallized in methanol, and Ag NPs were coated by dipping 
the fibrous membrane in different concentrations of AgNO3 and then irradiated with 
UV light, which resulted in the photoreduction of AgNO3 to Ag NPs. To study the 
interaction of Ag NPs and silk, polyethylene oxide was washed from the fibrous 
membrane with the aid of a solvent. It was reported that the morphology of the fiber 
changed to irregular due to crystallization in methanol, and an increase in Ag NP size 
was seen with an increase in the concentration of AgNO3. It was reported that Ag 
NPs and silk nanofibers offered interaction between nitrogen and oxygen fibroin



groups with nanoparticles which was confirmed using XPS (X-ray photoelectron 
spectroscopy) (Kang et al. 2007). Chitosan, a second abundant polyelectrolyte 
natural polymer with 1,4-glycosidic linkage, is widely used for biomedical 
applications. The chitosan-Ag NP complex was prepared by dissolving chitosan in 
NaOH to which Ag NPs were added. The spinning solution for electrospinning was 
prepared by dissolving the complex in acetic acid, to which gelatin was added and 
electrospun. The fibrous web comprises nanoparticles in the range of 2–10 nm and a 
fibrous structure of 220–400 nm and finds application in the antibacterial field 
(Zhuang et al. 2010). Lignin, a renewable biopolymer, interacts with other polymers 
to form stable polymers; electrospinning of lignin was demanded to increase the 
spinnability; it was blended with synthetic polymers to form smooth fibers. Lignin 
was extracted from acacia and blended with polyvinyl alcohol, to which Ag NPs 
were added to produce polyvinyl alcohol-lignin-Ag blend nanofibers (PLS). Anti-
microbial activity of the developed nanofibers was tested against Bacillus circulans 
and Escherichia coli using the agar diffusion method, and the inhibition zone was 
around 11 mm against selected bacteria. It was reported that lignin offers antimicro-
bial agents because of the presence of the phenolic group, which can damage the 
bacterial cell membrane (Aadil et al. 2018). 
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The ideal wound dressing should provide a moist environment for enhancing the 
wound healing properties, thereby hindering the growth of microorganisms. Polyvi-
nyl alcohol was electrospun into nanofibers comprising AgNO3, followed either by 
heat treatment or UV irradiation to enhance the antibacterial property. To increase 
the stability of polyvinyl alcohol fibrous matrix in an aqueous medium, heat treat-
ment was carried out as it increases the crystallinity of polyvinyl alcohol by removal 
of water molecules rather than chemical cross-linking to avoid toxicity to the newly 
formed cells. The fibrous web was prepared by altering the sequence of UV irradia-
tion techniques; as such the solution was irradiated before electrospinning. The 
fibrous web was then illuminated and pristine polyvinyl alcohol web without irradi-
ation to study the deposition of Ag NPs. In the case of solution irradiated with UV, 
larger Ag NPs were seen compared to the electrospun and pristine fibrous web, 
which can be due to the earlier reduction of AgNO3 to Ag NPs resulting in 
agglomeration of particles. The rate of release of Ag+ was in a burst manner initially 
followed by the gradual emancipation in the case of non-UV-treated electrospun 
samples. The fibrous web offered higher antibacterial activity of 99.9% against 
S. aureus, K. pneumoniae, and Pseudomonas aeruginosa confirmed using the 
plate-counting method. It was reported that the heat-treated electrospun samples 
were an ideal candidate for wound dressing applications compared to UV-treated 
samples (Hong 2007). Electrospinning of polyvinyl alcohol/AgNO3 was carried out 
by utilizing a plastic tip and graphite electrode in place of a stainless-steel needle and 
copper or iron electrode. As the metallic needle results in the conversion of metallic 
Ag or Ag oxide, resulting in blockage of the spinneret or needle, a plastic syringe 
was used. In the presence of a copper or iron electrode, Ag+ can be electrochemically 
reduced to its metallic form; thus graphite electrode was used to avoid the reduction 
of Ag+ ions. The spinning solution was maintained at constant pH of 4 as organic 
materials in polyvinyl alcohol solution tend to reduce Ag ions. The fibrous web was



cross-linked with methanol to increase the physical stability, and upon heat treat-
ment, Ag+ ions were reduced and aggregated to Ag NPs. With the aid of UV 
irradiation, the number of Ag NPs increased and also offered higher antibacterial 
activity against S. aureus and K. pneumoniae. It was reported that strong interaction 
was found between Ag+ and polyvinyl alcohol polymer and also the release of Ag 
ions from the fibrous web was faster in heat-treated samples compared to UV-treated 
nanofibrous web (Hong et al. 2006). Electrospun polyvinyl alcohol nanofibers 
comprise Ag NPs by dissolving polyvinyl alcohol in distilled water to which Ag 
NPs and sodium citrate were added. The solution was electrospun using a 
Nanospider electrospinning machine. It was confirmed that no new peaks were 
formed in polyvinyl alcohol/Ag nanofibrous web, which was similar to the pure 
polyvinyl alcohol web implying no chemical interaction between polyvinyl alcohol 
and Ag nanoparticles confirmed through Fourier transform infrared (FTIR) spectros-
copy. In an agar medium, the bacterial spore suspension, fungal suspension, and 
bacterial non-spore suspension were prepared from the respective cultures to assess 
the antibacterial activity of the developed nanofibers using the agar diffusion 
method. It was inferred that an increase in the concentration of Ag NPs showed a 
higher reduction rate against gram-negative bacteria Escherichia coli and Pseudo-
monas aeruginosa, spore-forming bacteria Bacillus cereus, and fungi Candida 
albicans (Pupkevičiūtė et al. 2015). 
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Polyvinylpyrrolidone (PVP) nanofibers comprising Ag NPs were electrospun for 
antimicrobial application. Ag NPs were synthesized using ethanol as a reducing and 
polyvinylpyrrolidone as a stabilizing agent. The resulting solution was irradiated in a 
microwave oven, and the color change from yellow to brown indicates the formation 
of Ag NPs. It was reported that the diameter of the Ag NPs was influenced by the 
concentration of AgNO3, polyvinylpyrrolidone, and microwave energy. The 
spinning solution for the technique was prepared by dissolving low and high 
molecular weight of polyvinylpyrrolidone and synthesized Ag NPs and electrospun. 
It was reported that increasing the concentration of polymer resulted in lengthy, 
bead-free, uniform, and higher-diameter fibers, while a low concentration of polymer 
tends to form beads. Ag NP-incorporated polyvinylpyrrolidone nanofibers offered 
better thermal stability than pure polyvinylpyrrolidone nanofibers and also better 
antimicrobial activity against bacteria but poor antifungal activity (Çavuşoğlu 
Vatansever and Meriçboyu 2019). Ag NPs were biosynthesized using Piper nigrum 
(black pepper leaves) and Ag NPs in the presence of ethanol. Poly(ε-caprolactone) of 
different concentrations was dissolved in acetone, to which biosynthesized Ag NPs 
were added and electrospun into nanofibers. Incorporation of Ag NPs (0.5 wt%) in 
the poly(ε-caprolactone) matrix showed higher tensile strength, tensile modulus, and 
elasticity properties, and the fibrous web offered higher antibacterial activity with 
inhibiting zone of 11.6 mm against S. aureus than E. coli of 7.9 mm by using agar 
diffusion method which may be due to the unstable outer cell wall of S. aureus 
(Augustine et al. 2016). 

Poly(L-lactide) (PLA) was synthesized from L-lactide by ring-opening polymer-
ization with tri-octanoate as a catalyst. The polymer was dissolved in 
dimethylformamide and dichloromethane, to which various percentages of AgNO3



were added and electrospun into nanofibers. The fibrous web was treated in a tubular 
furnace in a hydrogen atmosphere to convert AgNO3 to Ag NPs. It was reported that 
increasing the concentration of AgNO3 resulted in an increase in the diameter of the 
fibers due to phase separation of PLA. Atomic absorption spectroscopy showed that 
the release of Ag ions was higher at the beginning, followed by a gradual decrease 
concerning the accumulative release of Ag ions. It was reported that the antibacterial 
efficiency of the developed fibrous web was 98.5% and 94.2% against S. aureus and 
E. coli (Xu et al. 2006). The electrospinning solution was prepared by dissolving 
PLA in dichloromethane and N,N-dimethylacetamide, to which different concentra-
tion of AgNO3 was added by means of ultrasonic treatment. It was reported that the 
electrical conductivity of the polymeric solution increased with an increase in the 
concentration of AgNO3. The particle size of the Ag NPs was 4.9 and 8.8 nm on 
increasing the concentration of AgNO3 due to agglomeration of Ag NPs during 
electrospinning technique. It was reported that the antibacterial activity of the neat 
PLA nanofibers was around 60% against S. aureus and E. coli upon the 
incorporation of AgNO3, resulting in a 99% growth reduction against the selected 
bacteria (Kim et al. 2010). 
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Poly(L-lactide-co-glycolide) (PLGA) is an aliphatic biodegradable polymer that 
can degrade within the body via the citric acid cycle. PLGA with L:G ratio of 50:50 
(PLGA 50/50) and 75:25 (PLGA 75/25) was electrospun by incorporating Ag NPs 
for antimicrobial application. The polymer was dissolved in chloroform and 
dimethylformamide mixture, and then Ag NPs were added at different 
concentrations and electrospun to nanofiber. It was reported that an increase in the 
concentration of Ag NPs resulted in an increase in electrical conductivity, thereby 
decreasing the fiber diameter of the fabric. It was also concluded that increasing the 
concentration of lactide resulted in an increase in fiber diameter and tensile 
properties of the fabric. To study the cytotoxicity of developed samples, human 
dermal fibroblast (HDF) was cultured, and it was inferred that increasing the 
concentration beyond 6 wt% AgNO3 resulted in toxicity to fibroblast cells, thereby 
hindering the cell growth and also reducing the mechanical property of the 
nanofibrous mat. It was concluded that Ag with 3 wt% offered higher antibacterial 
activity and was also biocompatible with fibroblast cells, thereby offering good 
mechanical properties similar to human skin tissue (Gõra et al. 2015). 

26.3.2 Nonbiodegradable Polymers 

Nylon 6, along with Ag NP-incorporated nanofibers, was spun by dissolving 
different concentration of nylon 6 in formic acid to which Ag NPs were added and 
electrospun. It was reported that increasing nylon resulted in an increase in the 
diameter of the fibers and increasing the concentration from 15 to 25 wt % resulted in 
uniform bead-free fibers. The addition of Ag NPs decreased the fiber diameter due to 
an increase in the conductivity of the polymeric solution. The size of Ag NPs was 
5–10 nm which was confirmed using TEM analysis, and nanofibers with 1000 ppm 
of Ag NPs offered 99.9% antibacterial activity against S. aureus and K. pneumoniae



by cell-counting method (Park et al. 2009). In situ Ag NP-incorporated polyamide 
6 nanofibers were electrospun by dissolving a solvent mixture of formic acid/acetic 
acid in the ratio of 1:4, to which AgNO3 was added and reduced using sodium 
borohydride. It was reported that an increase in Ag concentration resulted in a 
decrease in fiber diameter due to the rise in the conductivity of the polymeric 
solution. The conversion of AgNO3 to Ag metal was less in formic acid, which 
was confirmed by the formation of a peak around 275 nm in the UV-visible 
spectrophotometer, whereas pristine Ag NPs formed a peak at 400 nm, which was 
indicated by the appearance of yellow color from colorless solution. It was con-
firmed that nylon-Ag NP nanofibers showed almost 98–100% growth reduction 
against E. coli and S. aureus (Montazer and Malekzadeh 2012). Nylon 6-based 
fibrous web was prepared by dissolution of polymer in formic acid and acetic acid 
solvent mixture to which AgNO3 and methoxy polyethylene glycol as reducing 
agent were added. The polymeric solution was allowed to stand for 5 and 12 h for the 
reduction of AgNO3 to Ag NPs before electrospinning, and it has an influence on the 
fiber diameter as complete reduction of AgNO3 resulted in a decrease in fiber 
diameter and also reduction time resulted in degradation of the polymer due to acetic 
acid and methoxy polyethylene glycol. Antibacterial activity of Ag/nylon 6 mats was 
measured against S. aureus and E. coli, and it was reported that the mat with a short 
reaction time showed better antibacterial activity against both microorganisms (Pant 
et al. 2012). 
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Cellulose acetate (CA) nanofibers incorporated with AgNO3 were electrospun in 
a solvent mixture, namely, acetone and water, to avoid the clogging of the needles. 
To the homogenous solution, AgNO3 was added and then UV radiated to reduce to 
Ag NPs. It was reported that an increase in the concentration of Ag resulted in a 
decrease in fiber diameter due to the rise in the conductivity of CA solution, which 
may be due to an increase in charge density increasing the elongation force. It was 
reported that the viscosity and surface tension of the solution tends to unalter upon 
the addition of AgNO3. The developed cellulose acetate-incorporated Ag NPs 
offered maximum inhibition zone against the selected bacteria such as S. aureus, 
K. pneumoniae, E. coli, and P. aeruginosa confirmed using zone of inhibition study 
(Son et al. 2004). Composite nanofibers comprising polyether amide (PEA) and Ag 
were prepared for antibacterial applications using the electrospinning technique. The 
spinning solution was designed by dissolving polyether amide in isopropanol to 
yield a homogenous solution in which a different mass ratio of AgNO3 was added 
and electrospun followed by UV irradiation for the conversion of AgNO3 to Ag NPs. 
It was reported that the incorporation of Ag in the polymeric solution resulted in a 
decrease in the regularity of the internal structure of PEA and increased the flexibility 
of the polymeric chain, which resulted in a drop in crystallinity and glass transition 
temperature, confirmed using DSC (differential scanning calorimetry). The thermal 
stability of the nanofibrous web was decreased due to an increase in the expansion of 
the nanocrystalline region by the addition of AgNO3 resulting in the expansion of 
molecular arrangement. It was reported that the fibrous membrane offered no 
bacterial growth and offered an inhibition rate of 99.9% against E. coli and 
S. aureus with a minimum Ag concentration of 0.15% (Liang et al. 2014).
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Ag NP-incorporated polyurethane (PU) nanofiber-based wound dressing was 
prepared by blending the synthesized Ag NPs into the polymeric solution and 
electrospinning them into nanofibers. AgNO3 was synthesized using the organic 
method using dimethylformamide and the aqueous method using polyetherimide 
and tetrahydrofuran, respectively. The solution was electrospun, and the resulting 
web was analyzed for antibacterial activity against Klebsiella bacteria and cytotox-
icity study. It was reported that increasing the concentration of Ag resulted in a 
decrease in fiber diameter, which may be due to an increase in the conductivity of the 
polymeric solution. The developed Ag-PU web’s water absorption ability was higher 
than the pristine PU web due to its high porosity and surface area. The developed 
Ag-incorporated web offered high resistance to the selected bacteria by inhibiting 
their growth. It was reported that the organic method of nanofiber production was 
cytotoxic to cells due to the presence of dimethylformamide, which was not 
vaporized completely. In contrast, the aqueous method was nontoxic as tetrahydro-
furan evaporated completely as it offered a low boiling point (Lakshman et al. 2010). 
Electrospinning of rubber and Ag NPs involves a complex mechanism as 
the elasticity of the rubber material hinders the formation of nanofibers due to the 
movement of macromolecules in the polymer structure, thereby disintegrating the 
fibrous structure. Rubber-based nanofibers were electrospun using an in situ chemi-
cal cross-linking technique to yield uniform bead-free fibers. Rubber composite 
fibers, namely, butadiene rubber, isobutylene-isoprene rubber, and silicon rubber, 
were prepared by dispersing AgNO3 and polyvinylpyrrolidone in 
dimethylformamide to which tetrahydrofuran was added. Butadiene rubber was 
added to the solution and irradiated with UV irradiation to form Ag NPs. 
Camphorquinone (CQ) was added for in situ cross-linking prior to the 
electrospinning. A similar technique was adopted for the preparation of Isobutylene-
isoprene rubber (IIR)-based solution, but for spinning Silicon rubber (SiR)-based 
nanofibers, platinum was used as a curing agent in the absence of CQ as a cross-
linking agent. It was reported that polyvinylpyrrolidone as stabilizing agent prevented 
the agglomeration of Ag NPs and an in situ chemical cross-linking technique produced 
uniform bead-free fibers. It was reported that a limited concentration of Ag NPs 
offered higher optical absorbance and higher antibacterial activity against E. coli 
(Hu et al. 2012). 

Polyacrylonitrile (PAN) nanofibers comprising a different percentage of TiO2 and 
AgNO3 were prepared by dissolving the polymer in dimethylformamide and 
spinning it into nanofibers using the electrospinning technique. The viscosity of 
the polymeric solution depended on the concentration of TiO2 as the viscosity 
increased with the concentration of TiO2. It was reported that increasing the concen-
tration of TiO2 increased the diameter of the nanofibers from 400 to 600 nm resulting 
in the formation of a beaded structure. The composite polyacrylonitrile/TiO2 

nanofibers were functionalized by immersing the fibrous mat in an aqueous 
AgNO3 solution as Ag

+ ions bind onto the negatively charged titania incorporated 
in the fibers. Upon the photoreduction process, pure PAN/titania nanofibers pos-
sessed no color change. Still, on the treatment with AgNO3, the color change was 
seen to brownish gray, indicating the reduction of Ag+ to Ag NPs. It was also 
reported that increasing titania concentration resulted in an increase in the uptake of



Ag NPs in the polyacrylonitrile nanofibers, confirmed using UV-visible spectros-
copy (Lim et al. 2006). Coaxial electrospinning was carried out to spin nanofibers 
comprising AgNO3 on the sheath to assess the antibacterial activity. The core 
solution includes polyacrylonitrile in dimethylacetamide, whereas the sheath solu-
tion of AgNO3 in dimethylacetamide and electrospinning was carried out using a 
homemade concentric spinneret with 1 mm intended capillary gap between the core 
and sheath. The collected electrospun nanofibers were treated at 254 nm under 
ultraviolet light to reduce Ag ions to Ag NPs. During the bending and whipping 
process of the electrospinning technique, the sheath fluid of AgNO3 with the flow 
rate of 0.1 was unable to catch the flow rate of core fluid PAN, which resulted in an 
irregular distribution of AgNO3 on the surface of the nanofibers, but upon increasing 
the flow rate to 0.2 mL/h of the sheath fluid resulted in better distribution. The 
antibacterial activity of the coaxial electrospun nanofibers showed strong 
antibacterial activity against B. subtilis and E. coli with a Ag content of 4% on the 
surface of nanofibers compared to the traditional electrospun nanofibers which 
require 30% of Ag content as the nanoparticles were buried on the core of the 
nanofibers (Yu et al. 2012). 

26 Silver Nanoparticle-Incorporated Textile Substrate for. . . 815

26.4 Conclusion 

As discussed in the chapter, Ag has been known as an antimicrobial agent for a long 
time. But the major challenge in the incorporation of Ag onto textiles is durability. It 
depends on the type of fiber used and the method of application. A majority of 
industries work on the exhaust method of application; the loading of Ag can be 
scaled at the industry level if the limitations in the processing route are addressed. 
The type of fiber used in industry and the challenges in bringing Ag to the substrate 
have been dealt with in detail. The potential applications of Ag in various medical 
fields have also been explored. The major limitation in applying Ag NPs to biode-
gradable and nondegradable polymers by exhaust method or by padding process 
knows the exact quantity of loading onto the fabric and its distribution on the 
substrate. Moreover, the mechanism of binding Ag to the fabric is to be researched 
further to provide insights into the release mechanism. Aging studies of Ag in the 
fabric will provide excellent knowledge of the product’s shelf life and durability on 
exposure to various environments. In addition, studies of the interaction of Ag and 
colorant used in textiles will help us understand the challenge to be faced while 
scaling up the process. The research on the above points would result in a durable 
and practical product against bacteria. 
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Abstract 

Traumatic injuries of bones, cartilage, ligaments, and tendons require novel tissue 
engineering technology using more biocompatible materials. For this purpose, 
many biomaterials are contributing successfully toward developing regenerative 
medicine for healing and repairing in thousands of clinical cases yearly. Today, 
biomaterials have shifted toward more advancements with the integration of other 
fields such as pharmaceutics, biology, biomedical engineering, and much more. 
Gelatin, in this regard, has played a pivotal role in novel tissue engineering 
technology. The remarkable properties of gelatin, such as biocompatibility, 
biodegradability, and its favorable physicochemical characteristics, have made 
using this biomaterial more convenient. This book chapter presents a thorough 
overview of gelatin for its significant contribution to the field of tissue engineer-
ing. The source, composition, and general characteristics of gelatin are explained, 
followed by various biomaterials based on gelatin. Furthermore, the significant 
recent advances in gelatin for tissue engineering are discussed. 
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27.1 Introduction 

There is increasing demand to devise new and biomaterial-based technologies and 
fabricate the existing ones with the latest technologies for the healing, repair, or 
regeneration of diseased or injured tissues (Echave et al. 2017; Raza et al. 2022). All 
types of tissues require these technologies, but acute and chronic musculoskeletal 
conditions such as bone (Laurent et al. 2020), cartilage (Carstairs and Genever 
2014), tendon (Gallagher and Schall Jr 2017), ligament trauma and other injuries 
(Rodrigues et al. 2013), degenerative disc disease, and osteoarthritis enormously 
need the development of such techniques (Padilla et al. 2017). These conditions and 
others are treated in the United States, with 34 million surgical procedures yearly 
(Lee and Mooney 2001). It is well-known that scaffolds made of biomaterials and 
biomaterial-based technologies have critical roles in medicine for regenerative 
purposes as they optimize and drive cellular fate and function (Lutolf and Hubbell 
2005). In recent years, a remarkable shift in the designing and fabrication criterion 
for advanced biomaterials has been observed, completely integrating the principles 
from pharmaceutics, biology, and biomedical engineering (Kamal et al. 2022; Hoque 
et al. 2015). Gelatin is a naturally occurring macromolecule, amphiphilic in nature, 
usually obtained from the collagen of mammals (Joyce et al. 2021), fish (Huang et al. 
2019), and insects (Chen et al. 2019) by hydrolysis. Gelatins have been immensely 
explored in various other fields, including food (Zhang et al. 2020), the pharmaceu-
tical industry (Wasswa et al. 2007), and tissue engineering (Hoque et al. 2015). As 
gelatin has been used as a plasma expander for a long time, it probably has the 
opportunity to be considered as a biopolymer for nanomaterials along with other 
naturally occurring polymers (Aggarwal et al. 2021). About 13% of positively 
charged amino acids constitute gelatin protein (arginine and lysine) (Gupta et al. 
2021). Polymer backbone comprises hydrophobic amino acids, about 11%, and 
negatively charged amino acids, such as aspartic acid and glutamic acid, which 
make up 12% of the protein (Zohuriaan-Mehr et al. 2009). The rest of the chain is 
comprised of lysine, proline, and hydroxyproline (Koshti et al. 2021). There are no 
toxic side products as the chain is enzymatically transformed to corresponding 
amino acid residues (Wu et al. 2004). Commercially, there are two forms of gelatin, 
i.e., A and B, having distinct isoelectric points (IEPs) (Masuelli and Sansone 2012; 
Baydin et al. 2022). A form is known as cationic with isoelectric points 7–9 making 
acid hydrolysis part of collagen. Anionic B form of gelatin has an IEP of 4.7–5.5 and 
is acquired from alkaline collagen treatment (Madkhali et al. 2019). Gelatin also 
contains amino acid (Arg-Gly-Asp series) of targeting ligand that has importance in 
tissue engineering and nanomedicine in cancer studies and treatment (Dong et al. 
2015). This book chapter is a state-of-the-art overview presenting the use of gelatin 
and its composites used in tissue engineering as well as its use as micro- and 
nanoparticles and scaffolds for the said purpose in current studies of gelatin-based 
formulations (Fig. 27.1). The nuclear role of gelatin as a biomaterial in regeneration, 
tissue repair, and engineering is highlighted in this chapter.
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Fig. 27.1 Schematic representation of sources of gelatin and its application in tissue engineering 
and drug delivery 

27.2 Composition of Gelatin 

The composition of gelatin is similar to the collagen molecules in that it has most of 
the denatured collagen. There are variations in native collagen and gelatin because of 
differences in gelatin’s synthesis and molecular organization. However, collagen can 
be transformed into gelatin by changing the amino acid molecular composition 
(Joyce et al. 2021). Deamination of glutamine into glutamic acid and asparagine 
into aspartic acid in the alkaline process leads to a higher proportion of aspartic acid 
and glutamic acid in type B gelatin than type A (Hafidz et al. 2011). Gelatin amino 
acid composition is not well-defined. However, the proportion of hydroxyproline 
and proline in mammalian gelatins is 30% of the total amino acid residues. Cysteine 
was not reported to be present in pig skin, according to Farris et al. (Farris et al. 
2010). Bailey and Light found it in type III collagen (Stanton and Light 1990). There 
is no evidence in the literature about the abundance of this collagen in pig skin. 
However, it is an essential part of the human skin, constituting 15% of the total



collagen. Despite careful purification, gelatin contains salt, lipid, and sugar moieties, 
as bone and skin contain sugars, lipids, small molecules, and ions. Upon interaction 
with protein fibers, these molecules form covalent bonding with gelatin. Maillard 
reaction is an example of a such reaction that is responsible for brown color of 
gelatin and changes its gel properties during extraction steps (Wasswa et al. 2007). 
Peptides of variable size are also formed during the process from collagen and are 
present in gelatin. Depending upon the process of manufacturing and raw material 
used, the number of small peptides varies from gelatin to gelatin. Also, it changes its 
function following its distribution of molecular weight (Aggarwal et al. 2021). 
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27.3 Source of Gelatin 

In the food industry, hydrocolloids are commonly utilized as a gelling agent (Shyni 
et al. 2014). Only gelatin is usually extracted from animals; the rest of the 
hydrocolloids are sourced from plants. Hydrocolloids and gelatin have commonly 
been confused because some researchers favor the other family of hydrocolloids, 
particularly plants, referred to it as “veggie gelatin.” Gelatin is not a naturally 
occurring family of hydrocolloids; not all hydrocolloids are plant-based; it must be 
derived from animal parts. Consequently, demineralized cattle bones (ossein), pig, 
and bovine skins, for which no plants have ever existed, are the only commercially 
feasible sources of collagen (Gajbhiye and Wairkar 2022). The most easily accessi-
ble resources of gelatin are mammals, including pig and cow hides, bones, and 
hooves, which together make up 46% of the world’s gelatin source. Fish and other 
marine forms, including bones and hooves, represent the remaining 1% 
(Rakhmanova et al. 2018). In Europe, porcine and bovine hides account for 95% 
of gelatin production and their bones for 5% (Alipal et al. 2021). Mammalian gelatin 
is thermoreversible and also has high boiling and gelling points. Traditional mam-
malian sources of gelatin also include bones, cattle hides, and skin from pigs (Alipal 
et al. 2021). For industrial uses, high-quality gelatin derived from cow bone is 
recommended. Pork gelatin and gelatin obtained from other animals not slaughtered 
in accordance with Islamic law are not utilized due to aesthetic and religious 
concerns (Rakhmanova et al. 2018). These factors expanded the halal meals and 
additive market and attracted academics and entrepreneurs (Ab Talib et al. 2016). As 
a result, scientists are looking for new, different, halal sources of gelatin. The 
commercial potential for fish and poultry byproduct gelatin has grown recently. 
However, because of low yields, commercial synthesis of gelatin from poultry 
wastes is currently restricted (Abedinia et al. 2020). Compared to gelatin produced 
from mammals, much research has been conducted on how to extract gelatin from 
fish skin and poultry manure. From the perspective of packing, the physical, 
chemical, and functional characteristics of the films which can be generated from a 
specific source of gelatin are significantly influenced by the source of gelatin (Alfaro 
et al. 2015). 

Conversely, Lestari et al.’s term “veggie gelatin” refers to a substitute for animal-
based gelatins like Konjac (a type of gelatin for use in Japanese cuisine) and yam that



can be made from plant hydrocolloids. Agar, carrageenan, pectin, xanthan gum, 
modified corn starch, and celluloid could all be sources of this vegetable gelatin 
(Lestari et al. 2019). The recent effort to produce “veggie gelatin” from sago starch 
combined with carrageenan for the hard capsule industries was a study undertaken 
by Oladzadabbasabadi et al. (Oladzadabbasabadi et al. 2017). The dual-modified 
sago starch used to create the capsule composite film shows that the composite had 
properties comparable to those of bovine gelatin film, where it was more resilient at 
greater relative humidity (Oladzadabbasabadi et al. 2017). There are currently few 
options that can match mammalian-based gelatin’s quick and affordable 
manufacturing, particularly when it comes from quickly reproducing animals like 
pigs (Kamatchi and Leela 2016). For this purpose, fish-based gelatin was more 
advantageous in the marketplace than plant-based gelatin due to the widespread 
mass production of fish byproducts (Ismail and Abdullah 2017). Fish-based gelatin 
remains one of the most promising replacements for mammalian gelatin in modern 
times, with “vegetarian gelatin” applications remaining in the gray area (Lin et al. 
2017). Fish-based gelatin is the ideal substitute for mammalian gelatin due to its 
rapid dissolution rate and low melting point (Karim and Bhat 2009). The rheological 
and thermostability characteristics of fish-based gelatin are similar to those of human 
gelatin, but they also rely on the species, the sort of raw material, and the process 
conditions (Gómez-Guillén et al. 2011). 
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27.4 Chemical Structure of Gelatin 

Gelatin is a polyampholyte containing cations and anions, and hydrophobic groups 
are also present in the approximate ratio 1:1:1, making it a more particular polypep-
tide (Mohanty et al. 2005). Gelatin molecule has 13% positive charge in the form of 
lysine and arginine and about 12% negatively charged amino acid, i.e., glutamic and 
aspartic acid, and approximately 11% of the chain is hydrophobic as leucine, 
isoleucine, methionine and valine are present in it (Hashizume 2014). The rest of 
the chain is constituted by glycine, proline, and hydroxyproline. The triple helical 
structure of gelatin is presented by (Gly-X-Pro)n where X is the amino acid including 
lysine, arginine, methionine, and valine, about 6% (Hathout and Omran 2016). 
Glycine constitutes one-third of the polypeptide chain (33%), and the other 33% 
of the polypeptide chain is composed of hydroxyproline (Gupta et al. 2021). The rest 
of the gelatin is composed of other residues. Both cationic and anionic forms are 
commercially available. The cationic form includes type I collagen with an isoelec-
tric point (pI) 7–9 and prepared by acid hydrolysis of type I collagen from pig skin, 
while the anionic form includes type B of gelatin with pI 4.8–5. The type is prepared 
from bovine collagen by alkaline hydrolysis (Mohanty et al. 2005; Kommareddy 
et al. 2007). Figure 27.2 shows the composition of gelatin in terms of amino acids.
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Fig. 27.2 Chemical structure of gelatin. Reproduced with permission from Thakur et al. 2017 

27.5 General Characteristics of Gelatin 

Gelatin has a long history of safe use in medicinal, cosmetic, and food products. It is 
one of the most adaptable naturally occurring biopolymers. It is a generally 
recognized as safe (GRAS) biomaterial by the US Food and Drug Administration 
(FDA) and is nontoxic, noncarcinogenic, biodegradable, and nonirritating. The 
gelatin polymer’s functional groups are available for chemical reaction. Addition-
ally, the amino acid combination Arg-Gly-Asp (arginine, glycine, and aspartic acid, 
RGD) is present in gelatin and influences cell adhesion (Vickers 2017). As gelatin 
can be degraded to its constituent amino acids, it does not form hazardous side 
products (Elzoghby 2013). Gelatin is extracted from animal collagen via partial acid 
or alkaline hydrolysis (Chan et al. 2017). Collagen is one of the vital structural 
proteins, constituting approximately 25% to 35% of the whole-body protein content 
in which the majority are fibrous tissues such as skin, tendons, and ligaments (about 
one-half of total body collagen) and also in corneas, bones, cartilages, blood vessels, 
the gut, and intervertebral discs (Gorgieva and Kokol 2011). The distinctive triple-
helix structure, which consists of three polypeptide chains twisted around one 
another in a superhelical form, is a common characteristic of collagens and, conse-
quently, gelatin polypeptides. This structure is because of the conserved amino acid 
sequence shown by (Gly–X–Y)n, where X represents the amino acid including 
lysine, arginine, methionine, and valine about 6% (Hathout and Omran 2016). 
Glycine constitutes one-third of the polypeptide chain (33%), and the other 33% 
of the polypeptide chain is composed of hydroxyproline (Pal et al. 2018). Interchain 
hydrogen bonds stabilize collagen molecules. Acidic or basic hydrolysis of collagen 
destabilizes collagen’s tertiary structure, leading to the loss of the triple-helix 
conformation. Commercially available forms are prepared by partial acid hydrolysis 
of collagen (type A gelatin, cationic, positively charge compound at neutral pH, and 
type B gelatin, synthesized via an alkaline treatment of collagen, negatively charged 
compound at neutral pH) (Madkhali et al. 2019). In the alkaline process, the amide 
groups of glutamine and asparagine are targeted hydrolyzing them into carboxyl 
groups producing gelatin with a high concentration of carboxyl groups, making it 
negatively charged (Samal et al. 2012).
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27.6 Biomaterials Based on Gelatin 

Because of its cell stimulatory characteristics, gelatin has been extensively used in 
regenerative medicine and tissue engineering (Echave et al. 2019). Gelatin is a 
naturally occurring biopolymer with many advantages over its precursor, collagen 
(Sell et al. 2009). One of the primary restrictions for biomedical uses is the low water 
solubility of collagen in neutral conditions (Farris et al. 2010). With the use of 
gelatin extraction, this limitation in collagen can be fixed. Another noteworthy 
characteristic of gelatin is its capacity to assemble charged medicinal substances 
such as proteins, growth hormones, nucleotides, and polysaccharides into poly-ionic 
complexes (Larsen et al. 2006), thus making it an ideal delivery vehicle for many 
biomolecules. Gelatin has an isoelectric point at pH 7.4 that is either net positive 
(IEP = 9, type A gelatin) or net negative (IEP = 5, type B gelatin), depending on the 
conditions used for extraction, allowing oppositely charged proteins to be 
sequestered while maintaining bioactivity. Gelatin is a critical component in pro-
ducing microcapsules and microspheres for medication delivery (Diba et al. 2017). 
Moreover, the source and the conditions are decisive factors for obtaining gelatins 
with a diversity of physicochemical properties (melting temperature, gel modulus, or 
viscosity) due to the variations in the proportions of amino acids and the molecular 
weights of the materials being produced (Karim and Bhat 2009). Furthermore, 
gelatin is readily functionalized to create materials with specific properties, bringing 
up new therapeutic possibilities. Gelatin-based 3D microgels, for instance, can be 
utilized to promote cell division and differentiation of different encapsulated cells, 
such as stem cells, and can enhance the regenerative impact of cell-loaded 
microbeads injected in lesion areas (Li et al. 2017). Moreover, these microgels can 
protect the cells from shear-force-associated mortality during injection and equip 
them with an environment that promotes cell retention at the intended location (Zhao 
et al. 2021). Scaffolds made of cross-linked gelatin can be utilized for 3D cell 
culture. However, thermal gelatinization often yields thin, weak gels. Covalently 
cross-linked gelatin-based hydrogels are created using traditional chemical 
techniques to remedy this (Petros et al. 2020). Enzymatic cross-linking of gelatin 
systems utilizing different enzymes, like horseradish peroxidase or microbial 
transglutaminase, has been one of the intriguing methods suggested by multiple 
studies (Echave et al. 2019). Due to the successful development of diverse hydrogels 
with adjustable gelation rates and final physical strengths, these systems have been 
examined for various tissue engineering applicability (Kuo and Ma 2001). Injectable 
enzymatically cross-linked gelatin-hydroxyphenyl propionic acid composite hydro-
gel, for instance, has been studied for tissue repair in both cartilage and the brain. 
Additionally, photo-cross-linkable gelatin methacrylate (GelMA) hydrogels have 
attracted much interest in various therapeutic applications, including creating carti-
lage constructs and engineering corneal tissue and peripheral nerve regeneration 
(Zhao et al. 2022). Furthermore, pendant tetrazine or norbornene click chemistry 
pairs in modified polymers have recently been used to create injectable covalently 
cross-linked gelatin hydrogels. When combined, these gelatin polymers quickly 
cross-link, and when injected in vivo, they break down. In addition, they encourage



cell survival and can induce 3D elongated morphologies in encapsulated cells 
(Echave et al. 2019). The continued development of 3D bioprinting offers previously 
unheard-of control over the spatial distribution of components, cells, and 
biomolecules, ultimately making it possible to create more realistic 3D tissue 
structures. Jia W and colleagues developed a direct 3D model comprising many 
layers of coaxial extrusion printing methods to create highly perfusable and well-
organized vessels as one notable example. Gelatin methacrylate, sodium alginate, 
and 4-arm poly(ethylene glycol)-tetraacrylate were the main components of the 
composite bioink (PEGTA). In the 3D-printed scaffolds, this doubly cross-linked 
(covalently and ionically) technology allowed encapsulated endothelium and mes-
enchymal stem cells to multiply and spread, ultimately building native-like 
perfusable vessels (Jia et al. 2016). 
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27.7 Recent Advances in Gelatin for Tissue Engineering 

Creating artificial systems or structures that mimic some of the most crucial 
functionalities of genuine tissues is the overriding goal of gelatin for tissue engi-
neering. The body’s complex tissue topologies and the numerous synergistic 
biological elements included in natural tissues make it difficult to achieve this 
goal. The most recent research in this area is focused on fusing various biomaterials 
to provide native-like synergistic effects and to supply critical native-like tissue 
microarchitectures. Over the past 10 years, several possible gelatin-based systems 
have been created using this method. 

Finding a new method for the treatment of heart disease is one of the key subjects 
researched by researchers in recent decades due to the rising number of patients with 
heart disease and the relative inefficiency of present treatments. Esmaeili et al. 
created an electrospun cardiovascular tissue engineering scaffold out of polyure-
thane, chitosan, Vicia ervilia protein, gelatin, and heparin. In this study, heparin, an 
anticoagulant drug, will be placed onto nanofibers. As a result, by electrospinning 
using a two-phase voltage of 16.5 kW and a distance needle up to 18 cm with a feed 
rate of 0.2, nanofibers of chitosan complex (2%)/polyurethane (14.5%)/cow protein 
(1%)/gelatin (20%) with A. gossypinus coating (3%)/gelatin were created. The 
prepared nanofibers’ morphology was evaluated. Additionally, there was no hazy 
separation and the resultant fibers are miscible. Additionally, the heparin and toxicity 
of the generated nanofibers are released using the MTT dialysis bag. In 120 h, this 
medicine can eliminate roughly 82%. This system’s lack of cytotoxicity was exam-
ined, and these nanofibers containing the medication demonstrated 91% cell survival 
after 7 days. This study demonstrated improved endothelial cell adhesion and growth 
in the vessel’s inner wall (Heydari and Esmaeili 2022). A bacterial infection is one of 
the main causes of tissue engineering scaffold failure. Therefore, for tissue engineer-
ing applications, it is crucial to create multifunctional scaffolds that can direct tissue 
regeneration and prevent bacterial colonization. The study team of Handa et al. 
created a scaffold based on silk fibroin (SF) and gelatin methacryloyl (GelMA) that 
is highly antimicrobial, biocompatible, and biodegradable for this purpose.



Cross-linking GelMA and SF created interpenetrating network (IPN) hydrogels with 
a porous structure under UV irradiation and methanol treatment, respectively. In 
addition, NO-releasing scaffolds with potent antibacterial capabilities were created 
by impregnating the hydrogels with the nitric oxide (NO) donor molecule S-nitroso-
N-acetylpenicillamine (SNAP). The results showed that adding SF to GelMA 
hydrogels improved their mechanical characteristics and NO-release kinetics, 
while preventing quick enzymatic degradation in aqueous conditions. Moreover, a 
bacterium reduction efficacy of >99.9% against Gram-positive (Staphylococcus 
aureus) and Gram-negative (Escherichia coli) bacteria was achieved by inflating 
the GelMA-SF scaffolds with SNAP. By promoting the proliferation and assisting 
the adherence of 3T3 murine fibroblast cells, the scaffolds also demonstrated 
excellent cytocompatibility in vitro. Overall, the GelMA-SF-SNAP scaffold 
demonstrated significant promise for usage in tissue engineering and wound healing 
applications (Ghalei et al. 2021). Chen et al. created a spiral wound scaffold based on 
gelatin/PCL/heparin (GPH) nanofiber membranes for tendon tissue engineering. 
They created a high-resilience scaffold for the high-loading environment that 
tendons face by inserting sutures in dual layers of aligned GPH nanofiber 
membranes made from mixed electrospinning of gelatin and PCL/heparin solutions, 
as shown in Fig. 27.3. In order to keep the tenogenic phenotype, the necessary 
fibroblast growth factor (bFGF) was anchored to the GPH scaffold through an 
affinity between heparin and bFGF. Additionally, it is anticipated that the aligned 
nanofiber shape will offer physical indications toward seeded tenocytes. GPH-bFGF 
can increase proliferation, upregulate tenogenic gene expression, and increase the 
synthesis of tendon-specific proteins by tenocytes in vitro with the prolonged release 
of bFGF. Furthermore, GPH-bFGF/tenocyte constructions surpassed GPH-bFGF in 
terms of mechanical qualities by correctly retaining tendon phenotypes. Histological 
staining and biomechanical analysis from an in vivo investigation using GPH-bFGF/ 
tenocytes to repair rabbit Achilles tendon lesions revealed the development of new 
tendon tissue. These results show that the newly developed GPH-bFGF scaffold 
could offer a niche for stimulating tendon tissue regeneration by successfully 
repairing the structure and function of the tendon tissue (Darshan et al. 2022). 
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Being a biodegradable material, gelatin has weak mechanical properties. For 
efficient use in biomedicine as nontoxic material, it is necessary to improve its 
mechanical strength. Various methods exist to increase its mechanical strength 
using ceramics and bioglass as external fillers. Boron nitride (BN)-reinforced gelatin 
was introduced by Bechelany et al. as a new bidimensional and biocompatible 
nanomaterial category (Fig. 27.4). The nanofiller effect on mechanical strength is 
checked. Fourier transform infrared (FTIR) spectroscopy and X-ray diffraction 
(XRD) show that the BN is efficiently exfoliated. The gelatin electrospun fibers 
are strengthened by the exfoliated BN, raising Young’s modulus. After glutaralde-
hyde cross-linking, the electrospun mats (ESM) are stable, and the fiber morphology 
is retained. Scanning electron microscopy has demonstrated that the cross-linked 
gelatin/BN ESM is highly bioactive in forming hydroxyapatite that resembles bone. 
As they have immense mineralization properties, cross-linked ESM is tested on 
human bone cells, especially cell lines of HOS osteosarcoma. ESM are nontoxic due



to enhanced cell attachment, proliferation, and biocompatibility. Gene expression in 
osteoblast and alkaline phosphatase activity measurement confirmed their suitability 
for tissue and bone engineering (Nagarajan et al. 2017). 
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Fig. 27.3 Electrospinning prepares gelatin/PCL/heparin (GPH) suture-embedded sandwiched 
nanofiber membrane and scaffold. Reproduced with permission from Darshan et al. 2022 

As compared to the chemical cross-linking technique, the potential of a radiation 
cross-linking technology for creating gelatin scaffolds for tissue engineering was 
assessed. Gelatin that had been exposed to radiation and cross-linked had a more 
excellent visible light transmittance than gelatin that had been chemically cross-
linked. The efficiency of radiation cross-linking gelatin was about 91%; hydroxyl 
(OH) radicals produced by the radiolysis of the aqueous gelatin solution in the 
presence of nitrous oxide or nitrogen saturation had an impact on it. With an increase 
in absorbed dose, the quantities of phenylalanine, tyrosine, and histidine in the 
gelatin dramatically decreased. The quantity of the other 12 amino acids remained 
the same and did not alter after exposure to γ-ray radiations. These amino acids did



not take part in the cross-linking reactions. For radiation cross-linking reactions, the 
essential contents were tyrosine, phenylalanine, and histidine in gelatin. Cell adhe-
sion would be maintained of the radiation-cross-linked gelatin before and after γ-ray 
exposure as the reduction in the proportion of the cell adhesion was not reported in 
active sequence (arginine-glycine-aspartic acid, RGD motif). The dityrosine forma-
tion marked the point at which cross-linking occurred in the gelatin during radiation 
cross-linking. Contrary to chemical cross-linking approaches, the radiation cross-
linking process can change the gelatin while preserving high transparency since the 
cross-linked gelatin and degradation products have no absorption bands in the 
visible spectrum (Kimura et al. 2021). The dominant trends to address are the 
complex need for tissue engineering scaffolds in multipotent bone tissues for bone 
repair. A porous composite scaffold was created using nano-hydroxyapatite (nHAp) 
and polymers (natural and synthetic) to replicate the microstructure and components 
of real bone by Wu et al. research group, as shown in Fig. 27.5. The extracellular 
matrix was stimulated by the assembly of chitosan (CS), polyvinyl alcohol (PVA), 
and gelatin (Gel). Properties of the simulated matrix include swelling, mechanical 
strength, pH, porosity, and tunable pore size. The composite scaffolds showed 
increased compression resistance, pH adaptability, surface bioactivity, and biomi-
metic structure after adding nHAp. The composite scaffolds can also efficiently 
encourage cell proliferation and adhesion; scaffolds containing 12.5% nHAp were 
shown to have a good capacity for osteogenic differentiation. These findings, 
therefore, indicate that Gel/CS/PVA/nHAp composite scaffolds may be a potential 
biomimetic scaffold for bone tissue engineering (Ma et al. 2021). 
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Fig. 27.4 Schematic illustration of boron nitride/gelatin electrospun nanofibers for bone tissue 
engineering. Reproduced with permission from Nagarajan et al. 2017 

Gelatin-based adhesives are used in various biomedical fields because of their 
immense biocompatibility, easy processability, transparency, nontoxicity, and good 
mechanical properties to induce the extracellular matrix (ECM). Modifying gelatin 
adhesives to acquire various viscoelastic and mechanical qualities that make ocular



application easier is simple. Gonzalez-Andrades et al. grafted glycidyl methacrylate 
onto the gelatin backbone using a straightforward chemical modification of the 
precursor. They did this using visible light cross-linking and epoxide ring-opening 
processes. An elastic protein-based hydrogel (GELGYM) with outstanding biomi-
metic properties that are close to those of genuine tissue can be created thanks to this 
chemical alteration. In contrast to gelatin methacryloyl (GelMA), the most 
researched gelatin derivative utilized as a bioadhesive, GELGYM may be adjusted 
to be stretched up to four times its initial length and resist high tensile stresses up to 
1.95 MPa with compressive strains as high as 80%. Additionally, GELGYM 
stimulates cellular adhesion, proliferation, and migration in both two- and three-
dimensional cell cultures and is highly biocompatible. These properties, as well as its 
super adhesion property to biological tissues including cornea, aorta, heart, muscle, 
kidney, liver, and spleen, depict its broader applications of hydrogel in various 
biomedical fields, for instance, in organ transplants, tissue engineering as adhesive, 
dressing of the wound, bioprinting, and in drug delivery (Sharifi et al. 2021). 
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Fig. 27.5 Fabrication, tunable characteristics, and osteogenic differentiation of gelatin/chitosan/ 
PVA/nHAp (GCPH) composite scaffolds. Reproduced with permission from Ma et al. 2021 

27.8 Conclusion and Future Perspective 

Gelatin has excellent potential to be used in regenerative medicine due to the 
inherent properties of biocompatibility and novel approaches in the biomedical 
field. As an example, cell-laden gelatin-based 3D tissue models could be created
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in the future to support drug development, assessment, and understanding of 
diseases. These 3D physiological models are expected to replace contemporary 
in vivo studies. Quoting an example of gelatin microparticles that have a role in 
clarifying complicated stoma cancer interrelationship, in combination with pancre-
atic cancer cells and fibroblasts (Brancato et al. 2017). In another unique approach, 
the cardiac microtissues of humans have been bioengineered via cardiomyocytes 
derived from human pluripotent stem cells, encapsulated in gelatin hydrogels with 
tunable degradation rates and stiffness (Lee et al. 2017). In accordance with the 
description, Agrawal and colleagues developed a 3D skeletal muscle-on-a-chip 
platform with cell-laden gelatin hydrogel being used as a screening platform for 
drugs and toxicities such as cardiotoxin (Agrawal et al. 2017), which can be used for 
preclinical discovery and development of drugs. Gelatin holds a wide range of 
applications and possibilities in tissue repair and regeneration, targeted drug deliv-
ery, and the development of nanoparticle-based drugs by using 3D biomimetic 
scaffolds. This area is expected to enhance the future translation of gelatin-based 
biomaterials into clinics and treatment based on ongoing research and progression. 
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Biomedical Applications of the Fused 
Filament Fabrication (FFF) Technology 28 

, Carolina Herranz-Diez , Aitor Tejo-Otero , Irene Buj-Corral 
and Jordi Otero 

Abstract 

This chapter deals with the main biomedical applications of the fused filament 
fabrication (FFF) 3D printing technology. It begins with an overview of the main 
groups of 3D printing technologies. After, a detailed explanation of the FFF 
technique is presented, focusing on the main process parameters, the 
characteristics of the 3D printers, and the different materials that can be used, 
both polymeric materials and composite materials. Then, the biomedical 
applications of the FFF technology are addressed, which include 3D scaffolds 
for cell culture, surgical models, and prostheses. Fabrication of complex porous 
structures of the extracellular matrix, surgical guides used to help surgeons during 
medical intervention, and prostheses mimicking bone mechanical properties are 
discussed. The chapter closes with future perspectives of FFF in medicine, paying 
particular attention to the development of new materials, and the main 
conclusions that can be extracted from the use of FFF in biomedical applications. 
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28.1 Introduction 

The industry is nowadays submerged in the fourth industrial revolution, which 
involves a lot of different fields such as nanotechnology, the Internet of Things (IoT), 
and Artificial Intelligence (AI), among others. In this group, 3D printing is also 
included, which was initially called rapid prototyping and nowadays is known as 
additive manufacturing (AM). It is defined as the process of joining materials to 
make objects from a 3D model data, normally layer upon layer (each one has a 
thickness of 0.001–0.1 inch (Wohlers 2016)) through a series of cross-sectional 
slices, as opposed to subtractive manufacturing technologies (ASTM International 
2015) (see Fig. 28.1). ISO/ASTM 52900 Standard (ASTM International 2015) 
classifies all technologies into seven categories: binder jetting (BJ), directed energy 
deposition (DED), material extrusion (MEX) (including fused filament fabrication, 
FFF, and direct ink writing, DIW), material jetting (MJ), powder bed fusion (PBF) 
(includes selective laser sintering, SLS, and selective laser melting, SLM), sheet 
lamination, and vat photopolymerization (VPP) (includes stereolithography, SLA, 
and digital light processing, DLP, as well as volumetric 3D printing, V3DP). 

3D printing is a technological field that began its path many decades ago with 
different patents. During the early 1980s, Hideo Kodama invented two methods 
for manufacturing 3D plastic models with photo-hardening thermoset polymers 
(Kodama 1981), although he did not patent them. Then, in 1984, Jean-Claude 
André, Alain La Mehauté, and Olivier de Witte made the patent FR 2567668

Fig. 28.1 Basic steps involved the 3D printing process 



(Andre et al. 1984), a device whose aim was to produce a model of an industrial part. 
However, it was rejected due to the “lack of marketing perspectives”. It is important 
to remark that, in those times, subtractive technologies were the most common 
approach used in factories; therefore, introducing these newly developed techniques 
was complicated. In 1986, Charles W. Hull, founder of 3D Systems, patented 
stereolithography (SLA), USA Patent 4,575,330 (Hull 1986). Additionally, he also 
made another contribution to the field, which was introducing the STL (“standard 
triangle language”) format. It is a computer-aided design (CAD) computer file 
format that defines the geometry of 3D objects, excluding characteristics such as 
color, textures, or physical properties. The following year, Carl Deckard developed 
the SLS (Deckard 1989), which would not be marketed until 1992. During the late 
1980s, Scott Crump, co-founder of Stratasys, developed the FDM technology 
(Crump 1992), USA Patent 5,121,329. Due to this, this technology did not grow 
steadily as an open-source one. 
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Additive manufacturing technologies offer a lot of benefits over subtractive 
techniques: (1) a wide range of materials (polymers including hydrogels and resins, 
ceramics, or metals), (2) complex architectures can be manufactured, (3) high 
accuracy, (4) less material waste, (5) more cost-effective, and (6) some processes 
are faster. Thanks to 3D printing technology, different types of objects and devices 
can be manufactured: (1) parts of an airplane, (2) daily-life gadgets such as a phone 
case, (3) implants, etc. 

3D printers are easy-to-use “personal” 3D printing machines that can be used in 
either home or work environment, since they are both low-cost and straightforward 
to use. Others, instead, are usually more suitable for use in industry. They are larger 
machines capable of meeting different user requirements. Consequently, although 
more expertise is required to operate them, they offer various possible results and 
effects. As a result of this, AM technologies started to bloom in different fields such 
as aeronautics, industry, or health. The latter mentioned has undergone an important 
transformation since it is currently used in different applications: surgical planning 
prototypes, surgical guides, scaffolds, medical devices, etc. 3D printing allows the 
fabrication of parts of almost any geometrical complexity in relatively low time, with 
reduced cost (if desk machines are employed) and without significant requirements 
in technical expertise. These unique features changed the industry’s manufacturing 
rules, making it possible to develop prototypes in a very short time to test the 
product’s final characteristics before being released to the market, thus reducing 
costs. The fact that 3D printing was able to reproduce very complex geometries was 
a key factor in moving from industry to medical applications. More than 2000 years 
ago, humans tried to replace damaged body parts with substitutes made of gold, 
silver, iron, wood, etc. (Herrerín et al. 2014). Unfortunately, not all the approaches 
were successful, because of a lack of biocompatibility or a lower resemblance with 
the part to be replaced. In the present, different materials have been proven to be 
biocompatible, and many others have been developed for such purposes: metals, 
ceramics, polymers, glasses, and composite materials (Table 28.1).

Fused deposition modeling (FDM) or fused filament fabrication (FFF) is a 
widespread 3D printing technique because it is cheap, it provides smooth operation,



and the raw material needed is easy to handle (Sathies et al. 2020). Despite the sound 
characteristics of FFF to be used in medical applications, the choice of the material is 
a limiting factor: FFF does not allow working with high melting point materials 
(Salem Bala et al. 2016). Besides the limitations of the FFF technique, there is 
another constraint that is intrinsic to biomedical applications: the material to be used 
must be biocompatible. 
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Table 28.1 Main materials used in biomedicine and its field of application (Park and Lakes 2007) 

Material Strong points Weak points Medical application 

Ceramics Highly 
compatible 

Brittle, not resilient, weak 
in tension 

Dental and orthopedic implants 

Metals Strong, 
though, 
ductile 

Potential corrosion, dense 
and difficult to 
manufacture 

Dental and orthopedic implants, 
pacer and suture wire, and bone 
plates and screws 

Polymers Resilience, 
easy 
manufacturing 

Weakness, potential 
degradation over time, 
and deformation overuse 

Hip socket, ear and nose 
prostheses, blood vessel 
substitutes, contact lenses, and 
sutures 

Composites Strong and 
tailor-made 

Difficult to manufacture Bone cement and dental resin

When a device is implanted in the body, the body reacts to neutralize the 
potentially harmful effect it may cause by what is called the foreign body reaction. 
Basically, this reaction is expressed as an inflammation process and fibrous encap-
sulation (Williams et al. 1950; Anderson 2001; Anderson et al. 2008). From the 
injured tissue, cells and plasma release different chemicals that mediate the inflam-
matory process. Neutrophils and monocytes, cells from the immune system, produce 
a provisional cell matrix that activates platelets, inflammatory cells, and endothelial 
cells that restore the damaged tissue. In the case of FFF, the need for a material that 
can be transformed into a filament, heated, and extruded limits the biocompatible 
materials that can be used mainly for polymers and composites (Pugliese et al. 2021; 
Tappa and Jammalamadaka 2018). In this book chapter, the introduction of the FFF 
technology is given, with the different parameters that need to be considered for a 
successful outcome of the 3D printing process. Additionally, different 3D printers 
are described. Next, the possible filaments used for biological purposes are 
described. And, finally, the biomedical applications of the FFF technology are 
highlighted. 

28.2 Fused Filament Fabrication 

28.2.1 Definition 

Fused filament fabrication (FFF), commonly known as fused deposition modeling 
(FDM), is the process of manufacturing 3D objects using a continuous filament, 
usually based on a thermoplastic material (see Fig. 28.2). The process is as follows:



(1) the filament is led to the extruder from the filament spool; (2) the extruder uses 
torque and pinch systems to feed and retract the filament in precise amounts; (3) the 
heater melts the filament to a useable temperature (this depends on the material 
used); (4) the heated filament is forced out of the heated nozzle, and laid down on the 
heated print bed or build plate, following a certain printing pattern; and, finally, 
(5) this process is repeated layer by layer until the process is finished. Once it is 
completed, the 3D object is detached from the print bed, and the required post-
processes are carried out. For example, in case printing supports are used they need 
to be removed from the part. 
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Fig. 28.2 Fused filament fabrication (FFF) scheme 

This technology offers a wide range of possibilities depending on the target 
application. The parameters can be divided into two different groups (Prabhakar 
et al. 2021): (1) material parameters and (2) machine parameters. The latter group is 
classified into geometry-based, process-based, and structural-based (Prabhakar et al. 
2021) (see Fig. 28.3).

On the one hand, the material parameters need to be considered depending on the 
target application. For example, if the desired 3D objects need more elasticity, in this 
way, a material with a more elastic behavior should be chosen. On the other hand, the 
machine parameters are those modified by the user, depending on the requirements. 
Firstly, regarding geometry-based, the nozzle size is the element that extrudes the 
filament to create the 3D objects. There are different ranges, starting from 10 to 
100 μm in diameter. However, the most usual nozzle size is 0.4 mm, because in this 
case the print speed and precision are well-balanced. Additionally, the filament size 
is the thermoplastic feedstock for 3D printing. There are typically two 
diameters: 1.75 and 2.85 mm, depending on the machine used. Secondly, in terms 
of the process, the melting temperature is defined as the extruder exit temperature of 
the molten material. Then, heated beds are essential for 3D printing, with usual 
values ranging between 55 and 70 °C. Print speed is related to the displacement of 
the printing head. And finally, in the structural-based parameters, the layer thickness 
is the vertical resolution of the Z-axis and is one of the important technical features of



a 3D printer. The higher the layer thickness, the faster the printing process, but the 
resolution is lower. Then, infill geometry, commonly known as infill pattern, 
influences printing not only time and speed but also the mechanical properties of 
the 3D printed object. Overall, there are different types of infill patterns: triangular, 
rectangular, hexagonal, or honeycomb and wiggle. Then, the infill density is the pro-
portion of material within a certain infill structure. There may be from parts (0%) to 
solid 3D parts (100%). And last but not least, the raster angle is defined as the angle 
between the nozzle path and the X-axis of the 3D printer board and can directly 
affect not only the shape precision but also the mechanical properties of the parts. 
For example, the raster angle between two consecutive layers can vary by 90°. 
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Fig. 28.3 Parameters for the fused deposition modeling process (Prabhakar et al. 2021)

28.2.2 Desktop FFF 3D Printers 

Most of the 3D printers that use FFF are easy to employ and low-cost. They can be 
operated both at home and in a work environment. Different examples of desktop 
FFF 3D printers are described in terms of several important parameters (see 
Table 28.2). Most of this information was obtained from the websites of the 
manufacturers. Figure 28.4 shows pictures of some of the described machines.

28.2.3 Industrial FFF 3D Printers 

However, FFF 3D printers used in industry are different, since they are larger 
machines and they are also capable of meeting additional user requirements. As



2 2 1 1

described previously, in the present section, different industrial FDM 3d printers 
are introduced (see Table 28.3).
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Table 28.2 Characteristics of different desktop FFF 3D printers 

Parameters Ultimaker S3 
BCN3D SIGMA 
D25 

Creality 3D 
Ender Prusa i3 MK3S+ 

Build volume 
[mm] 

230 × 190 × 200 420 × 300 × 200 220 × 220 × 250 250 × 210 × 210 

Print speed 
[mm/s] 

<24 [mm3 /s] – <180 200 

Minimum 
layer height 
[μm] 

20 50 100 50 

Number of 
extruders 

Filament 
diameter 
[mm] 

2.85 2.85 1.75 1.75 

Nozzle 
diameters 
[mm] 

0.25–0.8 0.4–0.8 0.2–0.4 0.4 

Operating 
temperature 
[°C] 

15–32 15–30 ≈21 20–30 

Extruder 
temperature 
[°C] 

180–280 <300 <280 <300 

Heated bed 
temperature 
[°C] 

20–140 <80 <100 <120 

Multi-material 
option 

Yes Yes No Need a kit 

Price [€] 4500 3500 210 800–1000

Some 3D printer specifications cannot be found easily on either an additive 
manufacturing website or the official website. 

28.2.4 Filaments for the FFF Technology 

First, FFF printers were prepared to 3D print plastic materials. Different materials 
employed are summarized next (3D Natives n.d.; Kechagias et al. 2022): 

Polylactic acid (PLA). PLA is made from renewable raw materials such as 
cornstarch or sugar cane. This material is among the easiest to be printed. However, 
it tends to shrink after printing. The printing temperature is lower than that of ABS, 
between 190 and 230 °C. Its Tg ranges between 50 and 70 °C. PLA is more difficult 
to manipulate due to its high speed of cooling and solidification. It is also important 
to mention that the models can deteriorate when in contact with water. Despite this,



–

–

–

–

–

the material is consistent and simple to use and possesses many colors. It is 
biodegradable under certain conditions. 
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Fig. 28.4 (a) Sigma R19 from BCN3D technologies, (b) Ultimaker S3

Table 28.3 Characteristics of different industrial FFF 3D printers 

Parameters F900 Stratasys Fortus FDM 400 mc Zortrax Endureal 

Build volume [mm] 914 × 609 × 914 406 × 355 × 406 400 × 300 × 300 

Printing speed [mm/s] – <180 

Minimum layer height [μm] 127 127 200 

Number of extruders – 2 

Filament diameter [mm] – 1.75 

Nozzle diameters [mm] – 0.4 

Operating temperature [°C] – 17–30 

Extruder temperature [°C] – <450 <480 

Heated bed temperature [°C] – <350 <100 

Multi-material option Yes Yes Yes 

Price [€] 100,000–250,000 150,000 210

Acrylonitrile butadiene styrene (ABS). ABS is a very commonly used filament. 
Its applications include car bodies, household appliances, cell phone covers, etc. It 
contains a polybutadiene-based elastomer base that makes it flexible and shock 
resistant. Its printing temperature ranges between 230 and 260 °C. Its Tg is around 
105 °C. It requires the printing bed to be heated to minimize deformation. In 
addition, it is recommended to use a closed chamber when printing since ABS 
produces significant emissions when printing. It is not biodegradable.
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Polyethylene terephthalate (PET). PET is the ideal filament for any part 
intended for contact with food. In addition, the material is very rigid and has good 
chemical resistance. The ideal temperatures for printing PET are 75–90 °C. PET is 
marketed with variants such as PETG (polyethylene terephthalate glycol), EPET 
(extrusion grade variant of PET), or OPET (oriented PET). An advantage of using 
PET is that no odors are released during printing and that it is 100% recyclable. 

Nylon or polyamide (PA). PA corresponds to a synthetic polymer with good 
strength and certain flexibility, moderate chemical resistance, and high fatigue 
strength. Its printing temperature ranges between 220 and 270 °C. Because of their 
biocompatibility, polyamides can be used to create parts that come into contact with 
food (except food containing alcohol). Polyamides consist of semicrystalline 
structures and have a good balance in chemical and mechanical characteristics to 
provide good stability, stiffness, and impact strength. Because of their high quality, 
polyamides are used in the manufacture of gears, parts for the aerospace market, 
automation, robotics, medical prosthetics, injection molds, and essentially in 
applications involving press-fit plugs, tools with press-fit inserts, components fitting 
inserts, components subjected to high vibrations, and parts containing threaded 
inserts. 

Polyvinyl alcohol (PVA). PVA is a synthetic polymer that is usually employed to 
print supports because of its water solubility. It is biocompatible. Its printing 
temperature lies between 190 and 220 °C. 

Polyether ether ketone (PEEK). PEEK provides high mechanical strength. It 
requires high printing temperatures between 350 and 400 °C. 

Thermoplastic polyurethane (TPU). TPU is more flexible than other materials 
used in FFF printing. Its printing temperature is between 195 and 230 °C. 

28.3 Composite Filaments 

Composite filaments are composed of one or more materials and have different 
properties than the original materials. Thermoplastic bases can be reinforced with 
either particles or fibers. 

Regarding particles, recently, several metal-filled and ceramic-filled materials 
have been developed. For example, filaments with low metal content are supplied 
by ColorFabb: steelFill, copperFill, and bronzeFill. With a post-processing tech-
nique such as sanding or polishing, the parts achieve a shiny appearance. Although 
the main purpose of these materials is to provide metallic appearance to the parts, 
steelFill has been proven to enhance cell growth (Buj-Corral et al. 2022). In contrast, 
copperFill and bronzeFill did not provide satisfactory results, given their low 
biocompatibility. SteelFill also shows a weak magnetic property. Filaments with 
higher metallic content allow obtaining parts with higher mechanical strength than 
the low content ones, provided that a sintering process is carried out. For example, 
Zetamix by Nanoe provides a filament with high AISI316 content. As for ceramic 
filaments, the same company supplies zirconia and alumina filaments with high 
zirconia and alumina content. After a chemical debonding and a sintering process,



the parts achieve high mechanical strength values, similar to those of the solid parts. 
It is also possible to use a filament with silicon carbide. When fibers are considered, 
for instance, Ultrafuse from BASF is an example of a polypropylene base (PP) with 
glass fiber. It is also possible to add carbon fiber to the polymeric base. 
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28.4 Biomedical Applications of FFF 

As it was stated before, the capability of FFF to reproduce complex shapes, the ease 
of cost, and the choice of materials available, which include biocompatible 
polymers, have made FFF a suitable technique to be used in medical applications. 
Because of all these characteristics, the main areas where FFF is used are as follows:

• The development of 3D scaffolds for 3D culture
• Models
• Prostheses 

28.4.1 Scaffolds for 3D Culture 

FFF 3D printing allows replicating the intricated structure fibers of the extracellular 
matrix. With this technique, a 3D environment for cell culture with more physiolog-
ical features than conventional 2D cell culture is obtained and will help to replicate 
cell behavior to some in vivo conditions, being translated into a better understanding 
of cell and tissue behavior (Duval et al. 2017; Li et al. 2003). 

PLA, ABS, and HIPS (high impact polystyrene) scaffolds made by FFF have 
been successfully used as a tool to characterize cancer stem cell behavior and drug 
testing (Sathies et al. 2020; Polonio-Alcalá et al. 2018; Herreros-Pomares et al. 
2021). As well as the choice of material, when designing 3D-printed scaffolds it is 
important to take into account that the scaffold should be able to diffuse oxygen and 
nutrients to the cells. Pore sizes between 200 to 500 μm are recommended to allow 
bone regeneration and vascularization of the scaffolds (Thavornyutikarn et al. 2014) 
(Fig. 28.5). The minimum pore size that supports oxygen and nutrient diffusion for 
cell survival when cultured on the scaffolds is 100 μm (Rouwkema et al. 2008). 
Thus, special attention should be paid to the scaffold design and the FFF parameters 
to ensure that the resulting biomedical scaffold possesses interconnected networks to 
allow oxygen and nutrient diffusion (Buj-Corral et al. 2018; Velasco et al. 2015).

28.4.2 Surgical Models 

Surgeons have rapidly adopted the use of 3D printing techniques to plan surgeries, 
for operation rehearsal, or for teaching purposes (Malik et al. 2015). This rapid 
adoption of the FFF technique was because it is used in a very similar way it is used 
in industry: to make prototypes. The main difference in how FFF is used in industry



and medicine is that the model to print is made with the help of MRI and CT image 
files. These files can be processed by CAD/CAM technology to reproduce in deep 
detail the structure to be printed, obtaining a model that resembles the original area in 
great detail. 
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Fig. 28.5 (a) Top view of a PCL/TCP composite scaffold printed by FDM. The insert shows a 
cross-sectional view of the scaffold, (b) image of an osteoblast cell attached on the scaffold surface 
evidencing its biocompatibility (Thavornyutikarn et al. 2014). Images distributed under the terms of 
the Creative Commons CC BY license

In dentistry, models made by FFF are used to reproduce surgical guides to help 
the surgeons during the operation (Lüchtenborg et al. 2021; Pieralli et al. 2020). 
Models produced by FFF are used in other areas where the morphology of the body 
part is to be replaced by the characteristics of each patient. One of these cases is 
reverse shoulder arthroplasty, where the size and positioning of the prosthesis 
depend to a large extent of the degree of degradation and the glenoid morphology 
of each patient. With the help of FFF, it is possible to make guides for better 
positioning during operation, providing the best mobility and anchorage of the 
prosthesis (Piles et al. 2019). In complex congenital heart defects, the use of 
3D-printed models of the cardiovascular anatomy of the patient helps to give a 
more accurate diagnosis and approach to the surgery from different perspectives 
before the operation (Valverde et al. 2017). When treating total joint arthroplasty, 
bone tumors, and bone deformities, it has also been proven the usefulness of the 3D 
models to improve the resection area and to match the patient’s anatomy (Wong et al. 
2017). FFF is also a proper 3D printing technique to represent anatomical models, 
which brings the students the opportunity to get in contact with the structures before 
operation (Fig. 28.6) (Lee et al. 2018; Damon et al. 2020).

Another way 3D printing is used in medicine is to make improved models for the 
casting of hip prostheses. Singh et al. (Singh et al. 2018) demonstrated that FFF 
might aid other manufacturing techniques to produce hip implants with better 
chemical and biological characteristics. In this work, they made an ABS mold by 
FFF with two different orientations and three different densities. The mold was 
smoothed with vapor at other exposure times and cycles. Then the mold was used to



cast an SS 316 L hip prosthesis. SS 316 L has mainly been used for fracture plates, 
screws, and hip nails as its corrosive resistance is compromised by high stress and/or 
hypoxia in the body environment (M. 2002; Park and Fung 1980). The use of FFF to 
make the casting mold of the implant increased its corrosion resistance and improved 
cell proliferation on the surface and broadened the SS 316 L area of application. 
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Fig. 28.6 (a) Computed tomography (CT) image of a kidney tumor, (b) the 3D-rendered image of 
the CT image, (c) renal 3D-printed models from different subjects (Lee et al. 2018). Images 
distributed under the terms of the Creative Commons CC BY license

28.4.3 Prostheses 

When fabricating prostheses, it is essential to consider that bone is a living tissue that 
can remodel itself due to loading and stress forces (Wolff 2010; Ruff et al. 2006). 
Although it is still not clear how the process happens (Van Oers et al. 2011, 2014), it 
has been demonstrated that prostheses made from materials with an elastic modulus 
higher than that of bone (Rho et al. 1993) lead to what is called the stress shielding 
effect. The consequence of the stress shielding effect is a reduction of bone density 
around the implant, which leads to implant loosening (Geetha et al. 2009). Tradi-
tional bone prostheses are made mainly from metal alloys (AISI 316 L, Ti6Al4V,



CrCo, TiNi) because they present an elastic modulus closer to that of bone. But they 
are not perfect. Besides the mechanical properties of the materials to be used, 
biocompatibility is also a crucial question. The ions released from metal prostheses 
have been related to skin sensitization (M. 2002), carcinogenicity (Uo et al. 1999), 
Alzheimer, neuropathy, and osteomalacia (Geetha et al. 2009; Swierenga et al. 
1987). 
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There is another critical factor that takes part in the success of the prosthesis 
implantation: osseointegration. Osseointegration is defined as “the formation of a 
direct interface between an implant and bone, without intervening soft tissue” 
(Miller, 2005). If the prosthesis’ material possesses low osseointegration potential, 
the implant is not well integrated with the surrounding bone, which results in the 
loosening of the implant with the consequent revision surgery (Ridzwan et al. 2007). 

All this being said, FFF is a potential fabrication technique for a bone prosthesis 
as it allows the manufacture of bespoke prosthesis, saving time and money (Boland 
et al. 2007), and there are several materials that can overcome the problems derived 
from the use of metal alloys regardless of the material’s specific needs such as low 
melting point, specific fiber size to feed the extrusion nozzle, and the need to 
recalibrate and optimize the feeding parameters for each new material (El-Katatny 
et al. 2010). 

Polyether ether ketone (PEEK) is a polymer with a stiffness comparable to that of 
bone, does not elicit a response from the host, and also fulfils the mechanical 
characteristics needed to be used as an FFF material (Salem Bala et al. 2016). 
Because of its good properties, PEEK has been used in several 3D-printed bone 
prostheses. PEEK has been proven an excellent material to 3D print rib prostheses. 
The rib cage plays an essential role in preserving vital organs and also in respiratory 
function. If a rib cage replacement is made from titanium, the stress distribution on 
the ribs will change, and thus, the stress shielding effect may debilitate the cage, 
putting at risk its organ protective role as well as potentially affecting respiratory 
mechanics. Combining PEEK and FFF technology has improved the performance of 
a rib prosthesis compared with the titanium one. Thanks to the 3D printing tech-
nique, the rib cage shape was studied in detail, and the strain forces were replicated 
in a FFF model. This allowed printing a bespoke section of the rib cage with the 
exact shape of the section to be replaced. Using PEEK as a manufacturing material 
provided a rib replacement with mechanical characteristics similar to the original rib 
cage and good clinical performance (Kang et al. 2018) (Fig. 28.7).

PEEK has been also used to make a condylar prosthesis (Guo et al. 2021) 
(Fig. 28.8). In maxillofacial uses, it is very important to replicate the shape of the 
part to be replaced, as the fit is of paramount importance. With FFF and the aid of 
CAD/CAM, it is possible to design the prosthesis in great detail for a perfect match. 
Additionally, the possibility to use polymers or composites instead of metals is an 
advantage, as they avoid the artifacts produced by metals that affect the quality of the 
MRI or CT images that are conventional tests to assess the implant after the surgery 
(Wang et al. 2019; Do et al. 2018).

Other materials, such as carbon fiber polyamide 12 composites, have been used to 
3D print hip prostheses by FFF (Nyiranzeyimana et al. 2022). The strengths of the



printed prosthesis matched those of the femur’s cortical bone during regular bone 
load and showed good fatigue resistance. Polymers like ultra-high-molecular-weight 
polyethylene (UHMWPE) present good properties but, because of their 
characteristics, they are not able to be used in FFF. To overcome this problem, a 
blend of ultra-high-molecular-weight polyethylene - high density polyethylene -
polyethylene-glycol (UHMWPE-HDPE-PEG) has been developed, improving 
their melting properties and showing good mechanical properties to be used as an 
implant (Ramli et al. 2016).
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Fig. 28.7 Illustration of the different steps needed to 3D print a rib prosthesis, from 3D modeling 
to clinical implantation (Kang et al. 2018). Images distributed under the terms of the Creative 
Commons CC BY license
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Fig. 28.8 On the left the CAD model for condylar prosthesis and its fixation to the lower mandible 
of the patient is shown. On the right, the 3D printing machine as well as the 3D-printed prosthesis 
are shown, demonstrating the low weight it has and, thus, its small size (Guo et al. 2021). Images 
distributed under the terms of the Creative Commons CC BY license

28.5 Future Perspective of FFF in Medicine 

3D printing techniques and FFF have increased their use in treatment since they 
were first used in 1993 (Pugliese et al. 2021). The ranges of materials and 
applications include polymers, ceramics, and different areas of medicine spanning 
from 3D in vitro models to prostheses, but there is still room for improvement. 
Nowadays, there are a bunch of materials that can be used in FFF for biomedical 
purposes, but they present some limitations. To improve the performance of FFF in 
biomedical applications, new materials are being studied for biomedical use. 

Even though PLA has been extensively used to 3D print scaffolds, researchers 
have worked toward foamed PLA-based resins to reduce the problems faced with 
bare PLA (Choi et al. 2020). The developed filaments showed better melting 
stability, rheological properties, and foamability than raw PLA. Also, foamed PLA 
scaffolds gave a better cell proliferation rate than not foamed PLA, demonstrating it 
as a good candidate material to be used when designing biological scaffolds.
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28.6 Conclusions 

The main conclusions of the chapter are as follows: 

– Among the different AM technologies available, FFF provides a relatively cheap 
way to obtain complex shapes and/or porous scaffolds, which are required in 
biological applications. 

– Different 3D printing machines, either desktop or industrial ones, can be selected 
for this purpose. 

– In addition to the wide range of plastic materials employed in the FFF technology, 
new metal-filled and ceramic-filled filaments have emerged, which allow using 
biocompatible materials such as stainless steel, zirconia, alumina, etc. Parts 
obtained with high metal or ceramic content can be subjected to a sintering 
process, which provides high mechanical properties to these parts. 

– The main biological applications of FFF printed parts are the development of 
scaffolds for 3D culture, the manufacture of surgical models, and the fabrication 
of prostheses. FFF 3D printing allows replicating the structural fibers of the 
extracellular matrix with scaffolds that can distribute oxygen and nutrients to 
the cells. On the other hand, surgical models reproduced the complex shapes of 
organs with the purpose of helping surgeons to rehearse before surgical 
operations. Finally, prostheses have been 3D printed with the FFF technique, 
for example, with carbon fiber-reinforced plastic filaments. 

– Future trends include both the research in new metal- and ceramic-filled materials 
and the use of resins mixed with PLA in order to increase its melting stability, 
rheological properties, and foamability. 
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Abstract 

Stem cell-based therapies hold great promise in treating different pathologies. 
Stem cells are able to self-renew and differentiate into multiple cell lineages, and 
this broad plasticity defines the therapeutic potential of stem cells. The risk of 
tissue rejection, inflammatory response, and bioavailability of drugs at the target 
site is still the underlying issue in treating many pathological conditions. The use 
of stem cells and stem cell-based drug delivery systems have overcome these 
issues. Stem cells have homing ability to migrate toward the specific target site. 
They are being engineered to express particular bioactive molecules loaded with 
drugs for targeted drug delivery. They also offer cell-free therapies where stem 
cell secretome can be used for the treatment. It included a broad range of bioactive 
molecules, including growth factors, cytokines, and angiogenic factors. They are 
being recognized as key regulators of physiological processes with their paracrine 
and autocrine roles. The chapter will focus on the properties of stem cells and the 
application of stem cells in regenerative medicine. 

Keywords 

Stem cells · Drug delivery systems · Inflammation · Hematopoietic 

29.1 Introduction 

Stem cells comprise a unique population of cells that are defined by their broad 
plasticity and self-renewal properties. They can indefinitely self-renew, differentiate 
into different types of cell lineages, and form a clonal cell population from a single 
cell. There are various sources of stem cells, and they vary in their potencies. After 
the fertilization of an oocyte, the totipotent zygote divides and gives rise to a 
multicellular organism. After the embryo develops, cells differentiate into specific 
fates to perform a particular function. In a fully grown organism, the specified cells, 
in addition to their particular function, also maintain homeostasis. They replenish the 
cell pool after a disease or an injury. Being tissue-specific stem cells, they are 
oligopotent and terminally differentiate into specific tissue. Their known properties 
of repairing damaged tissue provide a setup for understanding the disease mecha-
nism. Stem cells in modern medicine are of great importance as they provide 
opportunities for both research and development of stem cell-based therapies. 
Stem cell-based therapies have been investigated in many diseases, with positive 
results obtained from preclinical and clinical studies. Among stem cells, mesenchy-
mal stem cells (MSCs) are widely studied and investigated for regenerative medi-
cine. MSCs are derived from different tissue resources and have multidirectional 
differentiation potential. The source of tissue affects the differentiation and prolifer-
ation tendencies of MSCs. They are also preferred over other stem cells as they can 
be cultured for longer times, have larger-scale expansion, and have higher anti-
inflammatory effects. In addition to the already existing properties, MSCs are also 
engineered and modified to carry out a particular function. MSCs are used for gene 
therapies, where they are limited to secreting bioactive compounds at the target site.



MSCs have the ability to home and migrate toward a specific point. This homing results 
from substances released at sites of tissue injury, thus making them a potential 
candidate for targeted drug delivery. MSCs are also loaded with drugs, proteins, and 
therapeutic agents where they act as a vehicle to carry them to specific sites. This in turn 
helps in increasing the bioavailability of the drugs and other bioactive molecules at the 
target sites. Although MSCs are engrafted to the disease sites, engineered to produce 
specific substances, their therapeutic effect also accounts for their secretome. MSCs as 
cell have a genome that is encoded by many bioactive molecules, including proteins, 
enzymes, growth factor, angiogenic factors, apoptotic proteins, cytokines, interleukin, 
etc. These molecules are secreted by the cell into its extracellular space and are known 
as secretome. This secretome is potentially more active in the repair and regeneration 
process as it is responsible for carrying the cell-cell communication, which is responsi-
ble for regulating many biochemical processes. This chapter will discuss stem cells in 
regenerative medicine and how they are used as drug delivery systems. 
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29.2 Stem Cells 

Stem cells are defined as primary undifferentiated cells having the ability to maintain 
themselves through self-renewal and differentiate into different cell types. This 
ability allows them to replenish the cell pool and act as a repair system for the 
body. At the cell division, the first progeny retains the stem properties giving rise to 
new stem cells, and the second progeny may lose the self-renewal property and 
generate mature cells giving rise to a particular tissue and finally yielding an organ or 
a population of functional blood cells. Stem cells are present both in embryos and 
adults. However, with each step of development, there is a decrease in the stem cell 
potency, which means as the cell develops, it may not be able to differentiate into 
many cell types as pluripotent (PSC) one. Pluripotent stem cells are derived from the 
inner cell mass of the blastocyst and are able to give rise to all germ layers except for 
the extraembryonic structures, such as the placenta. Embryonic stem cells (ESC) are 
an example of pluripotent stem cells. Their potency, not being constant, starts from 
the completely pluripotent cells and ends at the less potent ones, including multi-, 
oligo-, and unipotent cells. Multipotent stem cells differentiate into specific cell 
lineages as they have a narrower spectrum of differentiation. Hematopoietic stem 
cell is an example of multipotent stem cells that develop into different types of blood 
cells as shown in Fig. 29.1. On differentiation, the multipotent stem cells are 
restricted to a specific cell lineage, giving rise to the oligopotent stem cells. These 
cells further narrow down in the differentiation. A myeloid stem cell divides into 
white blood cells but not red blood cells and is an example of oligopotent stem cells. 
Further down the tree are the unipotent cells, which can only generate one specific 
cell type. These cells have the narrowest differentiation capability, but they possess 
the special property of repeated division. These properties make unipotent stem cells 
a promising candidate for regenerative medicine. Hepatocytes with long-term 
repopulating ability and the epidermal stem cells of the basal layer which only 
produce keratinized squamous cells are the examples of unipotent stem cells. 
Unipotent stem cells ensure an organism’s long-term survival as they primarily act



in tissue renewal. Stem cells further have been classified into five types on the basis 
of their origin: embryonic, induced pluripotent stem (IPS) cells, perinatal, fetal, and 
adult. Embryonic and IPS cells are pluripotent. The fetal and perinatal cells are 
multipotent, whereas the adult stem cells are generally oligopotent or unipotent. 
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Fig. 29.1 Differentiation of pluripotent stem cell into different cell lineages 

29.3 Stem Cells in Regenerative Medicine 

The progress made in science and medicine has significantly improved healthcare. 
However, there are still many medical conditions that have limited capacity for 
repair. Also, there are patients with diseased organs which can be treated with organ 
transplants, but the patients surpass the organ supply. Regenerative medicine is an 
emerging field in therapeutics and research and holds the promise of repairing the 
damaged tissues and organs of the body. As stated by Daar and Greenwood, 
regenerative medicine aims at repair, replacement, or regeneration of cell tissues 
and organs to restore impaired functions. With the properties like self-renewal and 
differentiation into various cell lineages, stem cells represent an important building 
block of regenerative medicine. The regenerative potential of stem cells can be used 
to replace lost or defective tissue. Thus, with broad therapeutic potential, stem cells 
can be employed to treat many pathological conditions. 

29.3.1 Strategies for Regenerative Medicine 

The stem cell field is opening new avenues for therapeutics, for example, cellular 
reprogramming and therapeutic cloning paving the way for tissue engineering.



Tissue engineering exploits the aspects of living cells, biomedical engineering, and 
material science in ways that can restore damaged tissues and organs. The technique 
utilizes the implantation of the functional cells into the damaged tissue or organ to 
facilitate the regeneration process or functional cells, along with biocompatible 
materials that can also be used, which can guide their differentiation and assembly 
into a functional tissue. Thus, regenerative medicine strategies fall into three categories: 
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1. Cell-based therapy 
2. Use of biomaterials 
3. Biomaterials seeded with cells 

In this chapter, we will be discussing cell-based therapy. In one of the cell-based 
therapies, cells for tissue engineering are obtained and further cultured in vitro. The 
cell source can be allogenic (from the donor) or autologous (from the host). The 
autologous source is preferred as it doesn’t elicit the immune response, and the use of 
immunosuppressant drugs is also avoided. In another cell-based therapy, a cell-
based targeted drug delivery system (TDDS) has developed as a promising strategy. 
In targeted delivery system, low immunogenicity, longtime circulation, low intrinsic 
mutation, innate targeting capability, and low toxicity and tumorigenicity can be 
achieved. Various body cell types, including red blood cells, neutrophils, B 
lymphocytes, leukocytes, tumor cells, bacteria, viruses, etc., are found to be effective 
carriers as can be seen in Fig. 29.2. However, there are also some clinical limitations 
associated with using their cell types; some cannot be obtained in enough quantities, 
have issues with the modifications, and cannot be proliferated in vitro. 

On the other hand, adult stem cells, mesenchymal stem cells (MSCs), can be used 
as the carriers as they are easy to isolate and can be increased in vitro. Also, they are 
free from both ethical concerns and teratoma formation. 

29.4 Mesenchymal Stem Cells and Drug Delivery 

The regenerative potential of stem cells can be attributed to three properties: 
migration toward the affected site via chemical gradients, differentiation into the 
particular cell type to function or replace the damaged tissue, and release of the 
bioactive substances with the potential for affecting both local and systemic physio-
logical processes. Out of different type of stem cells, Mesenchymal stem cells 
comprise a unique cell population and are well studied and understood. MSCs are 
multipotent cells that possess the differentiation potential for lineages of mesenchy-
mal tissues, self-renew, and form clonal cell populations. The regenerative potential 
of MSCs with drug loading and genetic modifications has found its application in 
drug delivery and antitumor therapy. Earlier studies primarily focused on how to 
exploit the plasticity of the stem cells and use them locally to engraft and differenti-
ate into particular tissue types to restore the local injury. In recent years, bioactive 
substances produced by stem cells have also gained attention for their role in 
numerous physiological processes.
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Fig. 29.2 Regenerative medicine strategies to restore damaged tissues or organs 

The diverse assortment of bioactive molecules, such as cytokines, growth factors, 
apoptotic factors, angiogenic factors, chemokines, etc., known as secretomes have 
several advantages over the traditional use of stem cells in regenerative medicine. 
Not only do the stem cell transplant and drugs carried by the stem cells initiate the 
regeneration process, but the stem cell secretome with its paracrine/autocrine roles 
also mediates regenerative effects and has been well observed after the therapeutic 
stem cell administration. Earlier, the main benefit of stem cell therapy was restricted 
to the stem cell’s ability to restore the function of locally damaged tissue, but now 
with the stem cells being drug delivery systems exploiting the stem cell secretome, 
genetically modifying stem cells and using them as the carriers for targeted drug 
delivery have expanded the stem cell-based therapies. Hence, stem cells can be used 
now in diverse ways to cure many pathological conditions. 

29.4.1 Mesenchymal Cells as Gene Carriers 

MSCs have participated in many therapeutic treatments. MSC-based gene therapy 
has become a plausible strategy alternative to viral and nonviral gene therapies. In 
many studies, MSCs’ homing has been demonstrated. MSCs have been seen to 
selectively home the site of injury, inflammation, and tumor. Karp et al. has



described MSCs’ homing as the arrest of MSCs within the vasculature of a tissue 
followed by transmigration across the endothelium. Furthermore, MSCs have been 
observed to migrate to lymphoid organs, the lungs, bone marrow, and tumor sites. 
During the wound-healing process, many bioactive substances, including cytokines, 
hormones, and growth factors, regulate the requisition of MSCs at the wound site. 
Similarly, at the inflammation sites, extracellular matrix, cytokines, chemokines, etc. 
play an important role in the homing and recruitment of MSCs to the repair sites. In 
the case of cancer treatment, the cancer microenvironment can act as inflammation or 
the injury site and can be used to direct the MSC migration toward it. Genetically 
modified MSCs producing bioactive substances can be used for a particular patho-
logical treatment. Inducible nitric oxide gene therapy has been identified as an 
antitumor strategy. In induced nitric oxide gene therapy, the nitric oxide synthase 
gene has been used, which generates high levels of nitric oxide, leading to cell 
apoptosis. The nitric oxide gene therapy has also shown increased vascular dilation, 
increasing the blood flow, which can be used to sensitize the area for other 
treatments, including radiotherapy and chemotherapy. 
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Fig. 29.3 Stem cells as gene delivery system 

For transferring genes into MSCs, various methods, including viral vectors, 
nonviral vectors, and transfection systems, are being used (Fig. 29.3). However, 
viral systems often cause toxicity, immunogenicity, and even carcinogenicity. 
Therefore, nonviral methods draw attention to be used as gene transfer systems 
with no detrimental effects and no limitation on the plasmid size. Nonviral vectors, 
including DNA/polymer complexes, liposomes, and magnetic gene complexes, have



been used to deliver genes into the MSCs. In a study carried out by Hong-HuiWu 
et al., bone marrow stem cells (BMSCs) were transfected to a suicide gene cytomeg-
alovirus thymidine kinase (CMV-TK) using the spermine pullulan transfection 
method. After the transfection, the TK-BMCs activated the ganciclovir (GCV) to 
its toxic form (GCVTP) and suicide. The study was conducted on mice pulmonary 
melanoma models with the coadministration of liposomal formulation of CGV and 
suicide gene-expressing cells. An increase in survival rate and better penetration of 
BMCs were seen in these models. In other studies with genetic modifications of 
MSCs, a number of genes were transfected, and the cells were used for the delivery 
of therapeutic proteins, including TRAIL (TNF-related apoptosis-inducing ligand), 
IL-12, IFN-α and β, and FL-TRAIL. In TRAIL-modified MSCs, high tumor tropism 
and other therapeutic effects were seen. Also sodium iodide symporter (NIS), 
epidermal growth factor receptor (EGFR), and transforming growth factor (TGF)-β 
were transfected in MSCs and administered to the tumor site where these cells 
secreted the cytokines, prodrug converting enzymes, growth factor antagonists, 
and proapoptotic protein and acted as antitumor therapy. 
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29.4.2 Stem Cells as Drug Carriers 

The homing ability of MSCs to migrate to the site of injury, allergy, and other 
microenvironments has led to them being rendered for use as targeted delivery 
vehicles. There are still many diseases where the potential drugs are not fully able 
to treat the condition because of their short half-life and their limited delivery to the 
target site. Also, in the case of cancer, drugs have detrimental effects on the vital 
organs and tissues of the body. MSCs exhibit potent pathotropic migratory 
properties with high specificity rendering them attractive for targeted drug delivery. 
MSCs can not only be used to deliver drugs at specific site but can also be engineered 
to continuously release the drugs with short half-lives. Furthermore, their easy 
availability and expansion procedures produce requisite cells for the treatment, 
making them a convincing approach for drug and gene delivery. 

The pathotropic potential of MSCs is not fully understood. However, extensive 
studies have shown that the release of cytokines from the affected site regulates MSC 
migration. In many cancer studies, MSCs have been used to deliver anti-angiogenic 
drugs, interferons, and interleukins to the tumor site. In many studies, interleukins 
have been used as payloads in MSCs acting as tumor-suppressing agents. They are 
seen to exert their effects either directly working as tumoricidal or positively 
stimulating the immune response, activating cytotoxic lymphocytes and natural 
killer cells. MSCs with interleukin (IL)-12, interferon (IFN)-γ, and interleukin 
(IL)-2 have been used in tumor studies. MSCs with IL-12 have shown antitumor 
effect where they prevented metastasis and also increased tumor apoptosis. Simi-
larly, umbilical cord MSCs with IL-18 have demonstrated a strong tumoricidal effect 
by inhibiting proliferation and metastasis in mice with breast cancer. Also, many 
interferons which can suppress tumor growth have been studied in which Interferon 
β (IFN-β) loaded MSCs have shown tumor suppressive effects and have also induced



apoptosis. There are also many prodrugs and prodrug activators that have been 
studied for cancer therapies. A prodrug is an inactive form of the drug which after 
the administration is metabolized and converted to an active drug. Using prodrugs, in 
MSCs, increases their bioavailability at the target sites and also reduces their adverse 
effects as can be seen with the chemotherapeutic drugs. Also, prodrug activators 
which convert a nontoxic prodrug into toxic metabolites have been used to kill tumor 
cells. Cytosine deaminase (CD) is a chemotherapeutic agent and is used in MSC 
drug delivery. It is rapidly released in the tumor microenvironment and converts a 
nontoxic prodrug 5-fluorocytosine to active form 5-fluorouracil, selectively killing 
dividing cells. 
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Besides drugs and proteins, microRNAs have also gained an interest in disease 
treatment. MicroRNAs are known for the posttranscriptional regulation of gene 
expression and can be used as therapeutic agents to cure diseases. MSCs can be 
engineered to express a variety of microRNAs and deliver them to the specific 
pathological site. MSCs have also been loaded with oncolytic viruses and have 
been reported as an effective antitumor therapy. Natural or engineered oncolytic 
viruses upon infection, selectively replicate in the neoplastic tissues and kill them. 
The systemic administration of oncolytic viruses can illicit immune response and, 
therefore, can be cleared by the immune system and hence cannot reach the target 
site. Cell-based delivery of these oncolytic viruses can shield them from the immune 
attack and direct them toward the target site. 

In contrast to MSCs loaded with drugs, their therapeutic effects can also be 
achieved via paracrine effects. MSCs are known to secrete extracellular vesicles, 
including microvesicles and exosomes as mentioned in Fig. 29.4. The exosomes are 
also found to be potentially a good candidate for therapeutic use. MSC-derived 
exosomes are found to regulate cell-cell communication, immune response, and 
tissue regeneration. Their administration in many animal models have revealed their 
beneficial effects and may represent a new therapeutic tool in the future. Exosomes 
were once known to be protein trash bags, but now studies have shown them as an 
important regulator of cell-cell communication that therefore can affect the neigh-
boring cell environment or a distant target. Exosomes originate from the inward 
budding of the cell membrane and can be taken up by the adjacent cells or carried to 
a distant tissue or organ. MSC-derived exosomes are reported to carry a cargo of 
many proteins and RNAs, which elicit many biochemical processes and interactions 
with other cell types. During tissue injury in any disease, the homeostasis of the 
tissue environment gets disrupted and affects tissue functioning. The exosomes 
derived from the MSCs act as stromal cell support, which in turn helps maintain 
homeostasis with the tissue microenvironment. The proteins and enzymes present in 
these vesicles are activated by the change in the environment (change in pH or 
substrate concentration) of the tissue and make them well equipped for this role. 
These exosomes are also good for carrying RNAs and proteins to a distant target as 
they protect them from degradation and help in their cellular uptake.
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Fig. 29.4 Stem cells as drug carriers for targeted drug delivery 

29.4.3 Application of Stem Cell Secretome for Regeneration 

Apart from the roles of where stem cells are engineered or modified for repair and 
regeneration, stem cells in themselves produce certain bioactive molecules, which 
are found in the regulation of numerous physiological processes. Earlier stem cell 
studies were concerned in exploiting stem cell plasticity for its therapeutic use to 
locally engraft and differentiate into multiple cell types. However, the bioactive 
molecules secreted by stem cell have also gained attention as they are found to 
mediate angiogenesis, tissue scarring, and apoptosis at the sites of tissue injury. This 
milieu of bioactive molecules secreted by the stem cells is known as secretome and 
has become a subject of growing interest. Along with the known paracrine/autocrine 
effects of stem cells, stem cell secretome has found a potential for therapeutic use. 
The secretome of stem cell is thought to be encoded by 10% of the cell genome. 
These genes encode a milieu of proteins, including hormones, angiogenic factors, 
growth factors, serum proteins, extracellular matrix proteins, etc. This secretome is 
essential for replication, cell-cell communication, apoptosis, differentiation,



angiogenesis, and adhesion. The stem cells secrete these molecules through both 
classical and nonclassical mechanisms. Biomolecules that are secreted through 
classical route are taken care by the endomembrane system, where they undergo 
proper folding, peptide signal cleavage, and carbohydrate addition. Following these 
posttranslational modifications, they are then secreted via exocytosis. However, the 
ones which are processed through a nonclassical pathway do not require an 
endomembrane system and are secreted via membrane translocation, or protein-
coated vesicles are used. The use of stem cell secretome in regenerative medicine 
significantly reduces the time associated with the expansion of cells and can also 
prevent the transmission of infection related to cell therapies. 
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As stem cells differentiate and regenerate the damaged tissue, studies have shown 
that stem cell therapy alone cannot carry out the repair process; the cell secretome 
has a part to play. Also, studies have shown that cell secretome is adequate to 
account for beneficial effects and promote tissue recovery. In a study carried out in 
mice with myocardial infraction, stem cells were injected into the heart ventricle of 
mice. After a few administrations, it was found that the repaired tissue had very low 
number of stem cells but the therapeutic effects can still be seen. The authors 
suggested the role of the secretome in the therapeutic process. 

As the therapeutic potential of stem cell secretome has been implicated in many 
studies, the secretome is found to play important roles in many physiological 
processes, including angiogenesis, immune modulation, anti-apoptosis, and tissue 
repair and healing. During the innate response of the body toward the infection or the 
injury, severe immune inflammation is also reported sometimes. MSCs found to 
possess immunomodulatory effects can be used to eliminate the severe inflammatory 
effects. MSCs also lack co-stimulatory cell surface markers which are responsible 
for eliciting the inflammatory response. As they lack co-stimulatory markers, MSCs 
play an important role in immune suppression and can be used to prevent the 
rejection of tissue or organ grafts. It is also seen in a study where patients with 
myocardial infraction were treated with the MSCs, and it was found that those 
patients had a better recovery rate than those who received a normal placebo. 
Also, no signs of rejection were observed. 

MSCs also play a role in angiogenesis, and a number of pro-angiogenic 
stimulators and inhibitors are reported in MSC secretome. The normal angiogenesis 
is carried out by a number of biomolecules including growth factors, matrix proteins, 
enzymes, etc. MSCs are found to include fibroblast growth factors, interleukin-16, 
vascular endothelial growth factor, etc., and their secretion can also be modified by 
changing the media condition. In contrast to the apoptotic role of MSCs in tumor 
therapy, MSCs also prevent cell death in the injured tissues and organs. To avoid cell 
death, MSCs secrete the proteins which are known to have anti-apoptotic effects and 
also decrease the expression of apoptotic proteins. A study on cardiac injury also 
showed that the tissue treated with MSCs had decreased apoptotic proteins (caspase 
3 and BAX) and increased pro-angiogenic factors, including fibroblast growth 
factors and vascular endothelial growth factors.
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29.5 Conclusion 

Since the discovery of stem cells, they have been studied and potentially used for 
many clinical disorders. The ability of stem cells to self-renew and differentiate into 
different lineages, specific migration toward the injury or disease, and 
non-immunogenic nature have made them an attractive candidate for cell-based 
therapies. They act as a tool for understanding organogenesis and regeneration. 
Stem cell-based therapies have brought new hope for the treatment of many life-
threatening diseases. Among stem cells, MSCs have been extensively studied and 
used in preclinical and clinical studies, but many mechanisms still need to 
be clarified. Also, the long-term toxicological effects of these therapies need to be 
defined, and new methods for the efficient delivery of stem cells also need to be 
worked. Clearing the underlying issues could help to develop proper strategies 
leading to novel therapeutic opportunities. 
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immense contribution to the stimulation of antigen-specific responses and the 
development of immunotherapeutics. One such disorder, e.g., autoimmune dis-
ease, needs to be controlled at molecular and cellular levels. Biomaterials have 
also been considered as means of delivering autoantigens or drugs for treating 
autoimmune disorders in a sustained and specific-release manner. However, their 
use has certain drawbacks, like the development of chronic inflammation, com-
patibility issues, etc. Despite these concerns, using biomaterials to engineer the 
immune system for various applications in the autoimmunity field is primarily 
considered beneficial. This chapter discusses how biomaterials have been planned 
for drug delivery and disease detection of autoimmune diseases. Biomaterials 
have also been engineered to treat autoimmune diseases, such as rheumatoid 
arthritis, multiple sclerosis, and type 1 diabetes, which are also discussed.
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30.1 Introduction 

30.1.1 Immune Tolerance 

To safeguard a host from materials referred to as pathogens, the immune system of 
mammals, which happens to be composed of a highly synchronized network of cells 
and organs, comes into play (Banchereau et al. 2000; Lewis et al. 2014). The 
immune system comprises two subtypes: innate immunity and adaptive immunity. 
Innate immunity involves instantaneous and nonspecific responses by conferring 
physical barriers to pathogens, stimulating complement system activation, 
prompting cytokine production causing local inflammation, and uptake of pathogens 
by antigen-presenting cells (APCs) like macrophages, neutrophils, and dendritic 
cells (DCs). Adaptive immunity is related to T-cell and B-cell activation, antibody 
production, and immunological memory and is very specific to the antigenic epitope. 
Adaptive immunity also bears the ability to bring about an immune response against 
self-antigens, which in turn may lead to a loss of immune tolerance. 

Immune tolerance may be explained as an incompetent approach of a cell to elicit 
an inflammatory response against a self-antigen. This inability is crucial for 
safeguarding immune homeostasis and is achievable by two means: central tolerance 
and peripheral tolerance. Central tolerance occurs when adaptive cells develop from 
stem cells, and peripheral tolerance refers to the recurrence of immune regulation 
throughout the host (von Boehmer 1990). Central tolerance refers to the recognition 
of self-antigens, with the aid of T-cells and B-cells, through their membrane-bound 
receptors (Nossal 1994). This recognition in T-cells has been found to occur in the 
thymus, and the recognition in B-cells has been found to take place in the bone 
marrow. Also, peripheral tolerance encompasses induction of anergy, ignorance, 
receptor editing outside the primary lymphoid organs, and apoptosis. The regions



not occupied by antigen receptors are continuously expressed by an anergic cell. 
However, they remain unresponsive against antigen stimulation (Andrews and 
Wilson 2010; Yarkoni et al. 2010). The process in which a cell undergoes 
programmed death is often stimulated by Fas/Fas ligand interactions commonly 
found between T-cells and thymic epithelial cells (Castro et al. 1996). A cell 
becomes ignorant when adaptive lymphocytes do not get exposed to their respective 
cognate antigen because of being an immunologically privileged site (e.g., testis). 
Ignorant B-cells may also undergo apoptosis when they become self-reactive to 
sequestered antigens in tissues, which are never stimulated because of inaccessibil-
ity. But, they can be autoimmune if antigen gets released from an immunologically 
privileged site (Forrester et al. 2008). So, central tolerance and peripheral tolerance 
are vital for the identification, differentiation, and targeting of self- and non-self-
antigens for the immune system. 
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30.1.2 A Collapse in Immune Tolerance: Autoimmune Disease 

Whenever a breakdown occurs, intolerance, it gives birth to autoimmunity. Termi-
nologically, “autoimmune disease” refers to the condition where the immune system 
causes impairment of its/host’s tissues by responding destructively (Agusti et al. 
2003). In these circumstances, the self-reactive lymphocytes resort to an inflamma-
tory response against self-antigens and hence refrain from mechanisms that cause 
activation of central tolerance and peripheral tolerance. Self-antigens act explicitly 
on organs or can be ubiquitous in the body. They are recognized by autoreactive 
lymphocytes and may vary in nature. The damage inflicted by autoimmune disorders 
ranges from causing damage to tissues to abnormal growth and unstable organ 
functioning. Moreover, self-antigens get released in case the tissue gets damaged. 
These self-antigens are released into the periphery leading to aggravation of the 
disease. This mainly happens when the antigen is concealed in an immunologically 
privileged site, e.g., the eye (Forrester et al. 2008). 

30.2 Biomaterial-Based Immunotherapy 

The foreign body response (FBR) elicited by the host immune system essentially 
degrades the versatility of the materials or devices (e.g., insulin pump) that get 
implanted in the host. However, biomaterials can manipulate such immune 
reactions. Biomaterials have been known to be capable of being engineered to 
exploit the immune system for therapeutic and diagnostic applications. Some of 
the properties of biomaterials that have been brought under control to generate 
immune responses include biomaterial surface chemistry, surface topography, 
microscale architecture, and other physiochemical properties (Fig. 30.1). The main 
aim of researchers remains to focus on the strategies that can be employed to 
diminish self-generated immunity with primary stress upon particulate engineering, 
tolerogenic drug delivery, and lymph node conditioning.
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Fig. 30.1 Summary of the desired scaffold properties when designing biocompatible scaffolds. 
Created with Biorender 

30.2.1 Adjuvant-Induced Autoimmune Syndrome 

The concept of the adjuvant-induced autoimmune syndrome (ASIA) was first 
recognized in 2011, although patients having diverse symptoms after treatment 
with silicone or paraffin fillers were reported by Miyoshi in 1964 (Alijotas-Reig 
2015). According to the ASIA concept, chronic systemic inflammation and autoim-
mune disorders can develop by repeated exposure to biomaterials, especially to the 
materials used in plastic surgeries, such as silicone implants used for breast augmen-
tation (Hajdu et al. 2011). Silicone is a polymer of dimethylsiloxane that has been 
extensively explored in biomedical applications due to its variable viscosity, which 
depends on the length of the polymer used. Silicone mainly gained popularity in 
breast implants despite its wide usage in implantable products like 
ventriculoperitoneal and heart valves (Hajdu et al. 2011). Today breast, buttock, 
and face augmentation by the use of liquid silicone is the most commonly adopted 
plastic surgery method in the United States and other countries. However, capsular 
fibrosis and contracture, scleroderma, local adverse reactions, and other autoimmune 
disorders are associated with silicone implants despite their acceptable biocompati-
bility nature (Hajdu et al. 2011; Gabriel et al. 1994; Sanchez-Guerrero et al. 1995; 
França et al. 2013). Association of silicone with autoimmune disorders was first 
reported in 1984, when a spectrum of autoimmune diseases like rheumatoid arthritis,



systemic lupus erythematosus (SLE), polymyositis, and sclerosis were reported in 
24 patients who had received silicone injections (Kumagai et al. 1984). In another 
study, one out of three silicone-implanted patients developed RA symptoms, the 
second patient developed symptoms like SLE, and the third acquired connective 
tissue abnormality (Van Nunen et al. 1982). During the last few years, many cases of 
connective tissue disorders have been documented with silicone implants (Spiera 
et al. 1994; Hölmich et al. 2007; Nesher et al. 2015; Singh et al. 2016). Besides 
silicone, other biomaterials like alum and hyaluronic acid may also be responsible 
for ASIA (Alijotas-Reig 2015; Alijotas-Reig et al. 2012). Causative factors and 
symptoms identified for ASIA syndrome include repeated biomaterial injection, 
development of local chronic inflammation, and systemic symptoms such as joint 
pain, fever, fatigue, and vasculitis. Risk factors for developing ASIA include a 
family history of autoimmunity, an autoimmune reaction against implants, and an 
allergic reaction against the injected materials (Goren et al. 2015). Very recently, a 
case of the adjuvant-induced autoimmune syndrome was reported when 
dextranomer/hyaluronic acid copolymer (Deflux) was used for the injection to 
treat vesicoureteral reflux (VUR). Deflux injections cure about 85% of primary 
VUR abnormalities in females; however, 0.6–0.7% of patients are refractory to the 
treatment. Suda et al., from Japan, reported occurrence of autoimmune disease in a 
female patient having ureteral obstruction, who has received repeated injections of 
Deflux (Suda et al. 2016). Besides the polymeric biomaterials, ASIA has also been 
reported with metallic implants. The most common types of metals reported for 
induction of autoimmunity are nickel and titanium. In a case study, a 23-year-old 
female had nickel-titanium chain implant for cosmetic purpose. After 1 year postim-
plantation, she developed autoimmune symptoms like thrombocytopenia, anemia, 
and neutropenia (Loyo et al. 2013). 
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30.2.2 Biomaterials for Drug Delivery and Disease Detection 
in Autoimmune Diseases 

Biomaterials meant for medical use are often met with the objection of being able to 
acquire the requisite functionality, while exhibiting biocompatibility and minimal 
off-target effects. With the aid of material designing, the responses outside the 
desired target can be limited. Stimuli-responsive materials provide an opportunity 
to specifically target receptors, cells, or organs. Physiological changes like changes 
in local pH or temperature, exposure to the magnetic field or a light source, and 
biomolecular interactions such as enzymatic degradation can be used to bring about 
relevant stimuli for biomedical devices (Fig. 30.2). A wide range of natural as well as 
synthetic materials have been investigated, which include polymers and hydrogels, 
metal nanoparticles and quantum dots (QD), and biomolecules like antibodies and 
enzymes, to ensure the maintenance of biocompatibility for in vivo devices or the 
high selectivity critical for external diagnostics.
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Fig. 30.2 Schematic of intelligent biomaterial response to external stimuli such that the biomate-
rial loaded with cells or drugs to be delivered is exposed to external stimuli changes in (a) 
temperature, (b) pH, (c) magnetic fields, (d) enzymatic activity, and (e) light that triggers 
(I) swelling and/or (II) degradation of the biomaterial 

30.2.3 Polymers 

Polymers are the most frequently used materials meant for biomedical applications. 
Polymers owe their extensive usage to their characteristics like high turnability, 
making them more flexible in modifying their properties to be potent enough to meet 
the requirements of strength, biocompatibility, or degradation, which happen to be 
requirements for their application. The most frequently studied polymers are poly-
meric hydrogels, known for advancement in drug delivery and tissue engineering. 
Polymeric hydrogels are generally developed either by polymerization of desirable 
functional monomers to synthesize highly tunable synthetic polymer systems or



through cross-linking of naturally derived polymers which are potentially biocom-
patible and easily degradable (Clegg et al. 2017). In order to safeguard and support 
encapsulated cells, using hydrogels as an artificial extracellular matrix can be put 
into practice (Truong et al. 2015; Chan and Neufeld 2010). Also, for the protection 
of bioactive agents meant for drug delivery applications, nano- and micro-gel 
systems can be exploited (Xiong et al. 2011). Since these systems offer a variable 
range of responsive behaviors through the use of responsive monomers, these 
systems have been extensively studied. The most often used systems are 
pH-responsive systems comprising of monomers such as methacrylic acid (MAA) 
or diethylaminoethyl methacrylate, which, when prepared as a cross-linked hydrogel 
network, manifests pH-dependent swelling behavior. 
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The polymers, when in a charged state, face electrostatic repulsion from each 
other, which leads to the expansion of hydrogel. The expansion can be reversed by 
removing the charge on the interacting groups, which can be achieved by changing 
the pH conditions. This behavior can be altered by incorporating co-monomers 
containing hydrophobic groups, which are able to modify pKa of the ionizable 
groups (Liechty et al. 2013), or by changing the ionic strength of the solution, 
which in turn can change the strength of electrostatic interactions (Convertine 
et al. 2009; Sonawane et al. 2003). Thermo-responsive behavior can be exploited 
through temperature-dependent solubility of polymers such as poly 
(N-vinylcaprolactam) and poly(N-isopropylacrylamide) (PNIPAAm), which experi-
ence a hydrophilic-to-hydrophobic transition near body temperature that can be 
adjusted to lower or higher values by making use of co-monomers (Zhang et al. 
2015). Such systems have been used for drug delivery applications, for increased 
temperature areas such as in tumors, etc. The backbone of pure synthetic polymers is 
usually comprised of polyvinyl, polyacrylate, or polyacrylamide and is essentially 
nondegradable under biological conditions. In order to incorporate the desired 
degradation properties to the hydrogel, cross-linking agents containing disulfide 
bonds or degradable polymers such as poly(lactic-co-glycolic acid) (PLGA) are 
often used (Tang et al. 2009; Lv et al. 2014). 

The polymers derived from natural sources such as alginates, chitosan, and 
collagen have also been studied by researchers for their application in systems 
where biodegradability and nontoxicity are of utmost importance. Since they tend 
to be highly biocompatible and biodegradable simultaneously, they are used in tissue 
engineering applications (Sionkowska 2011). But manipulating their physical 
properties is not easily achieved as they are synthesized using natural biomaterials. 
Elasticity, strength, and degradation rate are some essential characteristics to be 
considered while designing a scaffold. Despite the disadvantages of natural 
biomaterials having unfavorable properties when used alone (Nicodemus and Bryant 
2008), natural polymers have been considerably used for cell encapsulation (Chou 
and Nicoll 2009; Utech et al. 2015) and drug delivery. In order to overcome this 
deficiency and better control polymer properties, natural biomaterials are being used 
in conjunction with synthetic materials as polymers to exploit the properties of both 
materials. Natural biomaterials provide biocompatibility and synthetic polymers 
provide tunability (Patenaude and Hoare 2012).
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30.2.4 Inorganic Materials 

The issues like toxicity and bioaccumulation have always been a matter of concern, 
and in order to combat this, the focus has been laid on responsive inorganic 
biomaterials, mainly for disease detection and biomarker quantification applications. 
More recently, theranostic and drug delivery systems have also been used. The most 
commonly used inorganic materials for biomedical applications include gold 
nanomaterials and semiconductor quantum dots, mostly known for their unique 
optical properties as well as iron oxide nanoparticles (IONPs), which are used for 
magnetic interactions. These materials can easily be conjugated to bioactive 
molecules in order to be potent stimuli-responsive drug carriers for precision medi-
cine as well as for sensing and targeting strategies. 

Gold nanoparticles (GNPs) offer various advantages due to many of their flexible 
properties, such as optical properties, biocompatibility, and localization, which can 
be modified by changing particle shape and surface coating. Gold nanospheres and 
nanorods are the most common structures used for biomedical applications, owing 
their predominant use to their well-characterized synthesis. Some other structures 
like nano-shells, nano-stars, and nano-pyramids have also been studied. Gold 
nanoparticles are predominantly used because of their localized surface plasmon 
resonance (LSPR), which is caused by the collective oscillation of the electrons 
when exposed to light at a wavelength greater than the particle size. This leads to the 
absorption of light at plasmon resonance wavelength, characteristic of the size and 
shape of nanomaterials, and can be modified by altering the local refractive index, 
like mass changes on the surface of nanoparticles (Su et al. 2003; Shodeinde et al. 
2020). Other metal nanoparticles and alloys, like silver and copper, offer similar 
effects as that of gold nanoparticles; they have been found to be of good use in LSPR 
(Sekhon and Verma 2011; Bansal et al. 2014). The optical properties of gold 
nanoparticles have made them potent for photothermal therapy within infrared 
wavelength windows and have been used for targeted destruction of tumors (Van 
de Broek et al. 2011; Dickerson et al. 2008; Owens III et al. 2007). Gold 
nanoparticles have also been used for sensitive biomarker detection and conjugating 
particular probes to their surface by altering LSPR wavelength upon direct antigen 
binding or upon subsequent aggregation (Zeng et al. 2011; Petryayeva and Krull 
2011). Gold nanoparticles have also been found to be potent to be used for 
performing immunoassays (Kim et al. 2009; Cao et al. 2011) and used as drug 
carriers and are still believed to be a leading technology for medical devices in the 
future (Lasagna-Reeves et al. 2010; Chen et al. 2009; Alkilany and Murphy 2010; 
Alkilany et al. 2012). 

30.2.5 Bioactive Molecules 

Mostly stimuli-responsive materials are made synthetically; natural biomolecules 
have been found to be a basis for targeted drug delivery and biomarker recognition. 
These materials have been used to attain selective recognition or activation of



biological pathways, subject to the particular interaction and functions of antibodies, 
peptides, enzymes, or small molecules (Venkatesh et al. 2005; Peppas and Kim 
2006). It is difficult for artificial systems to achieve targeted interaction within the 
biological milieu. So, in order to accomplish this, biomolecule conjugates are 
dependent on the exploitation of the natural function of the extracted or genetically 
modified biomolecules. 
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In order to achieve selective and high-affinity binding, proteins are most com-
monly explored. The proteins are specific to bind to their specific antigen or 
substrate. The proteins owe their specificity to the combinatorial contribution of 
shape, charge, and degree of hydrophilicity of the binding site, in addition to changes 
in the conformation of proteins, enzymes, and antibodies. The high affinity of 
antibodies and enzymes to their specific targets has paved the way for them to be 
used for applications in biomedical engineering (Hu et al. 2014). To avoid the 
occurrence of false positives, biosensors demand for high selectivity for the marker 
of interest. This requirement of the biosensors is met by antibodies or enzymes 
which are frequently used as recognition elements to minimize nonspecific binding. 
Enzymatically active systems are being explored in both drug delivery through the 
addition of enzyme-labile groups like disulfides (Choh et al. 2011; McRae Page et al. 
2013) and peptides in drug carriers (Foster et al. 2017; Rodell et al. 2015) and 
biosensing through glucose oxidase-induced pH changes from reaction with glucose 
(Unnikrishnan et al. 2013; Periasamy et al. 2011). 

Bioactive molecules can also be used for drug delivery applications by 
conjugating them with a molecule, which is able to recognize specific ligands, or 
by conjugating them to a surface molecule so that they become easily detectable in 
the targeted biological milieu. Antibodies are believed to be versatile in order to 
achieve targeted delivery of therapeutic agents by an efficient delivery system where 
there is elevated antigen expression (Ulbrich et al. 2016). The targeted drug delivery 
has successfully been demonstrated by using antibodies against cell surface antigens 
such as vascular endothelial growth factor A (Jain et al. 2006; Ferrara et al. 2005), 
transferrin receptor (Tacchini et al. 2008; Tirosh et al. 2009), intercellular adhesion 
molecule-1 (Mane and Muro 2012; Higa et al. 2017), HER2/Neu, (Mahato et al. 
2011; Tai et al. 2010), etc. The sugars, peptides, and other small molecules have 
been explored to facilitate cellular interactions at a greater level. For example, cell 
surface integrins like αυ-β3 are profusely expressed at the sites of rapid angiogene-
sis, which can be targeted by conjugating the Arg-Gly-Asp (RGD) peptide sequence 
to the surface of nanocarrier (Desgrosellier and Cheresh 2010). The receptors of 
transferrin and folate are targeted by their respective ligands, transferrin and folate 
(Assaraf et al. 2014; Daniels et al. 2006). Additionally, other molecules like biotin 
(vitamin B) or hormones like melanocyte-stimulating hormone have also been 
studied to be used as alternatives for site-specific drug delivery (Le Droumaguet 
et al. 2012; Vannucci et al. 2012).
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30.2.6 Biomaterials for the Treatment of Autoimmune Diseases 

Around the time a disease begins to develop, treatments are often initiated in order to 
prevent its further development. However, if a disease has already been established, 
intervention therapy evades its worsening. Even though prior to clinical diagnosis 
most of the common autoimmune disorders start many years or maybe decades 
before, vaccination becomes the best means to establish tolerance toward self-
antigens, and efforts are in place to develop vaccines for autoimmune diseases 
(Correale et al. 2008; Nicholas et al. 2011; Rosenthal et al. 2015). In the next 
section, biodegradable materials which are used as delivery vehicles for drugs and 
vaccines in order to achieve their targeted delivery have been discussed (Hunter et al. 
2014). 

30.2.6.1 Rheumatoid Arthritis 
Autoantigens often administered via the oral route is a routine practice to attain 
peripheral immune tolerance against autoimmune diseases such as rheumatoid 
arthritis (RA), diabetes, and experimental uveitis. The efficacy of oral tolerance 
relies upon various factors like nature, dose, frequency of administered antigen, the 
genetic background of the recipient, and the degree of antigen uptake by antigen-
presenting cells of the gastrointestinal tract (GI). The quantity of antigen delivered to 
the mucosa is minimal due to the harsh environment of the GI tract. So, a highly 
governed release of antigens at the mucosal sites is required, and at the same time, 
protection of antigens from GI environment is to be ensured. The optimal level of 
peripheral immune tolerance is believed to be achieved by nano- and micron-sized 
particle systems. For instance, C-II was used to encapsulate poly(lactide-co-
glycolide) (PLGA) nanoparticles which were synthesized by water in oil in water 
emulsion (w/o/w) by the solvent evaporation method. It was found that when mice 
were fed with a single dose of C-II-encapsulated PLGA particles, which contained 
40 μg of C-II, they were found to have reduced clinical symptoms of arthritis and 
low level of anti-C-II antibodies in the serum (Kim et al. 2002; Lee et al. 2005). For 
rheumatoid arthritis, there are not many developed systems that have the specificity 
to deliver the drug at the site of interest, so a significant amount of drug is required, 
which may, later on, prove to be toxic. In order to find a balance between efficacy 
and minimal side effects, systems like liposomes, soft gels, microemulsions, 
nano-dispersions, topical formulations, and pellets have been developed. The 
liposome-based delivery system is the most explored, biocompatible, degradable, 
and immunologically inert and can encapsulate a significant amount of drugs 
(Kapoor et al. 2014) (Fig. 30.3). 

Another strategy where polyethylene glycol (PEG) polymer is attached to drug/ 
antigen has been explored (Fig. 30.4). This strategy enhances the therapeutic 
potential of antirheumatic drugs like TNF-related apoptosis-inducing ligands 
(TRAIL). Also, to improve the bioactivity of TRAIL, negatively charged hyaluronic 
acid (HA) was used to synthesize nano-sized complexes of PEGylated TRAIL 
protein and was found to show immense therapeutic potential in treating arthritis 
in mice, owing to the continuous release of TRAIL or good stability of proteins



under in vivo system (Kim et al. 2011; Jiang et al. 2011). PEGylation also improves 
the shelf life of proteins in vivo by minimizing their renal clearance. It also enhances 
drug solubility and stability and reduces immune reactions against therapeutic 
proteins by guarding proteins against water molecules. 
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Fig. 30.3 Different vehicle systems used for delivery of antigens or drugs used in immunotherapy 

30.2.6.2 Multiple Sclerosis 
Demyelinating diseases like multiple sclerosis (MS) have always been challenging 
conditions to be treated. Transplantation of cells is believed to be efficient enough as 
a therapeutic approach to treat such diseases. Promising results have been shown by 
neuronal precursor cells in remyelination, which possess the ability to differentiate 
into neural cells. Also, various delivery systems for the efficient delivery of these 
precursor cells into the central nervous system have been explored. For example, 
three-dimensional nanofiber-based poly(glycolic-co-lactide)/chitosan (PLGA/CS) 
scaffold was able to induce the precursor cells (PC12) into neural cell differentiation 
in the presence of nerve growth factor (NGF) and basic fibroblast growth factor 
(bFGF). The cells of PC12 seeded on the PLGA/CS scaffold were found to show 
enhanced expression of nestin, β tubulin, and microtubule-associated proteins. The 
PC12-seeded scaffolds upon transplantation into lateral ventricles of EAE-affected 
mice led to a significant decrease in clinical signs of the disease (Hoveizi et al. 2015). 

In another system, a colloidal gel containing an immune-modulating peptide was 
explored, with its release assisted via vaccines, for the treatment of EAE (experi-
mental allergic encephalomyelitis). The colloidal gel from alginate-chitosan and



PLGA polymers delivered the Ac-PLP-BPI-NH2-2 peptide in a controlled manner. 
The same peptide was designed in such a way that it binds to the MHC II and 
intercellular adhesion molecule-I (ICAM-I) molecules simultaneously. The mice
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Fig. 30.4 Schematic representation of nano-complex release system formation through ionic 
interaction between PEG-TRAIL molecules and hyaluronic acid (HA). HA exists in anionic form 
in biological fluids which formed the complex with cationic charged PEG-TRAIL molecules. 
Created with Biorender



having encephalomyelitis, when subjected to a colloidal gel-based vaccine injected 
subcutaneously, showed suppression and delay in the severity of EAE symptoms in 
comparison to the control group (Table 30.1). 
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Table 30.1 Delivery systems and administrative routes of antirheumatic drugs/biomolecules 

Antirheumatic drug/ 
molecule Delivery systems 

Mode of 
delivery References 

Ketoprofen Bioadhesive gels Transdermal 
delivery 

Singh et al. (2009) 

Eudragit-based 
microparticles 

Oral delivery El-Kamel et al. (2001) 

Methotrexate Polylactic acid-based 
microspheres 

Intra-articular 
delivery 

Liang et al. (2004) 

Solid-in-oil nanocarrier Transdermal 
delivery 

Yang et al. (2012) 

Prednisolone Cyclodextrins Intravenous Hwang et al. (2008) 

Diclofenac Solid lipid nanoparticles Transdermal 
delivery 

Liu et al. (2010) 

Indomethacin Liposomes Oral delivery Soehngen et al. (1988) 

Prostaglandin E1 Lipid microspheres Intravenous 
delivery 

Moriuchi-Murakami 
et al. (2000) 

Collagen type II PLGA nanoparticles Oral delivery Kim et al. (2002) 

Also, it was seen that there was downregulation in the expression of IL-6 and IL-7 
in mice that were subjected to vaccination. This reinstates the fact that there occurs 
long-term suppression of the disease (Büyüktimkin et al. 2012; Wang et al. 2011). It 
has also been studied that micron-sized PLGA particles, when loaded with antigen, 
were found to deliver encephalitogenic peptides through intravenous infusion to 
circumvent initiation of the disease, hence, turning the clinical symptoms of EAE to 
a good side. Peptide-loaded micron-sized particles (MPs) were taken up by marginal 
zone macrophages expressing the MARCO receptors that modulate the activity of 
T-regulatory cell (Tregs) (Getts et al. 2012; Maldonado et al. 2015). Another study 
was carried out where it was demonstrated that PLGA nanoparticles were able to 
treat EAE in mice. Established EAE has been found to have been prevented as well 
as treated by nanoparticles coupled with myelin antigen (Yeste et al. 2012). In 
another study, it was found that a single dose of nanoparticles was enough to 
improve established EAE by activating Tregs (Hunter et al. 2014; Carambia et al. 
2015). 

30.3 Type 1 Diabetes 

Type 1 diabetes (T1D) is a well-known autoimmune disorder wherein there occurs 
destruction of β-cells which are insulin-secreting cells, by autoreactive T-cells 
(Fig. 30.5). The condition where there is a deficiency of insulin secretion by 
β-cells causes hyperglycemia and overall abnormal metabolism of glucose (Nicholas
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Fig. 30.5 Mechanism of autoantigen-specific immunotherapy. During antigen-specific immuno-
therapy, DCs process the antigen and present to naïve Th cells through secretion of IL-10 cytokine. 
In this context, activated Th cells activate the Tregs and Th2 cells, which block the proliferation of 
autoreactive Th1 and CTL cells through secretion of IL-10. Activation of Tregs leads to the 
prevention of beta cell death, and this way immunotolerance is achieved against the autoantigen. 
Created with Biorender



et al. 2011). The development of type 1 diabetes is mostly governed by both genetic 
and environmental factors, with autoreactive T-cells being the key player in the 
establishment of this disease (Van Belle et al. 2011; Bluestone et al. 2010; Lehuen 
et al. 2010). So, one of the various ways to treat type 1 diabetes is the immune 
modulation of autoreactive T-cell response. For the effective delivery of a drug/ 
vaccine against T1D, a number of biomaterials have been explored. For example, 
PLGA polymeric nanoparticles were employed to encapsulate insulin as an 
autoantigen and CpG oligodeoxynucleotides as an adjuvant. To ensure the 
prolonged release of the antigen, nanoparticles loaded with antigen were embedded 
in PuraMatrix peptide hydrogel. PuraMatrix is a biodegradable, biocompatible, and 
self-assembling peptide-based material, which can be used to form a 3D matrix in the 
presence of physiologic medium with 5–200 nm pore size. The nonobese diabetic 
(NOD) mice, when treated with antigen-loaded matrix-based hydrogel subcutane-
ously, induced the formation of temporary granuloma, which had huge filtration of 
lymphocytes and macrophages. Therefore, this approach demonstrates a favorable 
immunotolerance model for treating type 1 diabetes (Yoon et al. 2015; Verbeke et al. 
2017).
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30.4 Conclusion 

The rapidly evolving use of biomaterials to alter and control immune responses can 
potentially create therapeutic applications for autoimmune disorders. Nanoparticles 
have the potential to present antigens to dendritic cells and facilitate antigen-specific 
responses from the immune system with the aid of pathogen mimicking. The various 
parameters, such as selection of the material, geometry, structural properties, and 
surface topology, are necessary factors to be considered to optimize the immune 
response toward an antigen of interest. Hydrogels and scaffolds have been found to 
augment this immune response. The response of T-regulatory cells can be 
modulated, paving the way for its use as a treatment against autoimmune diseases. 
Despite the potential, the sphere of immunoengineering is unexplored mainly as the 
question of how the particles interact with immune cells is mechanistically 
unknown. 
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Abstract 

Nanotechnology has emerged as an area constantly expanding, affecting practi-
cally every sphere of science and daily life. It offers new product possibilities and 
provides promising solutions to various problems in areas including 
pharmaceutics, agri-nanotechnology, electronics, the food industry, environmen-
tal science, etc. Nanotechnology is believed to be a double-edged sword because 
it brings in new possibilities for development. Still, at the same time, it poses 
some severe concerns to human health and the environment. Since this field is 
still in its infancy, an accurate assessment of risks posed by nanotechnology is 
complex. Currently, the major risk associated with using nanomaterials is the lack 
of control over it; there is no adequate legislation to regulate nanomaterials. Some 
countries have established standards and regulations; however, they are not free 
of loopholes. This chapter discusses significant application areas of 
nanomaterials, their potential risks, current law employed in different countries, 
main problems encountered in regulation, and some aspects of ethics. 
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31.1 Introduction 

31.1.1 Nanomaterials: An Overview 

As we know, nanomaterials (NMs) are a group of materials having at least one 
dimension in the range of 1–100 nm (Laurent et al. 2008). Even though 
nanomaterials were used centuries ago, major concepts, advances, and 
understandings only emerged during the middle of the twentieth century (Vajtai 
2013). Nano-sized particles exist in nature and can also be created from various 
products, such as carbon or minerals like silver. Depending on their properties, 
morphology, size, and origin, nanomaterials can be classified in a variety of 
categories (Fig. 31.1). Below are some of the most well-known nanoparticle 
(NP) classes based on their physical and chemical characteristics. 

31.1.2 Carbon-Based NPs 

Various applications have been developed to employ carbon-based nanomaterials 
due to their exceptional properties, such as electrical conductivity and thermal 
conductivity, high strength, structure, electron affinity, and versatility (Astefanei 
et al. 2015). Fullerenes, carbon quantum dots, and carbon nanotubes are some of the 
critical examples belonging to this class. 

Fullerenes. Fullerenes are a class of carbon allotropes consisting of 60 C atoms 
connected by single and double bonds to form a closed or partially closed mesh 
forming a hollow sphere, ellipsoid, or a tube. Because of their excellent biocompati-
bility, fullerenes can be potentially used as drug carriers for targeted drug delivery. 
The use of fullerenes as possible adsorbents for organic compounds has also been 
investigated (Nimibofa et al. 2018). 

Graphene. Graphene is a two-dimensional monolayer of carbon atoms tightly 
arranged in a hexagonal network of honeycomb lattices (Salem et al. 2022). Due to 
its extraordinarily high mechanical strength, outstanding electrical conductivity, 
high optical transparency, and favorable biocompatibility, graphene has been widely 
regarded as a promising candidate for industrial and biomedical applications (Liao 
et al. 2018). 

Carbon nanotubes (CNTs). The internal diameter of CNTs is in the range of 
nanometers, while their lengths are in micrometers. There are two types of CNTs, 
i.e., single-walled and multiwalled. Single-walled CNTs (SWCNTs) are formed by 
rolling up a single graphene sheet into a tube, whereas multiwalled CNTs 
(MWCNTs) are formed by rolling multiple concentric graphene sheets into cylindri-
cal shapes held together via van der Waals force. These sheets are spaced at a 
distance of 0.34 nm (Sajid 2021). 

CNTs have emerged as a promising class of field emitters, mechanical 
reinforcements in high-performance composites, nanoprobes in metrology and 
biological and chemical investigations, and templates for creating other 
nanostructures.
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31.1.3 Metallic Nanomaterials 

These nanomaterials are derived from metal precursors. In general, metallic NPs can 
be classified as metal NPs, metal oxide NPs, bimetallic NPs, and trimetallic NPs. 
Metal NPs, specifically gold NPs, have vast importance in optical sensors for 
imaging purposes (Sajid 2021). Gold NPs find another use in scanning electron 
microscopy (SEM), where a coating of gold NPs is used during the sampling stage to 
create a 1–2 nm conductive layer on the sample surface. This enhances the electronic 
stream, thereby producing high-resolution SEM images. Various metallic NPs 
exhibit antibacterial properties and are currently being investigated as alternatives 
for antibiotics, given the increasing antibiotic resistance (Slavin et al. 2017). Gold 
NPs also find use in targeted cancer therapy (Patra et al. 2008). Metal oxides like 
Fe2O3, Al2O3, TiO2, SiO2, CuO, and SnO2 are frequently used in several research 
fields due to their small size and high density of edge, which gives them their 
distinctive physicochemical characteristics. Metal oxide NPs are particularly inter-
esting for optoelectronic applications, antimicrobial/medicinal, sensing, and energy 
storage (Niederberger 2007). Bimetallic NPs have piqued the curiosity of researchers 
worldwide. As the name suggests, these NPs are made up of two metals, and their 
characteristics are determined by the constituent metals and their nanometric size. 
The bimetallization of NPs can enhance their catalytic characteristics to a significant 
extent than monometallic catalysts (Sajid 2021). Gold-based bimetallic NPs can act 
as efficient catalysts and biosensors. Three metals are combined to form trimetallic 
NPs. The electrochemical catalytic activity of these NPs is superior to that of 
monometallic or bimetallic NPs and can be synthesized by hydrothermal, micro-
wave, microemulsion, and coprecipitation techniques. As a result of their unstable 
surface area, trimetallic NPs readily precipitate from solutions, reducing their cata-
lytic activity. Some of the stabilizers of these NPs include organic ligand block 
copolymers, dendrimers, and surfactants (Sharma et al. 2017). 

31.1.4 Ceramic-Based Nanomaterials 

Ceramic-based NPs are inorganic solids that are composed of carbonates of metals/ 
metalloids, carbides, oxides, and phosphates. Ceramic NPs made from silica and 
alumina have a wide range of applications due to their remarkable properties, such as 
high heat resistance and chemical inertness. Since ceramic NPs have controlled sizes 
and are biocompatible with cells and tissues, they are being extensively studied as 
possible carriers of drugs, proteins, and enzymes. Despite these advantages, there are 
a few concerns with respect to their biomedical applications because of their low 
biodegradability and potential toxicity (Thomas et al. 2015).

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/block-copolymer
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/block-copolymer
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/dendrimer


One of the major challenges the world is currently dealing with is environmental
pollution. It is becoming worse each year and causing irreparable damage. Thus,
there is a need to develop sensitive, reliable, and affordable monitoring programs
that can effectively characterize the quality of the environment and quantify the
impact of various anthropogenic activities on our ecosystem. Environmental
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31.1.5 Polymeric Nanomaterials 

Polymeric nanomaterials are organic, having a particle size of 1–1000 nm in one 
dimension. Like ceramic-based nanomaterials, polymeric nanomaterials have also 
shown an excellent potential for the targeted delivery of drugs. Due to their surface 
area-to-volume ratio, shelf life, solubility, and nontoxic and stable nature, they are 
outstanding drug carriers. 

Polymeric NPs as carriers can carry vaccination antigens, proteins, and medicines 
to the targeted site of action (Han et al. 2018). Besides drug delivery, separation, 
catalysis, nanoreactors, and surface coatings are some of the key applications. It has 
been suggested that polymer nanocomposite materials could be used in environmen-
tal remediation and contaminant treatment (Khin et al. 2012). Polymeric 
nanomaterials used for drug delivery can be classified into nanocapsules and 
nanospheres. The drug of interest is put into a cavity enclosed by a polymer 
membrane in nanocapsules, whereas the drug is physically and evenly incorporated 
in the matrix in nanospheres (Sajid 2021). 

31.1.6 Biomolecule-Derived Nanomaterials 

Biomolecules have been successfully used in the preparation of nanomaterials. 
Biomolecule-derived nanomaterials have gathered significant attention over the 
past few decades because of their potential biomedical applications in tissue engi-
neering and analytical science (Wang et al. 2019b). These materials can also form 
hybrid nanomaterials, which combine the properties of both inorganic and organic 
components (Taylor-Pashow et al. 2010). 

31.2 Applications 

Because of their extraordinary properties, nanomaterials offer a wide range of 
applications that have the potential to not only improve but also revolutionize a 
multitude of sectors, including pharmaceutics, food technology, and environmental 
science (Chrimes et al. 2012). Some of the important applications have been 
discussed below. 

31.3 Nanomaterials and the Environment

• Environmental monitoring and remediation



monitoring is crucial to protecting human health and the environment in general.
It helps us determine if the quality of the environment is improving or
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deteriorating (Hashem et al. 2021). 
Significant progress has been made in the development of effective biosensor 

platforms based on nanomaterials such as metal NPs, metal oxide nanomaterials, 
carbon nanomaterials, and biomaterials (Maduraiveeran and Jin 2017). 
Biosensors that can be used for the detection and monitoring of various environ-
mental pollutants, including pesticides, have been devised (Zhang et al. 2014). 

In addition to environmental monitoring, environmental remediation must also 
be prioritized. The limitations of conventional methods used for environmental 
remediation have prompted the researchers to explore other alternatives to combat 
environmental challenges. Because of their novel physicochemical properties, 
NPs are constantly being investigated as potential remediating tools. 

Environmental remediation technologies utilize physical, chemical, and 
biological processes for the removal of contaminants (e.g., heavy metals, dyes, 
herbicides, volatile organic compounds, etc.) from the environment. 
Nanomaterials are particularly suitable for such processes due to their increased 
reactivity, high surface area-to-volume ratio, porosity, etc. (Guerra et al. 2018). 
Besides, nanomaterials can make use of unique surface chemistry, which enables 
them to be functionalized or grafted with functional groups that can target and 
recognize specific pollutants from a mixture for effective remediation. Further-
more, the effectiveness of the nanomaterials for remediation can be significantly 
improved by deliberately tuning the physical properties of the nanomaterials 
(such as size, shape, porosity, and chemical composition). A variety of materials 
in their nano form, like iron, titanium dioxide, silica, zinc oxide, carbon nanotube, 
dendrimers, polymers, etc., are increasingly being used to purify air and water and 
to decontaminate the soil. After they have been used, it is crucial to monitor that 
the materials used for remediation do not become new sources of pollution 
themselves.

• Agriculture 
Currently, global agricultural systems are facing several unprecedented 
challenges. The ever-increasing population has led to an increase in demand for 
food and other resources around the globe. To deal with issues related to food 
security, a lot of chemical fertilizers have been used in agricultural fields. 
However, the unreasonable application of agrochemicals has severely affected 
the environment and human health. Therefore, there is a need to adopt alternate, 
sustainable approaches that can improve agricultural productivity, while ensuring 
environmental safety and stability (Pande and Arora 2019). Nanotechnology 
presents enormous opportunities to revolutionize modern agriculture by signifi-
cantly improving plant nutrition, soil health, water management, and abiotic 
stress tolerance (Islam 2019). Several nanomaterials have been identified for 
use in agriculture in order to help reduce the consumption of agrochemicals by 
use of intelligent delivery systems, minimize nutrient losses, and boost crop yield 
through optimized water and nutrient management (Dwivedi et al. 2016).
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Extensive research in the field of agricultural nanotechnology is being 
conducted in an effort to develop agriproducts like nanobiosensors, nano-
fertilizers, nano-pesticides, nano-fertigation products, etc. (Dwivedi et al. 2016). 
Nanobiosensors are comparatively more sensitive than conventional biosensors 
and can efficiently sense soil pH, moisture, disease-causing pathogens, and 
residues of agrochemicals (Ghaffar et al. 2020). In addition, the use of a 
NP-based smart delivery system holds the potential for site-targeted administra-
tion of different agrochemicals required for improved disease resistance and 
effective nutrient utilization in an environmentally benign manner (Panpatte 
et al. 2016). Additionally, some studies found that certain carbon-based 
nanomaterials when used at a lower concentration can increase the vegetative 
growth and yield of fruit/seed (Verma et al. 2019). Despite such promising 
benefits, agri-nanotechnology is still in the research and development stage, and 
the prospective applications of nanotechnology in agriculture have not yet been 
fully realized. This is due to possible threats to consumer health and the lack of 
proper guidelines on the risk assessment of nanotechnology. 

31.4 Nanotechnology in Biomedical Sciences 

Due to their minimal size, extremely high surface area-to-volume ratio, tunable 
optical emission, improved mechanical qualities, and superparamagnetic properties, 
NPs have grown in popularity in biomedical applications. Currently, cutting-edge 
research is being carried out in an attempt to exploit these remarkable properties of 
nanomaterials in order to apply them in the field of biomedical sciences (Das et al. 
2013). The unique features of NPs can be exploited for the detection, prevention, and 
treatment of diseases, drug delivery, and gene therapy of cancer (Ahmed et al. 2021). 
Most research in the field of nanomedicine is mainly focused on the applications of 
nanomaterials in drug delivery systems (DDS). Nanomaterials have been 
incorporated into a drug formulation, such as active constituents (nanocrystals), 
excipients (drug-metal complexes), drug carriers (liposomes), or complexes/ 
conjugates (drug-protein) (D’Mello et al. 2017). Liposomal drug formulations 
have been successfully used for the treatment of breast and ovarian cancers and 
Kaposi’s sarcoma. When combined with anticancer medications like amphotericin 
and hamycin, liposomal drug formulations demonstrated significantly greater effi-
cacy and safety than traditional formulations (Tyner et al. 2017). Besides, some NPs 
have been employed for the identification and diagnosis of cancer cells due to their 
high sensitivity and multi-contrast imaging capabilities (Morrow Jr et al. 2007). 
Advances in nanotechnology have hinted at their potential use in surgical oncology 
(Singhal et al. 2010) for minimally invasive, precision, and intelligent oncological 
surgery (Wang et al. 2019a). Additionally, the development of surgical instruments, 
suture materials, targeted drug therapy, visualization methods, and wound healing 
techniques is one of the clinically relevant applications of nanomaterials (Mariappan 
2019). Currently, nanotechnology in biomedical sciences still has quite a few 
roadblocks to overcome. Further research is required to get an insight into the



long-term effects of nanotechnology on the environment. Authorities need to estab-
lish more precise regulations on the potential health risks of nanotech-based devices. 
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31.5 Nanomaterials and Food Science 

Nanotechnology has the potential to impact various aspects of the food system, viz., 
processing, packaging, storage, transportation, and shelf life (Sharma and Hussain 
2020). With nanotechnological interventions, competent delivery of nutrients, 
nanoencapsulation of nutraceuticals, bioseparation of proteins, rapid sampling of 
biological and chemical contaminants, solubilization, delivery, and color in food 
systems can be significantly enhanced (Ravichandran 2010). The development of 
interactive or functional foods that adapt to the needs of the consumer can be aided 
by nanotechnology. These days, researchers are also focused on developing new 
on-demand foods which allow consumers to alter the food as per their nutritional 
requirements. The idea is that the nanocapsules containing flavor enhancers or 
nutrients like vitamins would remain dormant in the food and will be released only 
when triggered by the consumer (Ameta et al. 2020). NPs can also be incorporated 
into existing foods for increased nutrient absorption. 

In recent years, workers have been keen on combining nanotechnology with 
biosensing techniques to develop nanosensors. These nanosensors are diagnostic 
tools that check the safety and efficacy of food production operations. They can 
detect even minute quantities of pathogenic bacteria, viruses, toxins, or chemical 
pollutants in food systems (Otles and Yalcin 2010). Food degradation is one of the 
most frequently debated topics concerning the production, processing, transporta-
tion, and storage of food. Some NPs exhibit antimicrobial properties, which make 
them capable of preventing food deterioration (Mitura and Zarzycki 2018). It has 
been found that a variety of metal and metal oxide NPs work well as antimicrobials. 
These NPs are thought to form reactive oxygen species (ROS), which causes 
oxidative stress resulting in cell damage. Food is a perishable item and can be easily 
contaminated or degraded at any stage of the food chain. Therefore, it is necessary to 
use high-quality packaging that is safe, nontoxic, and economical. Nanomaterial-
based packaging controls the pH, temperature, moisture, and freshness of the food 
material contained inside the package. Along with managing the atmosphere to 
increase the shelf life, it also includes consumer information (Ameta et al. 2020). 
The applicability of nanomaterials in the field of food science is expected to increase 
in the coming years. However, its success will depend on consumer acceptance and a 
uniform international regulatory framework. 

31.6 Potential Risks and Hazards 

The remarkable achievements of nanotechnology cannot be denied. Owing to their 
unique properties, nanomaterials have diverse applications in various sectors like 
pharmaceutics, agriculture, food sciences, etc. Nanomaterials have the potential to



lower waste generation by reducing the use of nonrenewable resources of energy. In 
the sphere of medical research, tremendous progress has been made; small sensors or 
diagnostic probes, as well as entire testing systems, are now being built and 
implanted for diagnostic purposes. Nanotechnology is thus emerging as a multidis-
ciplinary science and many more benefits are anticipated from ongoing nanotech-
nology research. However, serious concerns have been expressed about the potential 
hazards of nanomaterials that can pose a severe threat to the environment, 
ecosystems, and human health (Hegde et al. 2015). According to studies, most 
nanomaterials have a dual character; their usage is both appealing and risky due to 
the toxicity of these materials (Fig. 31.2) (Baran 2016). 
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31.7 Health Risks 

31.7.1 Pulmonary Toxicity 

Due to their small size, NPs can gain easy access to airway cells and even intracel-
lular components. Studies on the inhalation toxicity of ultrafine particles by labora-
tory animals at very high particle concentrations have been reported. Data from both 
animal and human studies indicate that NPs can have both immediate and long-term 
effects on the lung, including inflammation, asthmatic flare-ups, genotoxicity, and 
carcinogenesis (Borm et al. 2006). Certain studies suggest that inhaled ultrafine 
particles evade alveolar macrophage surveillance after depositing in the lung and 
gain better access to the pulmonary interstitium via translocation from alveolar 
spaces through epithelium (Donaldson et al. 2001). NPs have high deposition rates 
in the lungs of healthy individuals and even higher in individuals with asthma or 
chronic obstructive pulmonary disease (COPD) (Oberdörster et al. 2005). 

31.7.2 Neurotoxicology 

In studies of NPs interaction with neurons, both positive and negative effects have 
been found. The majority of research on the interaction of CNS with NPs has 
focused on metals or metal oxides (including Cu, CuO, Zn, and Ag) with specific 
neuronal cell lines (PC-12, CA1, and CA3) (Yang et al. 2010). NPs have 
demonstrated favorable biological roles, such as eliminating dangerous bacteria 
and viruses (e.g., flu). Still, research has also shown that NPs may have negative 
consequences in human cells. NP has the capacity to penetrate through biological 
membranes and may have significant functional and harmful impacts on human 
brain cells, which is one of the most serious problems in research today (Brooking 
et al. 2001). There has been no detailed investigation of the effects of metal NP 
accumulation in the brain or through the blood-brain barrier (BBB). The migration of 
NPs over the BBB is expected to occur via two mechanisms: passive diffusion or 
carrier-mediated endocytosis (Hoet et al. 2004). After inhalation through the olfac-
tory epithelium, NPs may enter the brain via transsynaptic transport (Oberdörster



908 F. Shajar et al.

Fi
g
. 3

1.
2 

P
ot
en
tia
l 
ri
sk
s 
an
d 
ha
za
rd
s 
of
 n
an
om

at
er
ia
ls
 o
n 
th
e 
hu

m
an
 h
ea
lth



et al. 2005). For example, Ag NPs may penetrate the BBB and aggregate in various 
parts of the brain, which may aid in medication delivery but may possibly harm the 
patient (Yang et al. 2010). NP exposure may induce oxidative stress, and this has 
been linked to the development of neurodegenerative diseases such as Parkinson’s 
and Alzheimer’s. It is quite possible that the long-term effects of NP exposure might 
include a decrease in cognitive function (Borm et al. 2006). 
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31.7.3 Dermal Toxicity 

Particles with sizes ranging from 50 to 500 nm are frequently used in cosmetic 
products to increase the uniformity of the formulations or to serve as UV filters 
against solar radiation (Borm et al. 2006). The main subject of discussion is whether 
these particles can penetrate the skin. Dermal exposure to NPs of smaller sizes 
(10 nm) is more harmful than exposure to those of larger sizes (>30 nm). NPs of 
smaller sizes may penetrate more readily than those of bigger sizes. According to 
reports, exposure to NPs smaller than 10 nm resulted in eschar development, 
persistent erythema, and edema. After exposing rabbits to NPs of smaller size, 
hyperkeratosis and papillomatosis in the irregular epidermis, as well as fibrosis, 
hyperemia, erythema, intracellular edema, and hyalinization, were observed. Once 
NPs infiltrate the skin, they may impact the integrity of the nuclear DNA because of 
their ability to induce the production of ROS and elicit oxidative stress within the 
cell (Gautam et al. 2011). Since NPs used in the cosmetic industry are usually greater 
in size than 10 nm, the health risk from dermal exposure to NPs is relatively low. 
However, further exploration and investigation are required to expand the current 
data set. 

31.8 Environmental Toxicity of Nanomaterials 

NPs can be produced naturally through processes like combustion or nucleation. It is 
predicted that around 50,000 kg of nano-sized materials is created each year through 
unintentional human causes. NPs are also being produced, and depending on the 
processes utilized, NPs might be discharged into the air and water and eventually 
contaminate soil and food products (Reijnders 2006). Intentionally or unintention-
ally produced, the occurrence of NPs in the environment is continuously rising. As a 
result, all stakeholders are becoming concerned. The benefits of NPs, such as their 
small size, high reactivity, and large capacity, might become deadly factors by 
triggering cellular toxicity (Khan et al. 2019). There is a scarcity of data on the 
effects of synthetic nanomaterials on ecologically important species, but some 
studies have indicated that fullerenes and their derivatives may cause toxicity in 
fish, daphnia, and bacteria (Borm et al. 2006). Reportedly, metal nanomaterials, 
metal oxide nanomaterials, quantum dots, fullerenes, and fibrous nanomaterials have 
the ability to damage or interact with DNA. Many of the man-made nanomaterials 
examined were found to elicit genotoxic effects, such as chromosomal



o

fragmentation, DNA strand breakages, point mutations, oxidative DNA adducts, and 
abnormalities in gene expression profiles (Singh et al. 2009). 
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The environmental impact of NPs is predicted to worsen in the future. One of the 
hazardous properties of NPs is their ability to organize around protein 
concentrations, which is determined by particle size, curvature, shape, and surface 
characteristics such as charge, functionalized groups, and free energy. Because of 
this interaction, some particles cause adverse biological effects such as protein 
unfolding, fibrillation, thiol cross-linking, and loss of enzyme activity (Khan et al. 
2019). With the increasing number of newly emerging nanomaterials, there is a need 
for continued and extensive research to understand the properties and possible 
toxicity of these materials (Bratovcic 2019). 

31.9 Regulatory Landscape of Nanomaterials 

Establishing a unified worldwide regulation of nanotechnology activities is critical 
for addressing the safety issues caused by the usage of nanomaterials. However, due 
to the use of nanotechnology in numerous areas of the economy, this is not a simple 
task. There is currently no clear international rule governing nanotechnology or 
nano-derived goods. A few government bodies or groups, however, have set rules 
and laws to define and control the usage of nanoproducts (Jain et al. 2018). In the 
following section, a general overview of nanoregulation in different countries has 
been discussed. 

31.9.1 United States of America 

Like many other developed countries, the United States has regulations that can help 
to reduce and control the threats that nanomaterials pose to public health and 
environmental concerns. For instance, the US Food and Drug Administration 
(FDA) is legally empowered to control nanomaterials used in foods, medications, 
medical devices, and cosmetics in order to safeguard the general population from 
their hazardous effects (Resnik 2019). The FDA approaches the regulation of 
nanotechnology by acknowledging that all developing technologies come with a 
promise, danger, and uncertainty. No new rules and regulations specific  t  
nanomaterials have been introduced because of the assumption that the existing 
framework is adequate to regulate nanomaterials. The FDA now relies on horizon 
scanning to stay up to date on new discoveries and possible hazards posed by nano-
derived goods. Through the National Nanotechnology Initiative (NNI), the FDA has 
been working with various government departments and agencies on developing 
nanotoxicity studies. NNI is a joint endeavor of more than 20 US agencies and 
departments and is supervised by the National Science and Technology Council of 
the White House Office of Science and Technology. The NNI priority is to focus on 
topics like infrastructure for nanomaterial measurement, risk assessment and man-
agement, exposure assessment, etc. (Allan et al. 2021).
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31.9.2 European Union 

Nanomaterials are recognized as a type of chemical substance in the European Union 
and are subjected to legislative control like other chemicals. The criteria in this 
respect are set in two major regulations, i.e., Registration, Evaluation, Authorisation 
and Restriction of Chemicals (REACH) ((EC) No 1907/2006) and Convention on 
the Limitation of Chemicals/Classification, Labelling and Packaging (CLP) 
((EC) No 1272/2008). REACH and CLP is primarily concerned with chemical 
substances, and while no special provisions have been made with regard to 
nanomaterials, they are mainly covered by these regulations (Schwirn et al. 2014; 
Alessandrelli and Polci 2011). Moreover, REACH was modified in 2018 to include 
nanotechnology-related information, as well as additional rules for chemical safety 
assessment and downstream user duties (Allan et al. 2021). 

An independent European executive body, the European Food Safety Authority 
(EFSA), evaluates the food and feed chain risks. It covers biological risks, animal 
welfare and health, feed and food additives, pesticides, plant protection, and health. 
The guidance on risk assessment of the application of nanoscience and 
nanotechnologies in the food and feed chain and human and animal health has 
been updated by EFSA. The updated guidance has taken into account the important 
scientific findings that offer insight into the physicochemical properties, exposure 
assessment, and hazard characterization of nanomaterials and areas of applicability 
(EFSA Scientific Committee 2021). 

31.9.3 Canada 

Several Canadian departments and agencies are relatively active in nanoregulation, 
like Health Canada, Environment and Climate Change Canada, Agriculture and 
Agri-Food Canada, and the Canadian Food Inspection Agency. These organizations 
focus on risk assessment and mitigation and the creation of a register of 
nanomaterials and nano-derived products in the market. According to the Working 
Definition of Nanomaterials adopted by Health Canada, nanomaterials include 
manufactured substances, products, components, ingredients, devices, and structures 
that are either within or near the nanoscale (1–100 nm) in at least one spatial 
dimension or are smaller or larger than the nanoscale in all spatial dimensions and 
exhibit nanoscale properties and phenomena. By using this working definition as a 
tool, regulated products and substances containing nanomaterials can be identified. 
Canada relies on current legal frameworks for the approval of nanotechnology 
products. In order to identify and evaluate the product’s risks and characteristics 
during the early development phase, Health Canada urges manufacturers to consult 
with the relevant regulatory body (Health Canada 2011). Furthermore, Canadian 
regulatory authorities are working closely with stakeholders in the United States and 
Europe to create a uniform framework for prioritizing actions and analyzing hazards 
connected with NPs.
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31.9.4 Asia 

Regulation in this region is being overseen by the Japanese Ministry of Health, 
Labour, and Welfare (MHLW), the Pharmaceutical and Medical Devices Agency 
(PMDA), the National Institute of Health Sciences (NIHS), and the Agency for 
Medical Research and Development (AMED). In 2018, the PMDA launched a 
regulatory science center to stimulate innovative approaches to sophisticated 
therapies and technology, such as nanotechnologies, with a heavy emphasis on 
horizon scanning to assist regulators in keeping up with emerging breakthroughs. 
(Allan et al. 2021). In other Asian countries like Thailand, China, and India, the 
regulatory scenario to comprehensively deal with risks posed by nanotechnology are 
yet to evolve. 

31.10 Regulatory Challenges 

Although nanotechnology has received the necessary funding for research and 
product development, the need for establishing a unifying regulatory framework to 
address environmental and health risks associated with nanotechnology has more or 
less been ignored. This is critical given the scientific uncertainty surrounding the 
effects of specific nanomaterials on human health and the environment. Despite 
being deemed competent, the current fragmented regulatory frameworks worldwide 
have certain loopholes that preclude comprehensive regulation of nanotechnology. 
There is a need for an internationally integrated regulatory framework that can 
address the ethical, legal, and social aspects of nanotechnology (Devasahayam 
2019). Most of the challenges faced by the regulators at present mainly arise from 
uncertainties surrounding nanomaterials and huge gaps in knowledge. The following 
major challenges with respect to the regulation of nanomaterials have been identified 
(Fig. 31.3): 

1. Lack of globally acknowledged definition of nanomaterials 
2. Insufficient ability to track the origins and pathways of nanomaterials 
3. Difficulty in nanomaterial exposure assessment 
4. Lack of understanding of toxic mechanisms of nanomaterials 
5. Difficulty in evaluating the bioavailability of nanomaterials 

A detailed explanation of these regulatory challenges is given in the following 
sections. 

31.11 Lack of a Globally Acknowledged Definition 

Definitions are crucial for establishing rules and regulations for material testing. 
Although some regulatory bodies have attempted to create standards, the term 
“nanomaterial” still lacks a globally acknowledged definition. In the absence of an



internationally agreed terminology, the effective regulation of nanomaterials at a 
global level seems impossible. Nanomaterials can be defined based on a size 
threshold, their nano-specific properties, or a combination of size and properties 
(Lai et al. 2018). International Organization for Standardization (ISO) defines 
nanomaterial as a “material with any external dimension in the nanoscale or having 
an internal structure or surface structure in the nanoscale.” Working Party on 
Manufactured Materials (WPMM), established by the Organization for Economic 
Co-operation and Development (OECD), defines nanomaterial as a “Material which 
is either a nano-object or is nanostructured” (Lövestam et al. 2010). Health Canada 
considers any manufactured product, material, substance, ingredient, device, system, 
or structure to be nanomaterial if: 
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Fig. 31.3 Ethical issues and regulatory challenges surrounding the nanomaterials 

(a) It is at or within the nanoscale (1–100 nm) in at least one spatial dimension 
(b) It is smaller or larger than the nanoscale in all spatial dimensions and exhibits 

one or more nanoscale phenomena 

Nanomaterials are defined by the Danish Ministry of the Environment as 
“materials that are fewer than 100 nanometres in length along the shortest side or 
have structures that have such tiny dimensions but are incorporated into bigger 
materials” (i.e., nanostructured surfaces). Nanomaterials can be manufactured from 
existing chemical substances and entirely novel chemical compounds, and they can 
be formed from one or more components. The materials’ unique properties are due to 
their tiny size (Lövestam et al. 2010).
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Today, most existing definitions mention a 100 nm size threshold for a substance 
to qualify as a nanomaterial. However, none of these definitions are workable. This 
is because studies have shown that some nanomaterials exhibit unique physicochem-
ical properties at sizes below the threshold value. In contrast, other materials exhibit 
unusual properties at sizes above the threshold value. The particle-size-dependent 
toxicity has been found to vary between different materials. A study on the toxicity 
of Ag particles revealed that at 113 nm diameter it can exhibit higher toxicological 
effects compared to smaller particles (Park et al. 2011), making the threshold of 
100 nm unreasonable. Similarly, using specific physicochemical properties to define 
nanomaterials has also been questioned. These variations and uncertainties have led 
to the adoption of different definitions by different regulating bodies, which has 
created confusion among researchers, regulators, and consumers. 

31.12 Inadequate Knowledge of Tracking the Origins 
and Pathways of Nanomaterials 

Because of the diversity of their applications, nanomaterials may infiltrate the 
environment through many pathways. This infiltration results in the deposition of 
nanomaterials in soils and aquatic ecosystems (Tourinho et al. 2012). It is imperative 
to trace and remove the nanomaterials from the system in order to safeguard the 
environment. In some cases, there is a possibility to track and remove NMs, but in 
other cases, this task is rather difficult. For example, nanomaterials in commercial 
products like pharmaceuticals, paints, etc. that may be released into the sewage 
system can be collected and eventually dumped into landfills (Lai et al. 2018). On the 
other hand, NMs that may be released into the environment through accidental spills 
can easily escape the tracking, collection, and removal systems. Further, the trans-
port and fate of nanomaterials in the environment are decided by their physicochem-
ical properties and environmental factors. Some nanomaterials, after entering the 
environment, undergo a transformation like agglomeration and aggregation 
(Tourinho et al. 2012). In order to prevent agglomeration and settling of NMs in 
aqueous environments, manufacturers coat the surfaces of nanomaterials, which 
selectively alters their properties. In the absence of surface coatings, some metal-
based nanomaterials may undergo dissolution. This dissolution results in the release 
of ionic species that may be toxic. To understand the potential long-term effects of 
nanomaterials, it is imperative to consider the degree of dissolution and the toxicities 
of nanoparticulate and dissolved forms. 

With so many different sources, transit modes, and potential influencing factors, it 
is challenging to predict nanomaterial depositions once they enter the environment. 
This creates a lack of understanding regarding the transit and fate of NMs, which 
restricts the regulators’ ability to measure the exposure of nanomaterials during risk 
assessment. Thus, regulators might not be able to identify vulnerable areas and 
organisms for regulation and protection.
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31.13 Difficulty in Nanomaterial Exposure Assessment 

Assessment of nanomaterial exposure is critical for accurate hazard assessment and 
for creating a practical regulatory framework. Nanomaterial sampling and exposure 
require different techniques from those employed for their bulk counterparts. There 
are several strategies for characterizing NPs for exposure, each with advantages and 
limitations for the ecotoxicologist (Handy et al. 2008). Currently, novel techniques 
are being developed in addition to conventional labor-intensive procedures (filtration 
and electron microscopy). However, all of these techniques need to be refined before 
being applied to environmental investigations (Lai et al. 2018). In addition to the 
lack of reliable methods for quantifying nanomaterial exposure, there are no 
established metrics for airborne NP exposure assessment. Furthermore, there are 
no accepted occupational exposure levels (OELs) of manufactured nanomaterials 
(Lee et al. 2010) which further complicates the issue. Without effective quantifying 
techniques and protocols, regulators find it difficult to determine the potential risks 
of nanomaterials. This may prevent vulnerable areas and groups from receiving 
protection. 

31.14 Lack of Understanding of Toxic Mechanisms 
of Nanomaterials 

Toxicity assessment of nanomaterials is essential for an in-depth understanding of 
the potential adverse effects and their fate in the environment. However, assessing 
and validating the nanotoxicity in biological systems are hard. The ongoing discus-
sion in this area is whether or not nanomaterials should be treated differently from 
their bulk counterparts. The toxicity of nanomaterials depends on their size and dose 
(Kim et al. 2015). However, some studies suggest that size-dependent toxicity varies 
among different NMs and species. For instance, a study on the toxicity of oxide NPs 
revealed that ZnO NPs are more toxic to Chlorella sp. than their bulk counterparts 
(Ji et al. 2011). On the contrary, other studies have suggested that ZnO NPs show 
similar or less toxicity to P. subcapitata (Aruoja et al. 2009). 

Besides, a major challenge in the toxicity assessment of nanomaterials is the 
presence of degraded or transformed nanomaterials in the environment. 
Nanomaterials after transformation may have altered biological influences and 
toxicities than their pristine forms, which is why it is crucial that these transformed 
nanomaterials must be evaluated and assessed for their potential toxicity. However, 
at present, most of the studies are conducted on pristine nanomaterials (Gupta et al. 
2019). 

Studies have shown that nanomaterials can exhibit toxicity via various 
mechanisms—by triggering signaling pathways that damage the cell or by releasing 
toxic metal ions that impair essential enzyme functions or by inducing the produc-
tion of reactive oxygen species (ROS) (Buchman et al. 2019). Different categories of 
NPs adopt other mechanisms to manifest their toxicity. In some cases, different 
species evoke different responses after being exposed to the same nanomaterial



(Neal et al. 2012; Su et al. 2015). Thus, there are still a lot of questions and 
uncertainties about the toxicity and mechanism of action of nanomaterials, particu-
larly in light of their diverse physicochemical properties, various environmental 
conditions, and the lack of reliable toxicity test protocols. Without a proper under-
standing of the toxicity mechanisms of nanomaterials, it is difficult for regulators to 
formulate a risk and hazard assessment framework. 

916 F. Shajar et al.

31.15 Difficulty in Evaluating the Bioavailability 
of Nanomaterials 

Since bioavailable forms of nanomaterials can have direct biological effects on 
organisms and can accumulate along the food chain, determining the bioavailability 
of nanomaterials is crucial. As discussed earlier, nanomaterials have a tendency to 
transform once they enter the environment. These transformations may determine 
the bioavailability of NMs to biota. Agglomeration results in decreased mobility of 
nanomaterials, which causes them to sediment and become less accessible to 
organisms in the water column (Behra et al. 2013). However, it is believed that 
large aggregated nanomaterials might still be bioavailable to organisms like filter 
feeders and suspension feeders. Furthermore, the intake of large nanomaterials does 
not guarantee that organisms are safe from NMs because agglomerations of 
nanomaterials connected by weak interactions may dissociate to smaller particles 
when exposed to changes in ambient conditions (Lai et al. 2018). Surface coatings 
and stabilizing surfactants prevent the agglomeration of NMs, which allows for the 
retention of NMs in the upper layers (Darlington et al. 2009). While this reduces the 
availability of NMs to sediment-dwellers, it exposes them to pelagic species (Ankley 
et al. 2010). 

Moreover, the NMs used in environmental remediation interact with various 
pollutants, which alters their bioavailability. Because of their strong affinities to 
aromatic compounds, carbon nanotubes (CNTs) are considered to be excellent 
remediating tools. Their strong affinity reduces their bioavailability to organisms. 
On the other hand, the interaction of CNTs to compounds like pyrene is weak and 
can be reversed. This results in the desorption of these compounds, thereby making 
both the CNTs and the pollutant (pyrene) bioavailable to biota. Since bioavailable 
forms of nanomaterials can have direct biological effects on organisms and can 
accumulate along the food chain, determining the bioavailability of these 
nanomaterials is the first step in evaluating their potential dangers. But before their 
potential dangers can be accurately assessed for regulators, further research is 
necessary given the complex interplay between nanomaterials and their physico-
chemical properties, environmental variables, and interaction with other pollutants.
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31.16 Ethical Issues 

The development of nanotechnology has raised many ethical questions related to 
public trust, potential risks, environmental impact issues, and information transpar-
ency. Nanotechnology must not only be safe and valuable, but it must also earn 
public acceptance. There are numerous speculations among the masses regarding 
nanotechnology, which have resulted in exaggerated public hopes and fears, so 
much so that nanotechnology is discussed mainly in terms of the societal and ethical 
implications of these speculations. The prevalence of such speculations hampers the 
identification of actual and relevant ethical issues. The public must be made aware of 
the benefits, potential risks, and necessary measures related to the use of nanotech-
nology so that they can make informed decisions and form independent opinions. 
Here, researchers could play a vital role in informing the public about the potential 
benefits and hazards of nanomaterials (Baran 2016). 

Identification of ethical issues that arise due to the use of nanomaterials is crucial 
as it helps with proper decision-making. It is, therefore, imperative for policy-
makers, employers, workers, investors, and healthcare authorities to be aware of 
these issues (Schulte and Salamanca-Buentello 2007). Some of the main ethical 
issues have been discussed below (Fig. 31.3). 

31.16.1 Privacy Violation 

Nanotechnology has the potential to dramatically improve surveillance devices. 
These devices are essential law enforcement tools that are mostly aimed at 
safeguarding the public. However, on the flip side, these devices can result in 
intrusive surveillance—the biggest privacy concern surrounding nanotechnology 
(Ferreira and Filipe 2022). Moreover, the use of devices like microchips for 
customized drug delivery has been a topic of discussion among the scientific 
community. These devices could also threaten individual security and privacy. 
With nanotechnology bringing new types of surveillance devices that have the 
potential to invade individual privacy, legislation should be passed not necessarily 
to prohibit surveillance but to ensure that information received from such surveil-
lance is fair, transparent, and subject to the law. 

31.16.2 Issues Arising from Military Applications 

Nanotechnology research can be used to develop deadly weapons, remarkably 
miniaturized guns and explosives, that might pose new threats and spark a new 
arms race among nations. Additionally, there is a serious risk to public security in 
case these weapons end up in the hands of terrorists. It is also believed that 
nanotechnology can be used to augment the military performance of soldiers by 
enhancing their physical and mental strength. Such applications can prove to be 
dangerous since they might result in long-term psychological and physiological



effects. However, many of the worries are based on conjecture because most military 
research is classified (Schummer 2007). 
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31.16.3 Public Trust and Transparency Issues 

Government organizations are abusing the danger of terrorism to classify research 
and disregard scientific findings that conflict with their political objectives (Unesco 
2006). As a result, important information is kept away from the public domain. This 
adds to the fears and speculation among people, which is why authorities should 
encourage open access to research findings. This is essential for maintaining trans-
parency and gaining public trust. 

31.16.4 Intellectual Property Rights 

Companies and innovators can protect their intellectual property rights with patents 
and trademarks. However, in recent times, few disputes have plagued the use of 
intellectual property in science and science-based commerce, such as new database 
laws, which effectively give single corporations rights over facts, and overly liberal 
patent granting, which can result in increased litigation costs and overlapping patent 
claims (Unesco 2006). Further, academic knowledge that was once published in 
academic journals and was a part of the public domain is now increasingly being 
protected by patents and licensed on the market. While this might have helped 
universities transfer technology to local businesses and provided these universities 
with new revenue streams, it has made industrial development much more complex 
and expensive because every piece of fundamental knowledge must now be pur-
chased. This will significantly widen the technology gap between developed and 
developing countries since the latter might not be able to pay license fees (Schummer 
2007). 

31.16.5 The “Gray Goo” Myth 

There is a dystopian narrative that at some point in nanotechnology development, 
self-replicating nanobots or devices will be created that could potentially escape, 
violate the biosphere, and become uncontrollable, leading to a catastrophe called 
“gray goo.” However, this narrative is purely hypothetical and is based on mere 
speculation. 

The “gray goo” scenario at the moment is scientifically implausible and is a 
distraction as it steers the conversation away from the real scientific and ethical 
issues that exist today (Schummer 2007).
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31.17 Conclusion 

Although nanotechnology-derived products have the potential to improve and dra-
matically revolutionize a multitude of sectors, their use may pose risks that are still 
difficult to identify, monitor, and quantify. Even though commendable progress has 
been made in the quantification, risk assessment, and regulation of nanomaterials, 
there still are some knowledge gaps that hamper the process of regulation. Filling 
these knowledge gaps is extremely crucial for establishing more effective and 
stringent regulatory guidelines. A formal, international regulatory framework for 
nanotechnology is the need of the hour, as most of the existing regulatory guidelines 
are inconsistent. Like every new technology, nanotechnology is not free from its 
concomitant ethical issues. The main issues that need to be addressed are privacy, 
security, public trust, and transparency of information. If the study of these issues 
lags behind the rate of scientific development, nanotechnology may have to face a 
premature end. 
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