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Foreword 

Biomaterials are materials with novel properties that can enable them to come in 
contact with the living tissue. They can be synthesised by a variety of processes and 
engineered according to a specific use and application in order to mimic biological 
phenomena or else be employed for some other process based on its use. There are 
immense benefits of Biomaterials particularly in improving the quality of life bene-
fits apart from others. The progress in this field is dependent on interdisciplinary 
research with scientists from diverse backgrounds like chemists, physicists, biolo-
gists, pharmaceutical scientists, medical doctors, engineers, material producers and 
manufacturers etc. For medicinal purposes it can either be a diagnostic purpose or 
therapeutic purpose. The main rationale behind writing this book is to cover all the 
diverse aspects and the scientific knowledge associated with engineering of bioma-
terials as well as its utilisation in the healthcare field. This book attempts to explain 
in detail the principles and foremost methods for the synthesis of biomaterials and 
its application interconnected with prevention, mitigation, diagnosis and treatment 
purposes. The readers of this book will get an idea about how biomaterials are 
growing wider in terms of application as well as the increasing future opportunities 
associated with them. This book can also serve as a useful source of information 
for studying engineering biomaterials. Various methods for the synthesis and devel-
opment of biomaterials are provided in the contributed chapters. These methods 
include those related to genetic engineering for the development of novel bioma-
terials, environmentally friendly approaches for the development of biomaterials 
based on bone and tissue engineering, gold nanoparticles derived from microorgan-
isms as a synthetic method for developing biomaterials, and biomimetic approaches 
for producing biomaterials. 

Each chapter of this book highlights methods of synthesizing biomaterials and 
how to apply them in healthcare. Not only the opportunities and advantages have 
been covered but the possible challenges have been addressed so that the readers and 
researchers get an idea about the obstacles and their means to overcome them. 

It is my pleasure to present this forward for this book entitled Engineered Bioma-
terials: Synthetic Approach and Applications Edited by Dr. Rishabha Malviya.

vii



viii Foreword

Different chapters in this book have been contributed by the experts in their respective 
fields. 

I highly acknowledge all the authors as well as the editors for their endeavour and 
efforts to compile this book and wish them all the very best. 

Prof. Roop Krishen Khar 
Director 

B. S. Anangpuria Educational Institutes 
Faridabad, India 

Director 
Formulators Koncept Pvt. Ltd. 

New Delhi, India 

Director 
Unicure India Ltd. 
New Delhi, India 

Former Dean and HOD 
Jamia Hamdard University 

New Delhi, India



Preface 

Biomaterial can be defined as a material which is engineered for interacting with the 
biological system for the healthcare purpose in diagnosis, mitigation and treatment 
motives. Engineering biomaterials means the study of biomaterials. Biomaterials 
have a property of biocompatibility which makes them suitable as well as safe for 
use. Methods for the synthesis of biomaterials and all the aspects associated with it 
are covered in this book. In the initial chapter information is given about the biomate-
rials which are derived naturally, its advances as well as opportunities. Then various 
techniques are given for synthesis and development of biomaterials which includes 
techniques associated with genetic engineering for the development of novel bioma-
terials, green methods for the development of bone and tissue engineering based 
biomaterials, gold nanoparticles from a microorganism—a synthetic approach for 
development of biomaterials and the biomimetic approaches for manufacturing of 
biomaterials. A detail description about genetically induced biomaterial advances in 
medical science is given in one of the chapters. Nowadays biomaterials are applied 
widely in healthcare applications which are growing wider along with time. Along 
with the synthetic approaches, the applications of biomaterials are also covered in 
this book. The usage of nano-sized biomaterials in drug delivery systems, recent 
trends associated with it as well as the future opportunities are covered here. Usage 
of biomaterials in implant devices, stimuli responsive materials in controlled release 
of drug, advanced tissue engineering with novel engineered biomaterials, collagen 
based nanomaterials for delivering drug, photo responsive material for 4D printing 
in tissue engineering, surface modified biomaterials in developing medical devices, 
nano-porous metal foams as versatile nanoplatforms for drug delivery applications 
and its properties, recent progress as well as challenges related to it, development 
of cardiovascular biomaterials from collagenous tissues, stimuli responsive material 
in controlled release of drug, gold nanoparticles along with their clinical applica-
tions and morphological study of silver nanoparticles supported on ti1-xcexo2, their 
synthesis and antimicrobial applications are covered in the chapters of this book. The 
students as well as researchers reading this book will get a detailed idea about what 
are biomaterials, how they are synthesized and how they can be applied in health-
care for medical purposes. The readers will find the information useful and precise.
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Naturally Derived Biomaterials: 
Advances and Opportunities 

Ainil Hawa Jasni, Azlin Suhaida Azmi, Noor Illi Mohamad Puad, 
Fathilah Ali, and Yusilawati Ahmad Nor 

Abstract Biomaterials are materials that have been formed from or created by 
biological organisms such as plants, animals, bacteria, fungus, and other forms of life 
are referred to as biologically derived materials. Biomaterials are normally designed 
to interface with biological systems, for the treatment, augmentation, or replace-
ment of biological functions. Across billions of years, life has been composed of and 
existed within these biomaterial molecules, monomers, and polymers. For instance, 
biomaterials of polysaccharides are sugars or starch polymers. Cellulose is the most 
ubiquitous and abundant polysaccharide. Polysaccharides are found in the tissues 
of both trees and humans. Meanwhile, natural biomaterials are substances that are 
derived from natural sources such as plants, animals, or minerals, and are used 
in medical and healthcare applications. Examples of natural biomaterials include 
collagen, chitosan, silk, cellulose, hyaluronic acid, and bone minerals such as hydrox-
yapatite. These materials are attractive in the field of regenerative medicine and tissue 
engineering due to their biocompatibility and biodegradability. Additionally, some 
natural biomaterials can mimic the physical and chemical properties of the body’s 
natural tissues, making them ideal for use in implants and scaffolds. Recent advances 
in the production of natural biomaterials include the development of more efficient 
and scalable manufacturing processes, which has made them more widely available 
and accessible for use in medical applications. In addition, advances in the under-
standing of the biological interactions between these materials and the body have 
allowed for the development of new and improved medical devices and therapies. 
The use of natural biomaterials also provides unique opportunities for customization 
and personalization in medical treatment. For example, natural biomaterials such 
as collagen and hyaluronic acid can be engineered to meet specific patient needs, 
such as tissue repair and regeneration, wound healing, and drug delivery. Overall, 
natural biomaterials have shown great promise in many fields. This chapter’s goal 
is to give readers a quick introduction to naturally derived biomaterials and their 
advances and opportunities. For example, recent developments in the production of 
natural biomaterials have made them more widely available and accessible for use

A. H. Jasni (B) · A. S. Azmi · N. I. M. Puad · F. Ali · Y. A. Nor 
Department of Chemical Engineering and Sustainability Kulliyyah of Engineering, International 
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in medical applications, and advances in the understanding of the biological interac-
tions between these materials and the body have allowed for the development of new 
and improved medical devices and therapies. In the coming years, the adoption of 
new advanced experimental methodologies, such as bioengineering approaches, will 
alter the practice of medicine in the applications using natural derived biomaterials. 
Tissue engineering, a multidisciplinary field of research involving the principles of 
materials science, engineering, biological sciences, and medical research, is a clear 
illustration of this. 

Keywords Biocompatibility · Biomaterials · Natural biomaterials · Regenerative 
medicine · Tissue engineering 

1 Introduction 

Natural biomaterials have developed into an increasingly popular area of study in 
recent years. These materials are derived from natural sources, such as plants or 
animals, and can be used for a variety of applications in the medical field. The fact 
that naturally derived biomaterials are biocompatible, or do not have negative effects 
when inserted into the body, is one of their main benefits. This makes them perfect for 
application in tissue engineering, medical devices, and drug delivery systems. One 
promising application of naturally derived biomaterials is in regenerative medicine. 
Utilizing biological components, regenerative medicine aims to replace or repair 
damaged tissues and organs. 

Naturally derived biomaterials offer many advantages over synthetic materials in 
this context, including better compatibility with living cells and tissues. For example, 
researchers have developed scaffolds made from collagen, a protein found in skin 
and connective tissues, which can support the growth of new tissues. Other naturally 
derived biomaterials being investigated for regenerative medicine include chitosan, 
silk fibroin, and hyaluronic acid. 

Another exciting opportunity for naturally derived biomaterials is in the devel-
opment of sustainable materials. Many conventional materials used in the industry 
are derived from non-renewable resources, which can have negative environmental 
impacts. By contrast, naturally derived biomaterials can often be produced sustain-
ably and may even be biodegradable [1]. Overall, advances in naturally derived 
biomaterials hold great promise for improving human health and reducing our impact 
on the environment. Naturally derived biomaterials are offering exciting opportu-
nities when it comes to regenerative medicine. The ability to regenerate tissues 
and organs using biological materials has been a long-standing goal for medical 
researchers, and with the development of naturally derived biomaterials, this dream 
is becoming a reality. One of the primary advantages of these materials over synthetic 
ones is their compatibility with living cells and tissues. Additionally, advances in 3D 
printing technology have made it possible to create complex structures that mimic 
the architecture of natural tissues.
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Naturally derived biomaterials also offer promising solutions for sustainable mate-
rials. Many conventional materials used in industry rely on non-renewable resources 
and often result in negative environmental impacts. In contrast, biomaterials can be 
produced sustainably and may even be biodegradable. By leveraging these materials, 
we can reduce our impact on the environment while still producing high-quality prod-
ucts. Advances in naturally derived biomaterials represent an incredible opportunity 
for improving human livelihoods while also protecting our environment. As research 
continues to explore the full range of applications for these materials, we can look 
forward to even more exciting discoveries and innovations in the years to come. It’s 
clear that the possibilities are truly remarkable, and we should all be excited about 
what the future holds for this cutting-edge field. 

2 Definition of Naturally Derived Biomaterials 

Naturally derived biomaterials are materials that are sourced from biological sources 
such as plants, animals, and microorganisms [1]. These materials are usually biocom-
patible and biodegradable, meaning they can be safely used in living organisms 
without causing harm and can eventually be broken down by biological processes. 
Biomaterials are materials that interact with biological systems for various purposes, 
for instance the delivery of drugs, medical devices, and tissue engineering [2]. Natu-
rally derived biomaterials, obtained from natural sources such as animals, plants, 
and microorganisms [3] have undergone substantial research and are utilised in 
biomedical applications for their biocompatibility, biodegradability, and bioactivity. 

3 The Importance of Naturally Derived Biomaterials 
in Various Applications 

Here are some of the reasons why naturally derived biomaterials are important in 
various applications (Table 1).

4 Scope of the Chapter 

This chapter covers a variety of closely connected topics to the development, prop-
erties, and applications of biomaterials that are derived from natural sources. The 
topics which are covered in this chapter include:
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Table 1 The importance of naturally derived biomaterials in applications 

Added values in naturally 
derived biomaterials 

Definition and examples 

1. Biocompatibility Naturally derived biomaterials are often biocompatible, 
meaning they are not harmful to living tissues and can be used 
in medical applications without causing adverse reactions. For 
example, collagen and hyaluronic acid are naturally derived 
biomaterials that are often utilised in tissue engineering and 
regenerative medicine [4, 5] 

2. Sustainability Many naturally derived biomaterials are renewable and 
sustainable, making them environmentally friendly alternatives 
to synthetic materials. For example, cellulose, a naturally 
occurring polymer found in plants, can be used to make 
biodegradable plastics [6] and packaging materials 

3. Diversity Naturally derived biomaterials come in a wide variety of forms, 
allowing for customization to specific applications. For 
example, chitosan, a polysaccharide derived from crustacean 
shells, can be modified to have different properties, and used in 
wound dressings or drug delivery systems [7] 

4. Biodegradability Naturally derived biomaterials can be designed to be 
biodegradable, which is particularly important in applications 
where long-term implantation is not desired. For example, silk 
fibroin, a protein derived from silkworm cocoons, can be used as 
a biodegradable scaffold in tissue engineering [8] 

5. Antibacterial properties Some naturally derived biomaterials possess inherent 
antibacterial properties, making them useful in medical 
applications where preventing infection is critical [9]. For 
example, silver nanoparticles can be incorporated into chitosan 
to create a material which can be utilised in wound dressings 
due to its antimicrobial qualities. Other than that, natural 
antimicrobial peptides (AMPs) can be used in the treatment of 
bacterial infections [9]

1. Overview of naturally derived biomaterials: This include an introduction to the 
types of biomaterials that are commonly derived from natural sources. This 
chapter offers a summary of the physical and chemical properties of these 
biomaterials and their biological interactions. 

2. Advances in the synthesis and processing of naturally derived biomaterials: This 
section focuses on recent developments in the synthesis and processing of natural 
biomaterials, including advances in biomaterials engineering and biotechnology. 
This includes discussions of new methods for isolating and purifying natural 
biomaterials, as well as approaches for modifying their chemical and physical 
properties.
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3. Applications of naturally derived biomaterials: This section explores the diverse 
range of applications of natural biomaterials, including their use in wound 
healing, tissue engineering, drug delivery, and medical devices. It also high-
lights the advantages of using natural biomaterials over synthetic alternatives, 
such as their biodegradability, biocompatibility, and sustainability. 

4. Challenges and opportunities in the field: This section examines some of the 
current challenges and opportunities in the field of naturally derived biomate-
rials. This includes discussions of regulatory issues related to the use of natural 
biomaterials in medical devices and pharmaceuticals, as well as challenges 
related to scaling up production and optimizing biomaterial properties for specific 
applications. 

5 Classification of Naturally Derived Biomaterials 

Naturally derived biomaterials can be categorised as several groups depending on 
their chemical structure and origin. Here are some examples: 

1. Proteins: Proteins are a diverse group of biomolecules that are composed of amino 
acids [5]. They can be created with a variety of natural sources like animal tissues, 
plants, and microorganisms. Among the naturally derived protein biomaterials 
are collagen, gelatine, silk fibroin, and elastin. 

2. Carbohydrates: Carbohydrates are a class of biomolecules that are made up of 
carbon, hydrogen, and oxygen [6]. They can be obtained from numerous natural 
sources, such as plants, algae, and microorganisms. Examples of naturally derived 
carbohydrate biomaterials include chitosan, hyaluronic acid, and cellulose. 

3. Lipids: Lipids are a class of biomolecules that are composed of fatty acids 
and glycerol. They can come from a range of natural sources, such as animal 
tissues and plant oils. Examples of naturally derived lipid biomaterials include 
phospholipids, triglycerides, and waxes [7]. 

4. Nucleic acids: Nucleic acids are a class of biomolecules that are composed of 
nucleotides [8]. There are numerous natural sources from which they can be 
obtained, such as animal and plant tissues, as well as microorganisms. Exam-
ples of naturally derived nucleic acid biomaterials include DNA, RNA, and 
oligonucleotides [9]. 

5. Extracellular matrix (ECM) components: The extracellular matrix consists of 
an intricate network of proteins and carbs that provides structural support and 
regulates cell behaviour in tissues [10]. ECM components can be extracted from 
natural sources, including animal tissues or plant materials. Examples of naturally 
derived ECM biomaterials include collagen, hyaluronic acid, and decellularized 
tissues [11]. 

6. Bio-based polyester: Common polyester is not naturally derived; it is possible to 
create bio-based polyesters by using sustainable resources, including plant-based 
oils and sugars. Bio-based polyesters have a variety of prospective uses in the field 
of biomaterials. For example, they can be used to create biodegradable sutures,
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implants, and drug delivery systems. One advantage of bio-based polyesters is 
that they can be designed to break down over time, reducing the risk of long-term 
harm to the environment. 

These biomaterials can be categorised further depending on their physical and 
chemical characteristics. properties, such as their solubility, biodegradability, and 
mechanical strength. This classification can help researchers select the appropriate 
biomaterials for specific applications in tissue engineering, drug delivery, and other 
biomedical fields. 

6 Polysaccharides 

Polysaccharides are lengthy chains of monosaccharide (simple sugar) molecules 
that make up complex carbohydrates [12]. They are found in many natural sources 
such as plants, animals, and microorganisms [13]. Polysaccharides play a variety 
of roles in living organisms, such as energy storage, structural support, and cellular 
communication [14]. Here are some examples of polysaccharides and their chemical, 
physical properties, and functions. 

6.1 Starch 

Starch is a polysaccharide that acts as the main component for storing energy in 
plants. Amylose and amylopectin, two different forms of glucose polymers, make up 
the substance [15]. Amylopectin is a branching chain of glucose molecules, whereas 
amylose is a linear chain [16]. Starch is a naturally occurring polymer composed 
of glucose units that can be found in a variety of plant-based products, including 
corn, wheat, rice, potatoes, and cassava [17]. It is frequently utilised as a thickening, 
stabilizer, and gelling agent in the food sector because of its unique chemical and 
physical properties [18]. 

6.1.1 Chemical Properties of Starch 

Starch is insoluble in cold water but can be partially solubilized by heat or acid 
hydrolysis, breaking down the starch into smaller glucose units. Starch has a high 
molecular weight, which makes it viscous and difficult to dissolve [19] especially 
in the electrospinning and membrane casting applications. Starch can be effectively 
dissolved using ionic liquids, 4-methylmorpholine 4-oxide (NMMO), and dimethyl 
sulfoxide (DMSO), with DMSO being the most cost-effective and soluble [20]. 
Raw starch must be chemically changed to make it more hydrophobic, stronger
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film-forming abilities, and higher tensile resilience to broaden the applications of 
starch. 

6.1.2 Physical Properties of Starch 

Starch has a white, odourless, and tasteless appearance [21]. Starch has a large 
capacity to store water and can hold up to 20 times its weight in liquid [22]. Starch 
can form a gel when heated in water, allowing it to thicken food products and increase 
their viscosity [23]. Starch is a renewable and biodegradable resource, making it 
an attractive material for use in various applications beyond food. Natural derived 
biomaterials derived from starch can include: 

1. Bioplastics: As an alternative, starch-based bioplastics can be used to replace 
traditional petroleum-based plastics and can be used in packaging materials [24], 
disposable utensils, and other single-use products 

2. Adhesives: Starch-based adhesives are used in paper and cardboard production 
and can replace synthetic adhesives [25]. 

3. Textiles: Starch-based materials can be used in textiles as a sizing agent, which 
helps prevent shrinkage during washing and ironing [26]. 

4. Medicine: Starch can be used as a binder in tablet formulations and as a 
disintegrant to help tablets dissolve in the body [27]. 

5. Agriculture: Materials made of starch can be utilised as a biodegradable substitute 
to synthetic mulch films used in agriculture [28]. 

6.2 Glycogen 

Glycogen is a polysaccharide that is the principal energy storage molecule in animals 
[29]. It’s similar to starch. but is more highly branched and can be broken down 
more rapidly to provide energy for cellular processes. Because of its unique features, 
glycogen has sparked increased interest as a biomaterial in recent years. It is biocom-
patible, biodegradable, and readily available in large quantities, making it an attrac-
tive alternative to synthetic materials suitable for a variety of uses. One potential use 
of glycogen is in drug delivery. Because glycogen is a natural product of the body 
and in comparison, to synthetic materials, it is less likely to elicit an immunological 
response or induce toxicity. Additionally, glycogen can be easily modified to allow 
for controlled release of drugs. Consequently, it is an excellent option for targeted 
medication delivery systems [30]. 

Glycogen also has the potential of a wound-healing material. It can be used to 
create a scaffold for tissue regeneration [31], as well as to promote the growth of new 
blood vessels. Because glycogen is highly branched, it can form a porous structure 
that allows for the infiltration of cells and nutrients, aiding in the regeneration process. 
For instance, Alkaline phosphatase (ALP) activity and gene expression investigations
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revealed that collagen/glycogen/hydroxyapatite (HAP) components influenced the 
differentiation of bone mesenchymal stem cells into osteoblasts or chondrocytes [31]. 

Overall, the use of glycogen as a biomaterial is still in its early stages, and more 
research is needed to fully understand its potential. However, glycogen’s unique qual-
ities make it an intriguing contender for a variety of applications including medication 
delivery, tissue engineering, and wound healing. 

6.3 Peptidoglycan 

Peptidoglycan is a polysaccharide found in bacterial cell walls [32]. For bacte-
rial cells, it offers structural stability and defence. It is made up of two sugars, 
N-acetylglucosamine (NAG) and N-acetylmuramic acid (NAM), which are repeated 
and connected by short peptides to form a mesh-like structure [33]. There has recently 
been an increase in interest in using peptidoglycan as a biomaterial because of its 
unique attributes. It is biocompatible, biodegradable, and can be easily isolated from 
bacterial cell walls, making it an attractive alternative to a variety of applications for 
synthetic materials. 

One potential use of peptidoglycan is in tissue engineering. It can be used as a 
scaffold for cell development, promoting the regeneration of the damaged tissue [34]. 
Additionally, peptidoglycan can be modified to provide growth factors or additional 
bioactive compounds that can improve tissue regeneration [35]. Peptidoglycan also 
has the potential as an antibacterial material [34]. It can be used to create coatings for 
medical devices or implants, which can prevent bacterial colonization and biofilm 
formation. Additionally, peptidoglycan can be modified to incorporate antimicrobial 
peptides, which can further enhance its antibacterial properties. 

6.4 Cellulose 

Cellulose is a polysaccharide that makes up the structural component of plant cell 
walls. It is composed of cross-linked, lengthy chains of glucose molecules. to form 
a strong and rigid structure [36]. Cellulose is widely used as a biomaterial due to 
its renewable nature, biocompatibility, and biodegradability [37]. Recent advance-
ments in the use of cellulose as a biomaterial have focused on developing new 
processing techniques, modifying its chemical and physical properties, and exploring 
its potential applications in various fields. 

One recent advancement is the development of nanocellulose, which refers to 
cellulose fibres that have been broken down into smaller nanoscale dimensions. 
Nanocellulose has several special merits including high stiffness, strength, and 
surface area, making it suitable for use in a variety of applications [38] including 
packaging materials, medical devices, and drug delivery systems.
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Another recent advancement is the development of cellulose-based hydrogels, 
which are water-swollen networks of crosslinked cellulose fibres. These hydrogels 
have shown promise in a range of applications, including tissue engineering, drug 
delivery, and wound healing. The use of bacterial cellulose multifunction bandage 
with potent antibacterial capabilities and wound healing for angiogenesis stimulators 
had been reported by [39]. 

Cellulose has also been explored for use in 3D printing, where it can be used as 
a feedstock material. By combining cellulose with other materials, such as chitin or 
lignin, 3D printed structures with enhanced mechanical and physical properties have 
been developed. For instance, the greatest capability was shown by methylcellulose 
and wood glue, with the former having the benefit of being natural and producing a 
bio-based composition. The result was a homogeneous paste with moderate adhesion 
and viscosity, like the clay frequently used in 3D printing, that could be used with 
a caulking gun and a syringe to create multi-layered extrusions that were stable and 
smooth. Although it lacked the strength and rigidity of wood, it performed better than 
other bio-based new materials currently being developed thanks to its mechanical 
qualities, which put it on par with rigid polymer foams frequently used as insulation 
boards [40]. 

6.5 Chitin and Chitosan 

Insects, crustaceans, and other arthropods’ exoskeletons are made of the carbohy-
drate chitin It is also present in some fungi cell walls [41]. Chitin provides strength 
and protection to these organisms. Chitin can be processed into nanofibers, nanopar-
ticles, and other nanostructures, which have special characteristics including a large 
surface area, mechanical strength, and biocompatibility [42]. These nanomaterials 
have potential applications in wound healing, tissue engineering, and drug delivery. 

Another recent development in the use of chitin is when it comes to food packing 
[43]. In the not-too-distant future, it has been reviewed by authors in [44] that a 
significant amount of chitin and chitosan can be derived from mushrooms [44]. There 
are bright prospects for the industrial use of fungus-sourced chitosan, especially 
within the food and pharmaceutical industries, as a result of the comparisons made 
between the physicochemical, functional, and biological traits of that substance and 
that of marine chitin and chitosan [44]. 

Chitin has also been explored for its potential use in agriculture as a biopesticide. 
Chitosan can act as a natural insecticide, disrupting the growth and development of 
pests while being safe for humans and environment [45]. Additionally, chitin can be 
used as a soil conditioner, enhancing soil fertility and plant growth [46]. It was found 
that the exuviae of a particular insect species (mainly chitin) had enhanced bacteria 
that grew after the topsoil underwent treatment with 10 g/kg in the rhizosphere of B. 
oleracea. However, at a ratio of 1 g/kg, there were no appreciable changes in bacterial 
abundance. The results are consistent with earlier research on chitin alterations, which 
has shown to increase bacterial population abundance [47].
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Chitin, a material present within the exoskeletons of crustaceans including crabs, 
prawns and lobsters, is the source of chitosan, a naturally occurring polysaccharide 
[48]. Fruits and vegetables have been coated with chitosan to prolong their shelf 
life. The chitosan coating can slow down the rate of water loss and gas exchange, 
thereby extending the freshness and quality of the produce [49]. Chitosan coatings 
have been utilised to increase the implant surfaces’ antibacterial characteristics and 
promote tissue integration [50]. Recent findings showed that the combination of 
chitosan with enzymes and antimicrobial peptides enhances its antibacterial activity 
and broadens its application in a variety of physiological circumstances. The combi-
nation of chitosan and polymers also produced coatings with improved antibacterial 
and anti-adhesive qualities to reduce the incidence of implant-associated infections 
[51]. 

6.6 Alginate 

Brown seaweed is the source of the natural polymer known as alginate, such as 
kelp [52]. This environmentally friendly and renewable biomaterial exhibits several 
intriguing qualities, including good mild gelation when adding divalent cations (such 
as Ca2+), biocompatibility, low toxicity, and cost effectiveness. High-molecular-
weight alginate’s poor solubility and high viscosity, the aqueous solution’s poly-
electrolyte nature, the lack of suitable organic solvents, the substantial amount of 
intra- and intermolecular hydrogen bonds, continue to be problems in alginate alone 
applications [53]. Thus, it must be coupled with other polymers to enhance its 
values [54] that had developed natural polymer high-strength hydrogels using gelatin 
and hydrazide alginate (HAlg), which were then crosslinked to mimic the struc-
ture of collagen and glycosaminoglycans (GAGs) within the extracellular matrix, 
respectively. The Gelatin-HAlg-DN hydrogels exhibit excellent biodegradability and 
swelling consistency in physiological conditions, as well as the capacity to facilitate 
cell binding and proliferation. In a rat model with critical size bone defects, psoralen-
loaded gelatin-HAlg-DN hydrogels effectively induced bone regeneration offering 
intriguing potential as tissue engineering scaffolds [54]. 

6.7 Hyaluronic Acid 

A polymer present in the connective tissues called hyaluronic acid (HA) aids in 
maintaining hydration and lubrication. It is also used in some cosmetic products 
for its moisturizing properties [55]. Bioink additions include HA and multi-walled 
carbon nanotubes (CNTs) in 3D bioprinting for fabrication of cartilage had been 
reported [56]. HA acts as a molecule that is both structural and signalling. It possesses 
extraordinary water-retention abilities that create a gel-like environment within the 
tissue and give the entire structure flexibility for the structure [57].
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6.8 Others 

6.8.1 Inulin 

Inulin a polysaccharide generated from plants, is a bioinspired, adaptable, and useful 
biomaterial [58] In comparison to other biodegradable polysaccharides, inulin’s 
distinctive and adaptable structure, stabilising and protecting properties, and capacity 
to target specific organs make it an ideal drug delivery carrier. Each fructose unit 
has three hydroxyl groups that act as an anchor for chemistry changes. Thus, 
this enhances cellular bioavailability and absorption, and accomplishing medicines’ 
and biomolecules’ targeted, prolonged, and regulated release [58]. Inulin used via 
solvent-casting technique was used to create sustainable water-based films for wound 
healing [59] employed inulin (INL), a carbohydrate-based matrix, and polyvinyl 
alcohol (PVA), a petroleum-free matrix. Due to its sustainability and antimicrobial 
qualities, pumpkin powder made from vegetable waste was employed in the study 
[59]. 

6.8.2 Xylan 

Xylan is a fluoropolymer-based commercial coating that is mostly found in nonstick 
cookware, footware and automotive coatings due to its water repellent characteristic 
[60]. Click-chemistry techniques were used to create reactive xylan compounds that 
can be crosslinked chemically and functionalized further. Quantitatively, functional 
xylan carbamates (XCs) were created from xylan phenylcarbonates (XPCs) along 
with magnitude of substitution (DS) with propargyl amine (PA) or 6-azidohexan-
1-amine (AA). Alkynyl-functionalized XCs were crosslinked with bisazide linkers 
using copper-catalyzed 1,3-dipolar cycloaddition within an organic medium, and it 
was demonstrated that the gelation process produced a reactive moiety plus effective 
solubility in water for additional appropriate applications [61]. 

6.8.3 Proteins 

Proteins are substantial, intricate molecules consisting of long chains of amino acids 
[62]. They are found in every cell of every living organism and are involved in a variety 
of functions, such as providing structural support, catalysing chemical reactions, 
and transporting molecules within cells and throughout the body. A protein’s linear 
sequence of amino acids makes up its primary structural component. These consistent 
folding structures, alpha helices and beta sheets, make up a protein’s secondary 
structure. The collection of curves and folds in a single linear chain of amino acids, 
sometimes referred to as a polypeptide, is the tertiary structure of a protein. Last but 
not least, macromolecules having multiple polypeptide chain structures or subunits 
are known as proteins [63]. Figure 1 is the illustration each type of protein structure.
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Fig. 1 Illustration of type of protein structure (Taken from open source, https://doi.org/10.1016/j. 
bea.2021.100021) 

Here are some examples of protein-based naturally derived biomaterials and their 
functions:

• Structural proteins: Structural proteins, such as collagen, keratin and elastin, 
provide support and shape to tissues and organs in the body [64].

• Transport proteins: Transport proteins, such as haemoglobin and albumin, bind 
to and transport molecules, such as oxygen and nutrients, throughout the body. 
For example, one of the most prevalent proteins in blood plasma, serum albumin 
is crucial to all biological activities and has been used in several biomedical 
procedures. Human albumin, bovine albumin, and ovalbumin, which are used to 
manufacture biomaterials, are appropriate for use in bone regeneration because 
they have the right microstructure, hydrophilicity, and biocompatibility [65].

• Contractile proteins: Actin and myosin are examples of contractile proteins that 
cause muscles to contract and move. 

In summary, proteins are necessary molecules that have several functions in living 
things. Their unique properties, such as their ability to provide structural support, 
and transport molecules, make them important in many material science applications, 
such as food, medicine, and biotechnology.

https://doi.org/10.1016/j.bea.2021.100021
https://doi.org/10.1016/j.bea.2021.100021
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Fig. 2 Collagen fibre structure, from fibrils and molecules to chains, together with amino acid 
sequence of Hydroxyproline, Proline, and Glycine. (Created with biorender) 

6.8.4 Collagen 

The protein collagen, which is the most prevalent in the human body, gives numerous 
tissues their structural support [66]. It has been frequently employed beyond the field 
of tissue engineering owing to its remarkable biocompatibility, low immunogenicity, 
and ability to support cell adhesion and proliferation. Collagen is made up of three 
chains. The chains are linked to form a triple helix. Because glycine is the smallest 
amino acid, it permits the chain to form a tight shape and endure stress [67]. Figure 2 
is the structure of the collagen fibre. 

6.8.5 Silk Fibroin 

Silk is a naturally occurring protein fibre produced by silkworms. It has been used in 
tissue engineering, implant coating and others due to its biocompatibility, biodegrad-
ability, and ability to form scaffolds with tuneable mechanical properties [68]. A 
recent study reported the possibility of encouraging the development of bone-like 
tissue from human dental pulp stromal cells (hDPSCs) both in in vitro as well as 
in vivo within porous Bombyx Mori silk structures by employing the specific HDAC2 
and 3 inhibitor MI192. Fabricated and evaluated were scaffolds made of 2 and 5 
wt.% silk. In contrast to the 2 wt% silk scaffolds, the scaffolds with a weight of 
5% exhibit larger internal lamellae, slower rates of expansion and deterioration, and 
higher torsional moduli. The alkaline phosphatase activity of hDPSCs on a 5 wt%



16 A. H. Jasni et al.

Fig. 3 The technique used for fabrication silk scaffolds for biomedical applications (adapted from 
open source, https://doi.org/10.3390/polym14153110) 

silk scaffold was dramatically increased by pre-treatment with MI192 (ALP). Histo-
logical examination proved that, in contrast to the control group, the use of MI192-
pretreated hDPSCs-silk scaffolds improved bone extracellular matrix (ALP, Col1a, 
and OCN) deposition and mineralization. After six weeks of subcutaneous implanta-
tion in mice, the MI192-pretreated hDPSCs-silk scaffold constructs increased vascu-
larization and extracellular matrix mineralization compared to the untreated control. 
After six weeks of subcutaneous implantation in nude mice, the MI192-pretreated 
hDPSCs-silk scaffold constructs increased vascularization and extracellular matrix 
mineralization compared to the untreated control [69]. Figure 3 is the workflow of 
silk fabrication and application. 

6.8.6 Gelatin 

Gelatin is a substantially hydrolyzed version of collagen with characteristics similar 
to collagen. It can be easily modified to form hydrogels with tunable mechanical 
properties, making it a suitable material for tissue engineering. 

6.8.7 Elastin 

Elastin materials can be derived from organic, recombinant, or synthetic sources. 
Elastin can be recovered from elastin-rich tissues of animals by hydrolyzing a portion 
of the peptide linkages in the insoluble elastin [70].

https://doi.org/10.3390/polym14153110
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6.9 Others 

6.9.1 Fibrin 

Fibrin is a naturally occurring protein that aids in the formation of clots and wound 
healing. It is utilized in tissue engineering to form hydrogels that can support cell 
growth and migration [71]. 

6.9.2 Lipids 

Lipids are a wide class of naturally occurring macromolecules present in plants and 
animals [72]. They are distinguished by their hydrophobic characteristics and are 
used in a number of biomaterials research applications. One major use of lipids 
is in the creation of liposomes. Liposomes are spherical vesicles consisting of a 
bilayer of phospholipids that can be used to encapsulate drugs and other therapeutic 
molecules for targeted drug delivery [73]. The inside of the liposome is formed by 
the hydrophilic portions of the phospholipids, which contain the drug, while the 
hydrophilic head groups form the outer shell, allowing the liposome to interact with 
biological systems [74]. 

Lipids are also used in the creation of biodegradable polymers. Lipid-based poly-
mers can be designed to degrade in vivo, making them suitable for use in the fields of 
tissue engineering and drug delivery [75]. They are additionally employed to produce 
micro- and nanoparticle for targeted medication delivery [76]. Another use of lipids is 
the formation of lipid membranes. Lipid membranes are used in biomimetic systems 
to mimic the properties of natural cell membranes [77]. They can be used for a 
variety of purposes, including water treatment, biological sensors, and drug detection 
[78]. Lipids are additionally useful to create hydrogels. Hydrogels comprise three-
dimensional, water-swollen polymer networks that can be useful for drug delivery, 
wound care, and tissue engineering. Lipids can be incorporated into hydrogels to 
provide mechanical support and improve cell adhesion and proliferation [79]. 

Overall, lipids are a versatile biomaterial with many potential applications in 
biomaterial science. Their hydrophobic properties and ability to self-assemble make 
them appealing candidates for drug delivery, tissue engineering, and biomimetic 
system. 

6.9.3 Fatty Acids 

Fatty acids are naturally occurring biomolecules that are commonly found in plant 
and animal tissues. They are composed of long hydrocarbon chains with a carboxyl 
group at one end, making them amphipathic like phospholipids [72]. Fatty acids have 
many uses in biomaterial science due to their biocompatibility, biodegradability, and 
versatility.
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One major use of fatty acids is in the creation of bio-based polymers. Fatty acids 
can be used as monomers to create polymers such as polyesters, polyamides, and 
polyurethanes. These polymers are used for drug delivery, tissue engineering, and 
exterior coatings thar are only a few of the potential applications [80]. Hydrogels are 
also manufactured using fatty acids. Hydrogels are cross-linked networks of liquid-
swollen polymers which are able to be utilized for the administration of drugs, wound 
healing, and other applications. tissue engineering. Fatty acids can be incorporated 
into hydrogels to provide mechanical support and improve cell adhesion and prolif-
eration. A recent study showed that hydrogenated phosphatidylcholine and oleic acid 
were used to create a highly hydrated hydrogel (95% water) for potential biomedical 
uses [81]. 

Another application of fatty acids is in the production of surfactants. Surfactants 
are molecules that can reduce the surface tension of liquids and increase their ability to 
mix with other substances. Fatty acids can be used to create natural surfactants that are 
biodegradable and non-toxic, making them suitable for use in personal care products, 
detergents, and other industrial applications. It has been known that oleochemical-
based surfactants outperform petroleum-based ones in terms of biocompatibility 
and biodegradability [82]. Sorbitan esters are commercially known as “Span” in 
the contemporary industrial sector, specifically Span 80, a biodegradable surfactant 
made from oleic acid and sorbitol-based sugar alcohol. These esters are commonly 
used in the development and formulation of water-in-oil emulsions due to their rela-
tive hydrophobicity. Sorbitan esters are widely derivatized by combining with ethy-
lene oxide to form sorbitan ester ethoxylates, which enhances their hydrophilicity. 
Polyethoxylated sorbitan monoesters, popularly known as “Tween” in the industry, 
are surfactants that are ideal for creating oil-in-water emulsions [83, 84]. 

Overall, fatty acids are a versatile biomaterial with many potential applications 
in biomaterials science. Their biocompatibility, biodegradability, and versatility 
make them an attractive option for the development of sustainable and biologically 
compatible materials. 

6.9.4 Phospholipids 

Phospholipids are naturally occurring biomolecules that are found in cell membranes 
and other biological structures. They are amphipathic, meaning that they have both 
hydrophilic (water-loving) and hydrophobic (water-repelling) regions [85]. This 
unique property makes phospholipids useful in a variety of applications in biomaterial 
science. 

One major use of phospholipids is in drug delivery systems. Phospholipid-based 
liposomes can be used to encapsulate drugs and other therapeutic molecules, allowing 
for targeted delivery to specific tissues or cells. The liposome’s outer shell is formed 
by the hydrophilic head regions of the phospholipids, while the hydrophobic tails 
form the interior, where the drug is contained. The liposome can then be designed to be 
released by the reaction to certain stimuli, such as changes in pH or temperature, and 
the medication is released. The optimum phospholipid for managing the release of
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the anaesthetic bupivacaine (BUP) medication from liposomal depots and controlling 
the regulated aggregation of the liposomes is phosphatidylglycerol (PG) [86]. 

Phospholipids are also used in the creation of biomimetic membranes, which are 
synthetic structures designed to mimic the properties of natural cell membranes. 
These membranes have a wide range of uses, including water filtration, biosensors, 
and drug screening. The amphipathic nature of phospholipids allows them to form 
bilayers, which can be used as the foundation for these biomimetic membranes. The 
best exemplar of this is a study done by [87] where the cell membrane phospho-
lipids are functions as dentin’s mineralization sites and potential raw materials for 
bottom-up strategies aiming for quicker and more intricate production of dentin-like 
structures. 

Phospholipids are also used in tissue engineering applications. They can be added 
to scaffolds to offer structural support while also promoting cell adhesion and prolif-
eration. Because of their improved blood compatibility and cytocompatibility, elec-
trospun poly (lactic-co-glycolic acid) (PLGA) membranes were a suitable case in 
point [88]. Overall, phospholipids’ distinct features make them flexible biomaterials 
with numerous uses in pharmaceutical delivery, tissue engineering, and biomimetic 
membrane design. 

6.9.5 Waxes 

Wax is a simple lipid that is generated by esterifying a long-chain alcohol with a fatty 
acid. Alcohol can have 12–32 carbon atoms. Waxes are found in nature as coatings 
on plants and stems. The wax protects the plant from excessive water loss [89]. In 
practise, cellulose combined with a trace amount of plant-derived wax (nonacosane-
10-ol and nonacosane-5, 10-diol) has a higher mechanical strength and modulus of 
elasticity [90] than synthetic plastic. The diffusion coefficients of oxygen, nitrogen, 
and water molecules through this material were found to be at least 50% lower than 
those found in polyethylene. It is an environmentally friendly, long-lasting packaging 
material with outstanding mechanical, thermal, and barrier properties [90]. 

7 Synthesis and Modification of Naturally Derived 
Biomaterials 

The synthesis of naturally derived biomaterials involves the extraction, purification, 
and modification of the natural source to obtain a suitable material for the intended 
application. The following approaches can be used for the synthesis of naturally 
derived biomaterials: 

1. Extraction: The first step in the synthesis of naturally derived biomaterials 
is the extraction of the material from its natural source [91]. The extraction 
method varies depending on the source material and the intended application.
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For example, collagen can be extracted from animal tissues using acid or enzy-
matic digestion [92], while cellulose can be extracted from plants using chemical 
or mechanical methods [93]. 

2. Purification: After extraction, the material is usually purified to remove impurities 
and obtain a pure form of the material. Purification methods include filtration, 
centrifugation, and chromatography [94]. 

3. Modification: Modification of naturally derived biomaterials is frequently 
required to modify their qualities and adapt them to certain uses. Modification 
can be achieved through chemical or physical methods. For example, cross-
linking of collagen can improve its mechanical strength and stability, while 
surface modification of cellulose can improve its biocompatibility [95]. 

4. Characterization: Characterization of naturally derived biomaterials is essen-
tial to determine their properties and suitability for the intended application. 
Characterization methods include spectroscopy, microscopy, and mechanical 
testing. 

5. Quantification: Quantification is the act of assigning a numerical value to a 
measurement of anything, or counting the quanta of whatever is being measured. 
Quantification creates a defined method of measurement that permits statistical 
operations and mathematical computations to be performed [96]. 

6. Pilot production: A pilot study, pilot project, pilot test, pilot production or pilot 
experiment is a small-scale preliminary study undertaken prior to the performance 
of a full-scale research project to evaluate feasibility, duration, cost, adverse 
occurrences, and to enhance the study design [97]. Figure 4 is the summary of 
biomaterials synthesis workflow. 

Fig. 4 Workflow and techniques in biomaterials synthesis



Naturally Derived Biomaterials: Advances and Opportunities 21

8 Chemical Modification 

Chemical modification of naturally derived biomaterials is a crucial step in devel-
oping biomaterials with improved properties and functionality [98]. The chemical 
modification can be performed on different biomaterials such as proteins, polysac-
charides, and lipids. Here are some examples of chemical modifications of naturally 
derived biomaterials: 

1. Crosslinking: Crosslinking is the development of covalent connections between 
polymer chains in a biomaterial, resulting in improved mechanical properties 
and stability. Crosslinking can be achieved using various crosslinkers, such 
as glutaraldehyde, genipin, and formaldehyde [99]. Other than that hydrogel 
formation involves the crosslinking of a hydrophilic polymer to form a three-
dimensional network, resulting in improved mechanical properties and biocom-
patibility [100]. Hydrogels can be formed from various biomaterials such as 
alginate, chitosan, and gelatin. 

2. Acylation: Acylation involves the introduction of acyl groups into the biomaterial, 
resulting in improved solubility, stability, and biocompatibility. For example, 
acylation of chitosan can improve its solubility in organic solvents, making it 
easier to process for various applications [101]. 

3. Grafting: Grafting involves attaching a functional group or a polymer onto the 
surface of the biomaterial, resulting in improved properties such as biocompat-
ibility and hydrophilicity. Grafting can be achieved using various methods such 
as surface-initiated polymerization, click chemistry, and plasma treatment [102]. 

4. Glycosylation: Glycosylation involves the addition of sugar moieties onto the 
biomaterial, resulting in improved bioactivity and biocompatibility. For example, 
glycosylation of proteins such as collagen and elastin can improve their interac-
tions with cells and tissues. A case of this was the use of glycosylation in biomate-
rial engineering by adding saccharides to the catalogue of construction blocks to 
embellish it with adhesion properties. The use of a Campylobacter jejuni glyco-
sylation circuit to de novo glycosylate the Bacillus subtilis amyloid-like biofilm 
protein TasA was reported as a unique biomaterial engineering technique for 
increasing the adhesiveness of TasA fibrils [103]. 

In conclusion, chemical modification of naturally derived biomaterials can 
improve their properties and functionality, making them suitable for various biomed-
ical applications. The method of modification used is determined on the biomaterial 
and the desired application as well.
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9 Physical Modification 

Physical modification of biomaterials refers to the changes made to the physical 
properties of a material without altering its chemical composition [104]. This can 
include changes to the surface topography, roughness, stiffness, and shape of the 
material. Some common physical modifications of biomaterials include: 

1. Surface modification: This involves changing the topography and roughness 
of the surface of a material to improve its interaction with cells and tissues. 
Surface modification techniques can include plasma treatment, micro- and 
nano-patterning, and coatings [105]. 

2. Mechanical modification: This involves altering the stiffness and elasticity of 
a material to mimic the mechanical properties of natural tissues. This can 
be achieved through various methods of mechanical modification such as 
mechanical stretching, compression, and shear forces [106]. 

3. Shape modification: This involves changing the shape and size of a material 
to better fit a specific application or tissue. Techniques can include moulding, 
cutting, and 3D printing [105]. 

4. Porosity modification: This entails altering a material’s pore size and shape to 
promote cell infiltration and tissue ingrowth. This can be accomplished using 
a variety of procedures such as salt leaching, solvent casting, and gas foaming 
[107]. 

Physical modification of biomaterials can greatly enhance their biocompatibility, 
bioactivity, and mechanical properties, making them better ideal for a wide range 
of biomedical applications, including tissue engineering, medication delivery, and 
medical devices. 

10 Enzymatic Modification 

Enzymatic modification of biomaterials refers to the surface modification with 
enzymes or bulk properties of biomaterials without changing their chemical compo-
sition [108]. Enzymes are biological catalysts that can selectively modify the surface 
functional groups of biomaterials to add new functions, improve biocompatibility, 
and enhance the ability of the material to interact with cells and tissues. Some 
common enzymatic modifications of biomaterials include: 

1. Surface functionalization: This entails using enzymes to change the outermost 
layer of a biomaterial in order to introduce new functional groups that can facili-
tate cell adhesion and proliferation. For example, enzymes like horseradish perox-
idase [109] and tyrosinase can be used to generate reactive oxygen species [110] 
that can covalently bind proteins and peptides to the surface of the biomaterial.
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2. Degradation: This involves the use of enzymes to selectively degrade the bioma-
terials to control the rate of release of bioactive molecules, drugs, or cells from 
the biomaterial. For example, enzymes like metalloproteinase [111] collagenase, 
hyaluronidase, and chondroitinase can be used to selectively degrade collagen, 
hyaluronic acid, and chondroitin sulphate, respectively [112]. 

3. Cross-linking: This involves the use of enzymes to cross-link biomaterials to 
enhance their mechanical and structural properties. For example, enzymes like 
transglutaminase can be used to cross-link proteins, such as gelatin and collagen, 
to form stable hydrogels [113]. 

4. Surface cleaning: This involves the use of enzymes to remove contaminants and 
impurities from the surface of the biomaterial to improve its biocompatibility. 
For example, enzymes like lipase and protease can be used to remove lipids and 
proteins from the surface of the biomaterial [114]. 

Enzymatic modification of biomaterials is an intriguing approach for improving 
biocompatibility and performance for a variety of purposes, namely drug delivery, 
tissue engineering, and medical devices. 

11 Applications of Naturally Derived Biomaterials 

11.1 Medical and Biomedical Applications 

Because of their capacity for biocompatibility, biodegradability, and propensity to 
replicate the extracellular matrix (ECM) of natural tissues, naturally produced bioma-
terials have been extensively researched for use in tissue engineering. Because of 
their biocompatibility, biodegradability, and ability to package and transport medi-
cations to specific tissues, naturally produced biomaterials have showed consider-
able promise in drug delivery. Some naturally generated biomaterials that have been 
employed in biomedical applications are listed in Table 2.

Naturally derived biomaterials offer many advantages over synthetic materials 
in tissue engineering, drug delivery and implant coating, including their capacity 
to replicate the ECM of living tissues and promote cell adhesion and prolifera-
tion. However, there are also some limitations, such as batch-to-batch variability, 
difficulty in controlling their mechanical properties, and potential immunogenicity. 
Overall, naturally derived biomaterials hold great promise for the development of 
safer products for these constructs that can more closely resemble natural tissues. 

12 Industrial Applications 

Naturally derived biomaterials have several industrial applications, including:
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Table 2 Recent discoveries of naturally produced biomaterials used in biomedical applications 

No. Type of biomaterials Findings Study 

Tissue engineering 

1 Fibrin: 
– Is a naturally occurring protein that helps 
the body’s blood clot and repair wounds 

– It has been used in tissue engineering to 
support cell growth and migration 

• A wound dressing consisting of 
sodium carboxymethylcellulose 
(Hcel® NaT), fibrin, and 
in vitro-seeded dermal fibroblasts 

• Fibrin promotes healthy cell 
adhesion and spreading, and aids 
in cell migration and subsequent 
proliferation in a wound 

[115] 

2 HA+Chitosan • Degradable hydrogel from N, 
O-Carboxymethyl Chitosan 
(NOCC), Aldehyde-Hyaluronic 
Acid, and the addition of Allium 
sativum (garlic oil) 

• A breakthrough for preventing 
intraperitoneal adhesion following 
surgery 

[116] 

3 Chitosan+collagen type 1, hyaluronic acid, 
Poly(L-lacticacid)/gelatin/β-tricalcium 
phosphate, gamma-poly [glutamic acid] 
polyelectrolyte/titanium alloy, modified 
Poly(L-Lactide-co-Epsilon-Caprolactone), 
calcium phosphate, β-glycerophosphate 
hydrogel/calcium phosphate cement 
(CPC), and CPC-Chitosan-RGD 

• Improved cartilage and bone cell 
lesions repair when mesenchymal 
stem cells (MSCs) are combined 
with chitosan-based scaffolds 

• The scaffold’s synergistic effects 
on the proliferation and 
differentiation of MSCs into bone 
and cartilage tissue 

[117] 

Drug delivery 

1 Albumin • Flexible hollow human serum 
albumin (HHSA) loaded with the 
chemotherapy medication 
doxorubicin (DOX) and the 
photosensitizer chlorin e6 (Ce6) 
for synergistic cancer treatment 

• Stronger therapeutic effects 
without radiation development of 
4T1 breast tumours 

• Surprisingly, remarkable 
biocompatibility has been 
demonstrated both in vitro and 
in vivo 

[118]

(continued)
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Table 2 (continued)

No. Type of biomaterials Findings Study

2 Collagen • Collagen nanostructures using the 
scales of fish were produced for 
the very first time using 
desolvation techniques 

• According to the histological and 
macroscopical study, the synthetic 
fish scale’s collagen nanomaterials 
aided in the healing process with 
little toxicity compared to the 
saline group 

[119] 

3 Alginate-chitosan+HA • Alginate-chitosan microbeads and 
thermo-responsive hyaluronic 
acid-poly(N-isopropylacrylamide) 
(HA-pNIPAM) hydrogels have 
been created as bioresorbable local 
bacteriophage (Staphylococcus 
aureus phage ISP and 
Pseudomonas aeruginosa phage 
LUZ19) delivery systems to 
permit both delayed and quick 
phage release 

• Both phages were gradually 
released hydrogels HA-pNIPAM 
during the course of 21 days. The 
short-tailed LUZ19 was 
continuously released from the 
microbeads for 21 days, whereas 
the long-tailed ISP released in 
bursts at first and then at a 
declining rate over time 

[120] 

4 Fibrin • Research on the drug release and 
antibacterial properties of 
platelet-rich fibrin (PRF), a natural 
vehicle for the administration of 
antibiotics 

• Following oral surgery, using 
antibiotic-loaded PRF may reduce 
the risk of post-operative infection, 
replace or enhance systemic 
antibiotic therapy, and maintain 
the healing properties of PRF 

[121]

(continued)
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Table 2 (continued)

No. Type of biomaterials Findings Study

5 Cellulose • Using an in-situ co-precipitation 
approach, Magnetic iron oxide 
(MIO)-incorporated waste tissue 
sheets (WTP) and sugarcane 
bagasse (SCB) were incorporated 
to make WTP/MIO and SCB/MIO 
nanocomposite particles (NCPs) 

• By including MIO-NPs into the 
cellulose matrix, the swelling 
capacity, drug loading capacity, 
and drug release time were all 
improved 

[122] 

Implant coatings 

1 Laminin • A poly (D, L-lactide) 
(PDLLA)-Laminin 332 (LN332) 
hybrid film that displayed timed 
release of LN332for up to 28 days 
was successfully created using a 
layer-by-layer manufacturing 
process 

• It accelerated gingival 
mesenchymal stem cells’ epithelial 
growth and promoted their 
adhesion, dissemination, and 
proliferation 

[123] 

2 Hydroxyapatite •  10 implants featuring 10 implants  
having a dual acid-etching (DAA) 
surface and a nanostructured 
hydroxyapatite coating (HAnano). 
was given to ten lambs (aged 2–4) 

• Low-density bone in sheep after 
28 days with HAnano enhances 
bone development as compared to 
DAA surface 

[124] 

3 HA • Tannic acid (TA) and hyaluronic 
acid (HYA) use is necessary to 
lower the rate of corrosion of 
implants made of magnesium 
alloys 

• The magnesium alloy’s corrosion 
rate was lowered by the TA-HYA 
coating from 7.379 mm/year to 
0.204 mm/year in in vitro 
corrosion testing employing Tafel 
polarisation 

[125]

(continued)
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Table 2 (continued)

No. Type of biomaterials Findings Study

4 Silk • FibroFix Cartilage P™ 
(FibroFix™)—commercial brand 
name 

• Substantial bone repair and strong 
implant tissue integration, which, 
in our opinion, will speed up the 
healing process (promote tissue 
regeneration) 

[126] 

5 Collagen • An innovative injectable medicinal 
product on primary cultures of 
human gingival fibroblasts (hGF), 
dental SKIN BioRegulation (Guna 
S.p.A., Milan, Italy) was put to the 
test 

• It is made of type I collagen of 
porcine origin 

• Significant improvement in 48-h 
viability of hGF-grown cells (p = 
0.05) and 24-h wound healing (p 
= 0.001) 

[127]

1. Food industry: Natural polymers with gelling, thickening, and stabilising 
qualities, like cellulose, chitosan, and alginate, are utilised as food additives. 

2. Agriculture: Natural biopolymers such as starch and cellulose are used as plant 
growth promoters and soil conditioners. 

3. Textile industry: Natural polymers such as silk, cotton, and wool are used to 
make textiles. 

4. Packaging industry Biodegradable packaging materials are created using natural 
polymers like cellulose, chitosan, and starch. 

5. Cosmetic industry: Natural polymers with moisturising and anti-aging qualities, 
like collagen, elastin, and hyaluronic acid, are employed in cosmetic products. 

6. Medical industry: Medical uses for naturally generated biomaterials include 
tissue engineering, medication delivery, and wound healing. Examples include 
collagen, chitosan, and hyaluronic acid. 

7. Construction industry: Building materials are produced using natural biopoly-
mers like cellulose and lignin for insulation, cement composite, and adhesives. 

The use of naturally derived biomaterials in these industries offers several advan-
tages over synthetic materials, including their biodegradability, biocompatibility, 
and renewability. Their use in industry is also in keeping with the rising demand for 
environmentally friendly and sustainable materials. Table 3 summarizes the recent 
discoveries within industrial applications. Composite made up of Oyster shell is 
shown in Fig. 5.



28 A. H. Jasni et al.

Table 3 Recent industrial applications of naturally derived biomaterials 

No. Sample type Findings References 

Food industry 

1. Polylactic acid (PLA) • Bilayer films were 
developed that included a 
PLA layer with a layer 
made of washed 
cottonseed meal (CSM) 

• The elongation at break 
has decreased while the 
Young’s modulus and 
tensile strength have both 
increased 

[128] 

Agriculture industry 

2. Chitosan • Hydrogels made of 
chitosan that have 
embedded mineral 
fertilisers were developed 

• It was discovered that the 
experimental group’s 
seedling survival rate was 
40% greater than the 
control group 

[129] 

3. Chitosan • Vegan chitosan from 
Cunninghamella 
echinulate was extracted 

• It has been utilised as an 
alternative to chemical 
treatments to manage 
plant diseases 

[130] 

Textile industry 

4. Bacterial cellulose • Adapted microbial 
weaving process via 
Komagataeibacter 
rhaeticus bacteria 

• The incredibly tiny 
nanocellulose fibres are 
eight times stiffer and 
stronger than steel 

[131]

(continued)
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Table 3 (continued)

No. Sample type Findings References

5. Cellulose • Bio sequins fabricated 
from bioplastic derived 
from tree woods namely 
‘Bio Iridescent’ 

• Traditional sequins are 
produced of polyvinyl 
chloride (PVC), a 
polyester film, often 
known as Mylar, which 
poses serious 
environmental and health 
dangers by creating 
hazardous, bioaccumulate 
compounds, including 
hormone disruptors and 
carcinogens like 
phthalates 

[132] 

Packaging industry 

6. Glycol • monoethylene glycols 
(meg) and monopropylene 
glycols (mpg) from woods 

• a genuine greener option 
for making recyclable pet, 
polyesters, and industrial 
liquids 

[133] 

Cosmetic industry 

7. Glycol • A fully environmentally 
friendly option for the 
manufacture of carrier 
liquids. the secret to 
providing a generation of 
resins, detergents, 
de-icing agents, and 
cosmetics that is 
sustainable and renewable 

[133] 

8. PLA+Polyhydroxyalkanoates (PHA) • The cosmetic case is made 
of polylactic acid (PLA) 
and amorphous PHA 
technology for a private 
brand, ‘Wakemake’ 

• An alternative substitute 
of acrylonitrile butadiene 
styrene (ABS) casing 

[134]

(continued)
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Table 3 (continued)

No. Sample type Findings References

Medical industry 

9. HA • HA-coated gold 
nanoparticles (AuNP-HA) 
synthesised in one pot. 
Usage as a drug 
(Sulfasalazine) (SSZ), 
delivery vehicle 

• AuNP-HA exhibits a 
promising material as a 
modern medicine delivery 
method with 
characteristics of 
controlled release 

[135] 

10. Collagen+Glycogen+Hydroxyapatite • Composite hydrogels 
functions as bone repair 
scaffold 

• When cultivated on the 
composite hydrogels, 
bone mesenchymal stem 
cells displayed favourable 
cell adhesion, vitality, and 
proliferation 

[31] 

Construction industry 

11. Cellulose • Food leftovers are 
combined with water and 
seasoning, then heated up 
and pressed into a mould. 
It is called ‘Fabula’ 

• Has a bending strength 
four times more than that 
of concrete and is 
primarily made of 
vacuum-dried, ground-up 
fruit peels and coffee 
grounds 

[136] 

12. Alginate+Oyster shells • ‘Ostra’-A biomaterial 
resembling ceramic and 
cement that is created 
from used oyster shells 
and seaweed extract 

• Sourced from local 
seafood restaurants in Italy 

[136]
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Fig. 5 Composite made of  
oyster shell [137] 

13 Challenges and Future Opportunities 

Naturally derived biomaterials hold great promise for a variety of commercial and 
biological uses. However, there are also several concerns that must be completely 
addressed to realize their potential. 

13.1 Challenges in the Use of Naturally Derived Biomaterials 

Some of the challenges and future opportunities associated with naturally derived 
biomaterials are:

• Standardization and quality control: Naturally derived biomaterials can have 
batch-to-batch variability, which can affect their properties and performance. 
Standardization and quality control measures need to be developed to ensure 
consistent quality of naturally derived biomaterials [138].

• Cost-effectiveness: Naturally derived biomaterials can be expensive to produce 
and process, which can limit their use in industrial applications [139]. Improve-
ments in production efficiency and processing methods can help to reduce costs 
and increase the scalability of naturally derived biomaterials.

• Mechanical and chemical properties: The mechanical and chemical properties 
of naturally derived biomaterials can vary widely, which can make it difficult to 
control their properties for specific applications. Advances in processing methods 
and functionalization techniques can help to overcome these limitations [140].
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• Biodegradability and stability: The biodegradability of naturally derived bioma-
terials can be both an advantage and a challenge, as it can affect their stability and 
longevity in applications where long-term stability is required. Research on stabi-
lizing naturally derived biomaterials while maintaining their biodegradability can 
help to overcome this challenge.

• Biocompatibility: While naturally derived biomaterials are generally biocompat-
ible, some may cause an immune response or other adverse reactions in certain 
individuals. This is to better comprehend the biocompatibility of naturally derived 
biomaterials and to create new strategies to overcome any potential limitations 
[141]. 

13.2 Future Opportunities in Research and Development 

Advances in biotechnology and material science are likely to drive new opportu-
nities for the development of naturally derived biomaterials. For example, genetic 
engineering and synthetic biology approaches can be used to tailor the natural bioma-
terials’ characteristics for particular uses, while utilising novel processing techniques 
that can help to overcome challenges related to scalability and processing efficiency. 

Genetic engineering allows for the modification of an organism’s DNA to produce 
specific traits or characteristics that can be beneficial for certain applications [142]. 
For example, scientists can engineer bacteria to produce large quantities of proteins 
or other biomolecules that can be used in medical or industrial settings. Similarly, 
genetic engineering can be used to modify the properties of natural biomaterials such 
as silk or collagen, allowing them to be tailored for specific applications. Synthetic 
biology, on the other hand, involves creating new biological systems and designing 
existing ones or organisms with desired properties or functions [143]. This approach 
can be used to create entirely new biomaterials that do not exist in nature, such as 
biofuels or biodegradable plastics. 

Both genetic engineering and synthetic biology can be used to improve the prop-
erties of natural biomaterials for specific applications. For example, scientists can 
use genetic engineering to modify the properties of silk to make it more elastic or 
stronger. Synthetic biology can also be used to create new biomaterials with unique 
properties, such as self-healing materials or materials that respond to changes in their 
environment. 

In addition to genetic engineering and synthetic biology, novel processing tech-
niques can also be used to enhance the functionality and performance of natural 
biomaterials. For example, scientists can use electrospinning or 3D printing to 
construct scaffolds for delivery of drugs or tissue engineering. These methods enable 
fine-grained control over the composition and characteristics of the biomaterials, 
enabling them to be tailored for specific applications. 

The capacity of natural biomaterials to combine with nanotechnology is perhaps 
the most fascinating part of them. By combining the unique properties of natural mate-
rials with the precision of nanotechnology, researchers can create smart biomaterials
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that having the capacity to revolutionize a vast area of industries. The possibilities 
are truly endless. 

13.3 What Are Among the Crucial Areas for Biomaterials 
Research in the Future? 

1. Immunomodulation is the process of adjusting the immune reaction to a specific 
level. Immunomodulating biomaterials could aid in the fight against common 
chronic illnesses like type 1 diabetes, an autoimmune condition in which the 
body’s defences kill the insulin-producing cells within the pancreas. Injectable 
synthetic biomaterial that treated type 1 diabetes in non-obese diabetic mice 
was recently developed by researchers. This is a significant step in creating a 
sustainable platform to help control the disease’s effects [144]. 

2. Injectable biomaterials are indeed being employed more frequently to deliver 
therapeutic agents such drugs, genetic material, and proteins. They provide 
focused distribution while preventing immune system absorption, opening the 
possibility of treating a number of illnesses. Injectable biomaterials that are now 
being researched and made from both artificial and naturally present materials 
might someday be utilised to treat heart attacks, cancer, and bone abnormalities 
[144]. 

3. Supramolecular biomaterials, which are collections of molecules that go beyond 
the capabilities of individual molecules, have the capacity to feel and react, 
making them perfect materials for treating disease or injury. Supramolecular 
biomaterials that imitate natural biological signalling or that can be switched 
either on or off regarding physiological cues are being investigated by researchers 
[144]. 

4. Quorum sensing in synthetic biology which are needed in areas like bioterrorism, 
combat, food and water safety, therapeutic properties, and fuel reliability are 
pertinent to work on exploiting the indigenous microbial communication mech-
anism involving the signalling molecules Autoinducer-2 (AI-2) [145]. It has 
been suggested that the signal molecule AI-2, which is created by the enzyme S-
Ribosyl homocysteinase (LuxS), is present in many bacterial species, and enables 
interspecies communication [145]. To create a reliable and sensitive biosensing 
device, the researchers use synthetic biology to design a bacterial sensor and 
rewire the communication system of bacteria. It would be possible to create 
more advanced and/or enhanced systems for a larger range of applications with 
the aid of additional theoretical studies in genome circuits [146]. 

5. Photonic biomaterials: new fields including neuromorphic photonics, biodegrad-
able photonics, and Artificial Intelligence (AI) design are currently the subject of 
progressive investigation. Combined, these new inventions—from an all-optical 
internet to quantum communications—will help further transform the world 
today [147].
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6. Long-lived biomaterial-based fuel cells and batteries for wearable and 
implantable electronics or high-power microbial fuel cells. Without any commer-
cial success, biofuel cells and biobatteries have only ever been considered labo-
ratory marvels. The primary difficulty is because historically, research has been 
conducted by scientists and research organizations, and this decentralized method 
encourages an imbalanced and deceptive image of biofuel cells that suggests itself 
more to science fiction than an instant answer [148]. 

7. Food biopolymers for cultured food production: Due to the rise of societal 
and commercial interest, cultured meat has gradually become well-known. 
The cultured meat method comprises the laboratory cultivation of designed 
muscle tissue as opposed to the traditional meat manufacturing method, which 
relies on animals. Unfortunately, bioengineers have limited experience in engi-
neering muscle tissue for its post-mortem features, which largely determine how 
consumers define meat quality. Until now, they have only built tissues to fulfil 
biological objectives. Furthermore, the technical viability and industrial scala-
bility of current tissue engineering technologies for the manufacture of cultured 
meat face basic hurdles. Thus, new explorations are needed in this area [149]. 

8. Grave to cradle concept of recycling waste as beneficial biomaterials for multiple 
application. Reprocessing liquid and solid waste is an emerging research area for 
the development of novel biomaterials with potential industrial applications as 
wastes are abundant and cheap. This concept is aligned with the bio circular 
economy model and is sought globally. 

14 Conclusion 

In summary, while there are challenges associated with naturally derived bioma-
terials, ongoing research and development efforts hold significant promise for the 
future of these materials in an extensive array of manufacturing and biomedical 
industries. Overall, this chapter delivers a summary of the synthesis of natural bioma-
terials and their possible applications, emphasizing the need for continued research 
in this field. Regardless of the approach used, sustainability is always an important 
consideration when synthesizing biomaterials. By utilizing renewable resources and 
minimizing environmental impact, researchers can create more sustainable bioma-
terials that benefit both the users and the planet. This is particularly significant given 
the growing concern about environment variation besides the requirement for more 
eco-friendly solutions in all areas of life. As more research is conducted, we will 
undoubtedly discover even more applications for these incredible materials, making 
a positive impact on human health and our planet’s future.
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Different Techniques of Genetic 
Engineering Used for the Development 
of Novel Biomaterials 

Aashveen Chhina, Vridhi Sachdeva, and Shubham Thakur 

Abstract Biomaterials are garnering huge success in the modern era of unforeseen 
disease conditions. They find their utility in specifically interacting with biolog-
ical systems for therapeutic or diagnostic purposes. They help patients recuperate 
from disease or injury by restoring tissue function thereby, sometimes also leading 
to regeneration. Some of the biomaterials are living (microorganisms based) and 
can be prepared through microencapsulation, 3D printing, coating, and spinning by 
which they can be inculcated into matrices. On the other hand, microbes can even 
produce their own matrix which can be genetically engineered to have control over 
the responses of the body. Genetic engineering and biotechnological approaches are 
an ideal amalgamation of systems for preparing biomaterials that handle accuracy 
and complexity quite conveniently. The biomaterials generated by the use of geneti-
cally engineered techniques have proven to be a boon for the regenerative medicines 
market, gene delivery systems, tissue regeneration platforms, and controlled drug 
delivery systems. In the current scenario, researchers have focused their attention 
on molecular evolution for the preparation of advanced designs of genetically engi-
neered biomaterials and the development of inert biomaterials that can be properly 
integrated into devices. The advancements and research carried out in genetic engi-
neering continue to assist researchers to gain insights into a specific change in the 
structure of employed molecules for the preparation of biomaterials and the way it 
will affect the development of biomaterials and their function in the longer run. The 
manufacturing sector of biomaterials is a domain that has significantly evolved and 
is still being researched. 
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Abbreviations 

DNA Deoxyribonucleic Acid 
GF Growth Factors 
ECM Extracellular Matrix 
GR and CNT Graphene and Carbon Nanotubes 
ELP Elastin-like Proteins 
SLP Silk-like Proteins 
SELP Silk-elastin-like Proteins 
HDP Host Defense Peptides 
CPP Cell-penetrating Peptides 
AMP Antimicrobial Peptides 
mRNA Messenger RNA 
SDS Sodium Dodecyl Sulfate 
CDI Carbodiimide 
HMDC Hexamethylene Diamine Carbamate 
EtO Ethylene Oxide 
PAA Peracetic Acid 
GI Gamma Irradiation 
dECM Decellularized Extracellular Matrix 
PBS Phosphate Buffer Saline 
VEGF Vascular Endothelial Growth Factor 
bFGF Basic Fibroblast Growth Factor 
BMP Bone Morphogenetic Proteins 
TENG Triboelectric Nanogenerator 
PENG Piezoelectric Nanogenerator 
PyENG Pyroelectric Nanogenerator 
Bio TENG, Biodegradable Nanogenerator 
PTFE Polytetraflouroethylene 
AFR Aniline Formaldehyde Resin 
S-TENG Starch Triboelectric Nanogenerator 
CD-TENG Chitosan-diatom-based biomaterial TENG 
TDD Transdermal Drug Delivery 
HAP Hydroxyapatite 
CRISPR/CAS 9 CRISPR, Associated Protein 9 
HFG Hepatocyte Growth Factor 
sgRNA Single Guide RNA 
PLGA Polylactic Glycolic Acid 
GCE Genetic Code Expansion 
HDACi HDAC Inhibitors 
CAR T-cell Chimeric Antigen Receptor T-cell



Different Techniques of Genetic Engineering Used for the Development … 45

1 Introduction 

The main goal of medical research aims to convert multifaceted engineering science 
along with the biological science into procedures for the substitution, rejuvenate, cell 
repair, tissue repair, or organs in order to restore compromised function. Biomaterials 
are any substances, whether organic or inorganic, living or dead, typically composed 
of several parts that engage with the body system. In medical uses, such intelligent 
materials are frequently used to supplement or take the place of a natural function. 
To state it in a more simplified manner, a biomaterial is a substance that has been 
developed to take on a shape that, either on its own or as part of a complex system, 
is utilized to regulate interactions with living systems and has the potential aid in the 
growth of any curative or clinical method. Smart biomaterials are used in medicinal 
uses to brace, improve, and restore a biological functionality or tissue that’s damaged. 
They can be natural or synthetic. Contrary to what the term “biomaterial” might 
imply, a biomaterial need not be biological or composed of materials linked to life. 
The actual substance may be made of metal, plastic, or different types of composites, 
but it may also be bioinspired and derived from natural sources. They are intended 
to interact with the body or live in a biological environment. Biomaterial sciences 
deal with investigations regarding biomaterials. They have expanded steadily and 
significantly during the course of their existence as a result of various enterprises 
making considerable financial expenditures in the development of new stuff. Aspects 
of tissue engineering, biology, chemistry, and materials science are all included in 
the discipline of biomaterials science. 

Due to the incorporation of genetic engineering, cell-based biomaterials have 
attracted attention from all over the globe for their potential use in a variety of 
medical disciplines. These engineered biomaterials can change shape or mechanical 
characteristics, release bioactive ions, and actively discharge chemicals as a result of 
physiological triggers. All of these material-induced activities may result in native 
cells and influence the immune system These designed biomaterials can be utilized 
in the deposition of extracellular matrix (ECM) to aid in the repair of tissues, and 
enhance cell adhesion and proliferation by incorporating biophysical and biochem-
ical signals [1]. Evaluation of the short- and long-lasting cellular and when creating 
the next generation of bio-responsive materials, understanding how materials interact 
at the molecular level is essential as material capabilities increase [2]. 

Medications, genetic materials, and proteins are all delivered therapeutically 
through the use of injectable biomaterials. They provide the opportunity to address 
a range of conditions by delivering medications precisely and preventing immune 
system uptake. Injectable biomaterials with both synthetic and organically derived 
components are being investigated for use in managing heart attacks, cancer, and 
bone defects. Widespread chronic illnesses like type 1 diabetes, an autoimmune 
disease in which the body’s defenses attack pancreatic cells that produce insulin, 
may be combated with the aid of immunomodulating biomaterials. An injectable 
synthetic biomaterial recently created by researchers reversed type 1 diabetes in 
non-obese diabetic mice. This is a significant move toward creating a biodegradable
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platform to help manage the disease’s effects. Applications for genetically engi-
neered materials include the delivery of drug, nanoparticle coatings, carriers that are 
macromolecular, and hydrogels. Engineering of the tissue has a significant influence 
on novel cutting-edge approaches to gene engineering. Studies supported various 
approaches to obtaining, creating, and using these materials while highlighting the 
evolved functions and properties. 

2 Biomaterials: Structural and Functional Roles 

Biomaterials are more frequently integrated into devices than they are used as 
simple materials in medical uses. Supramolecular biomaterials, which are collec-
tions of molecules that go beyond the capabilities of individual molecules, have the 
capacity to detect and react, making them perfect materials for treating disease or 
injury. Supramolecular biomaterials that can respond to physiological signals by 
activating or deactivating or that mimic biological signaling are being investigated 
by researchers. 

The method of creating biomaterials has changed over time. Many of the bioma-
terials that are used in medicine today were not intended to be used in medicine; 
instead, they were discovered by clinicians to help treat patients. Thus, cellulose 
acetate, a common plastic, was used to create the first dialysis conduit. Initial 
vascular grafts employed polymers like Dacron, which were taken from fabrics. 
Initially, polyurethanes of industrial quality were used as the basis for the mate-
rials for artificial hearts. These resources made it possible to handle critical medical 
issues. However, they also brought about challenges. Platelets and the complement 
system may be activated by dialysis tubing; vascular grafts made of dacron that are at 
least 6 mm thick can be used; otherwise, biological processes at the blood-material 
and tissue-material interfaces could result in occlusion; additionally, blood-material 
interactions could cause clot development in an artificial heart, which would raise 
the risk of stroke and other complications [3]. Recent studies are based on drug and 
cell transporters made of a variety of biomaterials. In tissue engineering, it may be 
necessary to combine medications, cells, and an appropriate carrier with a tailored 
degradation profile, specialized macroscopic features, and specific biological cues to 
promote healthy tissue growth [4]. Biological activity can be added to biomaterials 
by incorporating oligopeptides that promote binding. 

Traditional biomaterials like polytetrafluoroethylene, silicone rubber, or polyethy-
lene are implicitly recognized by cells in vivo. Non-specific protein adsorption 
from bodily secretions occurs on the surface of surfaces, and adsorbed homolo-
gous adhesive proteins encourage adherence of the cell by binding to cell surface 
receptors. The explicit power of adhesion of cells on intelligent materials is possible 
by preventing nonspecific protein adhesion on the material surface and utilizing 
adhesion-promoting peptides that are unique to particular cell types [5]. Short primary 
segments of these peptides are derived from the domains that are receptor bound with 
the adhesion proteins. The tri-peptide sequence RGD is the adhesion peptide that is
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Fig. 1 The scope of biomaterials in various fields 

most frequently investigated [6]. Figure 1 illustrates the scope of biomaterials in 
various fields. Over the last ten years, significant advancements have been made 
in our knowledge of how cells interact with biomaterials [7, 8]. There is growing 
proof that biomaterials do more than just act as a scaffold that is temporary since 
they facilitate the coordination of tissue morphogenesis and cell adhesion [9, 10]. 
Biocompatibility is a frequently employed notion involving determining the viability 
of biomaterials in therapeutic implementation for tissue repair and recovery. Biocom-
patibility, however, reveals some limitations in the ability to describe and define 
some crucial characteristics of superior biomaterials should have as immunology 
and biology science advance. 

A specific biomaterial must enable long-term use in any application without being 
rejected by the host organism or losing its intended purpose. The design and selection 
of biomaterials must take a variety of properties into consideration to achieve this. 
Although these characteristics can be broken down into mechanical, physical, molec-
ular, and biological groups, in reality, these divisions are frequently entwined. The 
ideal properties of biomaterials are always evaluated in the context of their particular 
use because the requirements for various biomaterials are frequently different. To 
prevent disruption, biomaterials must take into consideration the structure and oper-
ation of the tissues and systems in the vicinity. According to an implantation region 
and possibly even the patient’s medical history, the properties of an ideal bioma-
terial may vary. Bifunctionality is required in biomaterials [11]. This implies that 
they must have the necessary qualities to perform their particular role, as implants 
or other types of devices. It might restore a diseased or injured tissue’s lost function-
ality, completely replace that function, or be used to make a diagnosis. A sustainable
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Table 1 Applications of biomaterials 

S.no Nature of biomaterial Organ 
system 

Application 

1 Ceramics (Bioactive ceramics, 
non-oxide bioinert ceramics, glass 
ceramics) 

Bones, 
heart, 
joints, 
teeth 

Joint replacement, heart valve, dental 
implant 

2 Metals and alloys (Zinc, 
magnesium, copper, titanium, 
platinum, high-entropy alloys) 

Heart, 
bones, 
teeth, 
ears 

Stents, orthopedic screws, dental implant, 
cochlear replacement 

3 Polymers (Poly (α-hydroxyesters), 
polylactic acid, polyglycolic acid 
and their co-polymers (PLGA, 
polycaprolactone, silicones, 
polyurethane) 

Skin, 
eyes, 
bones, 
heart, 
kidney 

Surgical sutures, skin repair templates, 
ocular implants, corneal bandage, cartilage, 
contact lenses, bone cement, heart–lung 
machine, blood vessel prosthesis, artificial 
kidney 

4 Genetically engineered 
biomaterials (Collagen, silk, 
gelatin, chitin, cellulose, glucose) 

Bones, 
skin 

Elastin-like-polypeptides based 
Hydroxyapatite matrices, tissue 
regeneration 

biomaterial is a relationship due to which we have a great opportunity to build inno-
vative sustainable development strategies in the upcoming years owing to the synergy 
between biomaterials and renewable natural resources. Significant efforts and steps 
are being made now to create and design materials using sustainable resources that 
will eventually replace conventional materials. We are currently at a critical juncture 
where we require sustainable energy, which is only made feasible by advancements 
in green technologies [12]. The applications of various types of biomaterials have 
been listed in Table 1. 

3 Need for Genetic Engineering of Biomaterials 

Genetically engineered biomaterials have been a topic of research ever since recom-
binant DNA technology has come into play. Such biomaterials can be of animal or 
plant origin with properties of strength, firmness, and ability to adapt to the environ-
ment. Where genetically engineered techniques aid in developing new, relevant, and 
functional biomaterials, there they also help in developing a better version of already 
existing biomaterials along with enhancing chemical and physical qualities leading 
to an increase in the applicability of biomaterials which have a significant influ-
ence on biomedical applications such vaccine production, engineering of tissue and 
regeneration, drug administration, and zoological interpretations, etc. In the creation 
of hydrogels, development of films, formulation of matrices, development of phar-
maceuticals, as well as several physiological and anatomical implants, the use of
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genetically altered proteins can provide good quality materials with excellent multi-
functional properties, broadening the range of applications and need for developing 
better genetically engineered biomaterials [13]. Moreover, electrical functions can 
also be inculcated into the biomaterials through the use of technology which helps 
in excellent antibacterial activities which could be in vitro or in vivo. 

Multi-stage moderation of smart biomaterials, which includes gene alteration 
(e.g., modifying gene sequence, molecular weight, and chain size), chemical conju-
gation (e.g., adding light-sensitive molecules, oil-loving and/or water-loving side 
chains), and mesoscopic blending (e.g., doping with metallic nanoparticles, GR, and 
CNT), allows for the integration of biochemical and electrical capabilities into the 
material system based on biopolymers [14]. To circumvent the limitations of viral 
vectors for NK cell engineering, attempts have been made to substitute nanoparticles 
for viral vectors as they did not show any efficacy due to a transduction efficiency of 
less than 20%. Due to the distinct physicochemical features of genetic modification, 
nanoparticles can add imaging modality to the vector while avoiding many of the 
possible safety problems associated with viral vectors [15]. 

Living-engineered biomaterials that have microorganisms involved have the 
capacity to respond in complicated ways to environmental cues, and they can be 
genetically modified to enable user control of behavior and the incorporation of 
a variety of inputs. The altered microbes can either produce their matrix, as in 
biofilms, or they can be integrated into matrices utilizing numerous innovations, 
including coating, 3D printing, spinning, and microencapsulation [16]. In addition, 
the use of biomaterials in clinical environments may be hampered by a few drawbacks 
that have been observed. For instance, a significant hurdle impeding effective tissue 
repair and regeneration is biomaterial-mediated inflammation; as a result, biocompat-
ibility is being continuously researched and enhanced which can be fulfilled through 
the process of genetic engineering [17]. Various sorts of immunomodulatory genes 
were introduced for alteration to stop biomaterials from being immunologically 
rejected. Transmembrane proteins, cytokines, and genes genes-producing all have 
immunomodulatory effects and other proteins have been proven in several investiga-
tions and these genes acted in a variety of ways to exert influence that is suppressive 
or agitative on the immune system elements [18]. 

Live cells can now be incorporated into structures and allowed to flourish owing to 
developments in 3D bioprinting. Also, chimeric biomaterials can be 3D printed more 
accurately and intricately. The conventional biomaterials used as non-conventional 
biomaterials can be produced with more precision and finer qualities and hence 
can also help in saving cost [19]. Consequently, there are many uses for intelligent 
biomaterials, ranging from health (such as engineering of the tissues, and delivery 
of the drugs, and biosensors) to more newly researched environmental uses like 
ecosystem restoration (e.g., coral reefs and environmental remediation) [20]. The 
development of physicochemical features of protein-based drug delivery devices 
that are accurately calibrated is made possible by genetic engineering approaches, 
offering a higher degree of customization than is possible with synthetic polymers. 
Elastin-like proteins (ELP), silk-like proteins (SLP), and silk-elastin-like proteins 
(SELP) due to their inbuilt physical and chemical attributes and the simplicity of
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engineering made possible by recombinant DNA technology, a particular set of 
substitutes for creating drug delivery systems [21]. 

4 Techniques of Genetic Engineering 

4.1 Scaffolding 

As a result of the variety of biomaterial amenities, including the adaptable 
nature of protein-engineered materials can be independently tailored, offering a 
desirable option to harvested natural scaffolds or synthetic polymeric scaffolds. 
Different modular peptide domains are created by encoding specific molecular 
sequences in a DNA plasmid, transfecting the plasmid into a target organism, 
expressing the plasmid, and purifying the resulting biopolymer definition make up 
protein-engineered biomaterials [22]. By combining a variety of peptide sequences 
allowing in a single, modular biomaterial, the scaffolds can be created to imitate 
many properties of the natural extracellular matrix, including cell adhesion, cell 
signaling, elasticity, and biodegradability. The usefulness and scope of protein-
engineered biomaterials have recently been increased by the inclusion of functional 
elements that are uncommon in the extracellular matrix. 

Each functional peptide module’s location and density can be precisely adjusted 
thanks to the genetically encoded DNA sequence being used as a template to create 
these protein-based materials, allowing the independent tailoring of numerous mate-
rial properties. For each engineered biomaterial, a precise DNA template needs to 
be made for the sake of completely realizing the potential of this design approach 
at molecular level. Therefore, meticulous control of DNA template design is essen-
tial for enabling the adaptability of biomaterials made of modified proteins. For the 
prevention of DNA recombination when generating extreme repetition of amino acid 
patterns, a variety of codons must be used [23]. The smart biomaterial is engineered 
through protein in which a DNA template is created and it is then turned into a 
recombinant plasmid. The chosen host cell is transfected with the plasmid, which 
causes the chosen host cell to translate the genetic information involved with the 
desired protein. A protein-engineered scaffold is created once the protein has been 
processed after being refined in step five. The resulting scaffold is examined using 
methods involving in vivo and in vitro techniques, which reveal data on how to 
enhance the scaffold’s characteristics and lead to remodeling the biomaterial and 
altering the encoding template’s DNA. Figure 2 elucidates the steps involved in the 
scaffolding technique.
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Fig. 2 The steps involved in the scaffolding technique 

4.2 Employment of Sequences 

Both organic and synthetic nanoengineered biomaterials that are polymeric are 
employed in biomedical utilization like targeted and smart drug delivery with 
prolonged and controlled release. Natural polymeric nanocomposites are frequently 
employed in medicine because they are biodegradable, nearly biocompatible, and not 
poisonous. Applications for synthetic biopolymer nanocomposites are numerous. By 
combining with biomolecules, they can be altered to become more biocompatible 
and harmless to the body [24]. 

Sequencing in the genetic engineering of biomaterials is one of the significant tech-
niques as the properties of biomaterials depend on the sequences that are employed 
in the biomaterials which is an emerging topic for research recently. Examples 
of synthetic methods for sequence, control include iterative methods where each 
monomer unit is added sequentially, regulated polymerization techniques using both 
chain and step-growth mechanisms, and bioinspired and supported methodologies 
like molecular imprinting and templated syntheses. In the case of genetic engi-
neering of biomaterials. Biomaterials made of particular peptidomimetics and statis-
tical copolymers have both been made using the comparatively simple process of 
sequence selection known as “bioabstraction,” or replicating minimum functional 
DNA or protein sequences. Synthetic analogs have been produced using this tech-
nique which are biologically important compounds, including host defense peptides 
(HDPs), cell-penetrating peptides (CPPs), and antimicrobial peptides (AMPs) [25]. 

4.3 Recombinant DNA Technology 

Protein-based biomaterials are created using recombinant DNA technology, or 
genetic engineering. Because of precise control and the modification of the DNA 
structure that encodes the protein structure, it is possible to alter the basic structure,
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layout, and length of the protein biomaterial’s chain. This quickly developing tech-
nology has given rise to effective tools for creating unique smart biomaterials with 
preset 3D structures [26]. However, several issues need to be resolved to synthesize 
protein chains using genetic engineering techniques: Repetitive DNA sequences may 
be altered and deleted in various ways, sequences of messenger RNA (mRNA) neces-
sary for a certain codon for a particular amino acid residue. The host cell may break 
down the target protein before sufficient levels are synthesized, reducing the yield. 
Biomaterials that have been genetically modified have many benefits. By carefully 
regulating the length, stereochemistry, and 3D structure of the polymer chain, it is 
possible to create materials with specific, distinctive characteristics. 

4.4 Decellularization 

Recently, novel methods based on genetic changes have been developed, including 
decellularized biomaterials. Decellularization is the elimination of cells and 
constituents involving the nuclear ones, of the tissue, using a variety of chemi-
cals while conserving the ultrastructure of the collagen, elastin, microfibrils, proteo-
glycans, glycosaminoglycans (GAGs), and other growth factor components found 
in the extracellular matrix [27]. Decellularization seeks to reduce the immuno-
genicity, calcification-inducing potential, and cytotoxicity of native extracellular 
matrix (ECM) by removing the majority of cells from it with the aid of physical, 
chemical, and biological methods [28]. Extracellular matrix (ECM)-based bioma-
terials now have new prospects in the transfusion of organs and tissue regrowth in 
preclinical and clinical settings because of advances in decellularization techniques. 
The resultant dECM scaffold should ideally maintain its functional content and three-
dimensional (3D) structure for tissue restoration purposes. Before dECM scaffold 
transplantation, it was important to recellularize the dECM with a particular cell 
type to increase cell survival and reduce immunological rejection [29]. Steps in the 
decellularization are given in Fig. 3.

Decullarization occurs either through physical methods such as freeze-thaw, 
hydrostatic pressure, ultrahydrostatic pressure, and oscillation, chemical methods 
like hypertonic/hypotonic solutions, detergents namely sodium dodecyl sulfate 
(SDS), alcohols or triton X-100 and enzymatic methods such as RNases, DNases, 
and trypsin which aids in separating a tissue’s extracellular matrix (ECM) from the 
cells that reside there, leaving behind an ECM scaffold that can be employed in arti-
ficial organ and tissue regeneration [29]. Crosslinking after decellularization occurs 
through a number of crosslinking agents which can be physical, chemical, or natural. 
Thermal dehydrogenation and photo-oxidation crosslinking are the two basic types of 
physical crosslinking. Thermal dehydrogenation was frequently utilized in the begin-
ning and now, this approach is frequently employed as a backup strategy because 
of the difficult crosslinking conditions. The crosslinking conditions are difficult to 
manage using the photo-oxidation approach. This makes it more frequently employed 
in the decellularization of tumor tissue, which is typically done for disease modeling
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Fig. 3 Steps involved in the decellularization process

purposes. The dECM of the tumor was crosslinked by Lü et al. using photo-oxidation 
mediated by methylene blue [14]. This was the first study to show whether photo-
oxidative crosslinking affected the tumor dECM scaffold’s structural, physical, and 
biological characteristics. Epoxy compounds, carbodiimide (CDI), glutaraldehyde, 
and hexamethylene diamine carbamate (HMDC) are examples of crosslinkers which 
are employed in chemical crosslinking but have huge side effects due to which better 
crosslinking agents need to be used [29]. 

Sterilization being the third step is the most crucial step when decellularization is 
involved as the applicability of different biomaterials is put off due to limited steril-
ization methods for a period that is more than expected. The structure of the ECM 
will inevitably change as a result of current sterilization techniques, such as exposing 
the material to radiations such as ethylene oxide, gamma, or electron beam, and this 
could negatively impact the biomaterial’s mechanical properties [29]. With respect 
to the list provided above, a more suitable option is provided by the development 
of supercritical carbon dioxide. [30]. The impact of three widely used sterilizing 
techniques, including ethylene oxide (EtO), peracetic acid (PAA), and gamma irra-
diation (GI), on material qualities, was examined by Matuska et al. In this procedure, 
they studied the early cellular contacts and discovered that, unlike GI and EtO, PAA 
showed advantages in cell adhesion but did not significantly alter the structure of the 
cell. According to this, the choice of sterilizing technique is important for modifying 
the properties of biomaterials in a way that promotes cellular adherence and is highly 
relevant to the use of biomaterials in vivo [31]. There is currently no sterilization 
method that can completely stop the incidence of undesirable consequences [32].
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Consequently, selecting the best sterilizing process is a crucial step for using decel-
lularized scaffolds in the future for therapeutic applications, and more research is 
still required. 

Future uses of the decellularized matrix-based materials will depend on the final 
step of preservation in the process of decellularization as well. The manufactured 
decellularized scaffolds were now typically stored in PBS alongside antibiotics and 
antimycotics at a temperature of 4°C for a brief length of time, on standby, or at 
20 °C for long-term preservation [29, 33]. The degradation of active substances and 
structural damage, however, seems to be unavoidable at the moment and require 
urgently more work. The ideal characteristics of a tissue for repair in wound repair 
include strong bioactivity, adequate mechanical characteristics, excellent degrada-
tion, and outstanding biocompatibility are all desirable characteristics in a scaffold 
for tissue repair. Decellularized ECM (dECM) is a three-dimensional natural scaf-
fold produced from autologous, allogeneic, and xenogenic tissues that retains its 
intrinsic tissue structure despite having had the cellular components removed. The 
dECM is promising in translational medicine [34] because of exceptional physio-
logical activity, high biocompatibility, lack of immunogenicity, and use as a diverse 
source of basic materials [35]. 

New advancements in the biomaterial’s domain in the realms of regenerative 
medicine and engineering of tissue, dECM-based smart biomaterials have had great 
success. Also, scientists were inspired to create a novel standard for the application 
of dECM biomaterials, such as constructing a safe and biocompatible method for 
delivering therapeutic agents like drugs and cells. For instance, dECM can be ground 
into nano- or microparticle size and used as a therapeutic delivery equipment to repair 
anastomoses [29]. Clinically, both Axogen’s Avance nerve transplant and AlloDerm, 
an acellular skin matrix from Biohorizon is a regenerative tissue matrix intended to 
hasten skin regeneration. are used to treat wounded nerves and are two examples of 
emerging clinical applications of dECM. DECM can also be utilized to make bioink-
related hydrogels. Of the inks now on the market for 3D bioprinting, bioinks based on 
dECM exhibit the highest level of biomimetic capability. The building block for 3D 
printing a functioning human organ is made of dECM bioinks in conjunction with the 
recent development of bioprinters. It is fascinating that multiple studies have been 
published employing ECM hydrogels synthesized from almost every organ where 
dECM bioinks are employed for bioprinting. ECM hydrogels could be employed in 
minimally invasive deliveries as an easily administered pre-gel viscous solution into 
a patient utilizing a catheter or syringe [36]. 

4.5 Physical Adsorption 

Combining protein-based biomaterials with bioactive molecules can improve their 
properties and increase either in live conditions or the laboratory. Surfaces generated 
from proteins can be changed by chemical, physical, or encapsulating procedures. 
Using these methods, proprotein-based materials can be functionalized with various
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antimicrobials and growth factors are two examples of biologically active chemi-
cals that can improve cellular and tissue reactions [27]. When introducing bioactive 
compounds, such as growth hormones or extracellular matrix proteins, through dip 
coating, to the surface of scaffolds physical adsorption, a straightforward immobi-
lization technique, is commonly used. Topography of surface, functional groups, 
pH, wettability, and electrical charge of the substance are just a few examples of the 
physical and chemical characteristics that affect adsorption efficiency. Since many 
nanomaterials are hydrophobic, techniques are required to increase their wettability 
and turn them into hydrophilic materials. Chemical interactions between carbon and 
non-carbon atoms are broken down using physical techniques like ion bombard-
ment, UV light, and plasma modification. As a result, oxygen reacts with unsatu-
rated bonds and radicals to promote hydrophilicity and reactivity toward substances 
that are biological. Since they contain a large number of reactive chemical groups 
(hydroxyl, carboxyl, and amide), natural polymers have the benefit of being less 
hydrophobic and able to interact with physiological molecules. Materials composed 
of proteins, such as collagen and silk, have been customized by the adsorption of 
biologically active compounds, such as vascular endothelial growth factor (VEGF) 
[37], basic fibroblast growth factor (bFGF) [38], and bone morphogenetic proteins 
(BMPs) [39], and pharmaceuticals like antibiotics, and heparin [40]. 

Van der Waals, hydrogen, and hydrophobic interactions serve a purpose in adsorp-
tion while they are electrostatic in nature, external factors can affect how stable the 
adsorbed molecules’ bond is relatively weak or moderate. In this manner, uncon-
trolled release of the immobilized species can be brought on by changes in the pH, 
strength of ions, and the number of adsorbed species in the surrounding media. For 
instance, large doses of bone morphogenetic proteins (BMPs) in order to trigger the 
correct osteogenic response, substances that diffuse away from the fracture location 
are required. The BMP-2 release profile from collagen sponges exhibits an early 
spike within the first ten minutes, during which 30% of the BMP-2 is lost by the 
messenger carrier, and is thereafter sluggish over the course of the next 3–5 days. 
Clinical conditions like soft tissue hematomas, ectopic bone growth, and receding 
bones may result from this original burst release [41]. 

4.6 Triboelectric Nanogenerators (TENG) 

TENG is one of three types of nanogenerators in which the concepts of tribo-
electrification and electrostatic induction work together to transform mechanical 
energy, including that from very low frequencies to electrical power. In the “tri-
boelectric effect,” the charges are transferred during mutual contact between mate-
rials having varying triboelectric polarities (distinct capacities for electron binding). 
TENG makes use of this phenomenon by using an external force to separate two mate-
rials which further creates a potential difference hence, creating an electric field [42]. 
Another type is piezoelectric nanogenerators (PENGs), which function by interacting
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between the mechanical and electrical states linearly while responding to mechan-
ical stress and are made of crystalline materials lacking inversion symmetry [43]. 
Pyroelectric nanogenerators (PyENGs), which transform variations in heat energy 
into electrical energy, come in third [44]. Recently, it was shown that TENGs and 
PyENGs can work together by harnessing the human body’s mechanical and thermal 
energy to generate electrical signals [45]. Nonetheless, triboelectric nanogenerators 
are frequently chosen in comparison to their counterparts piezoelectric nanogenera-
tors or pyroelectric nanogenerators due to their conditions of operation for regions of 
low frequency/amplitude, ecosystem quality, more extensive resources, and material 
selection [46]. 

Polymers, such as polyvinylidene fluoride, polytetrafluoroethylene, poly-
dimethylsiloxane, and others, make up the majority of triboelectric nanogenerators 
because they all include the element fluorine, which has a great affinity for elec-
trons. Although these polymers can produce significant triboelectricity, they can be 
challenging to handle and decompose, and their accumulation and disposal could be 
hazardous to both human health and the environment. The ecologically friendly and 
biodegradable TENGs (bio-TENGs) will create smart portable tools to address these 
issues, setting a new standard for the establishment of a smart and green society. 
TENGs in which the triboelectric layer components are partially or entirely made of 
natural substances or their constituents are classified as bio-TENGs. Firstly, bioma-
terials having high biocompatibility and biodegradability are obtained from natural 
species and they can be decomposed by microorganisms after being disposed of 
in nature. Additionally, because TENGs have an innate ability to generate green 
energy from their environment and biologic processes, these intelligent bio-TENGs 
can be used to power autonomous driving sensors or smart electronics. Finally, there 
are numerous sources of biological materials, ranging from marine products like 
shellfish and seaweed to agricultural by-products like straw, rice husks, bark, and 
bagasse [47]. The majority of biodegradable polymers have low toxicity and strong 
biocompatibility, which makes BD-TENGs effective in biomedical applications. The 
implantations for medical devices should be removed promptly when their purpose 
has been served in the human body. Biodegradable devices are typically employed 
to treat disorders of the heart and there is no requirement of additional surgery, 
in contrast to non-degradable devices that can only be removed through procedures, 
which causes subsequent injury to the patients [48]. They are also employed in tissue 
regeneration. 

For the current triboelectric series to be expanded, new triboelectric materials 
must be developed. The design of positive and negative materials for placement 
in the triboelectric series is under the limelight. The synthesis of novel materials 
containing significantly more accurate halogenic elements is the main focus of tech-
niques for creating novel tribo-negative materials. As an illustration, Lee et al. stated 
that fluorinated polymeric sulfur outperformed commercial PTFE, which is ranked 
the worst in the series of triboelectric materials. A disadvantage associated with tribo-
negative materials is their insulation. The creation of materials that are tribo-positive 
is inspired by the emergence of the highest positive charges in polymers comprising 
nitrogen and oxygen with pyridine amide, amine, or hydroxyl groups. Based on this
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hypothesis, Zhao et al. prepared an aniline formaldehyde resin (AFR) with sufficient 
mechanical strength and controlled microstructures for TENG device applications 
[43]. 

By capturing high entropy energy, TENGs offer a fresh approach to the problem 
of supply of energy. Nevertheless, flexible, humidity-resistant, and affordable TENG 
must meet strict standards for wearable electronic devices. Here, a straightforward 
and environmentally benign process was used to create the multipurpose wheat starch 
TENG (S-TENG). The S-TENG opens the door for the mass production of multifunc-
tional biomaterials-based TENG as well as the real-world use of wearable electronics 
and self-powered sensors [49]. 

There is a reported way for easily improving the quality of a chitosan-diatom-
based biomaterial TENG (CD-TENG) by controlling the weight ratio of the diatom 
frustule, which can increase the density of charge in the chitosan-diatom composite 
film [50]. This is useful to apply in wearable devices that might be easily attached to 
human skin and will not be associated with any adverse implications. Nanocarriers 
are stimuli-responsive biopolymers that are commonly used in invasive and trans-
dermal drug delivery (TDD) systems that are stimulated and regulated by TENGs 
power supply. Other common drug-delivery agents include nanoparticles, micronee-
dles, and liposomes. TENG is therefore utilized to deliver drugs with organelles and 
biomaterials for offering a target-oriented controlled drug release [51]. Paper-based 
cellulose TENGs, nano cellulose TENGs, and micro/nano composite TENGs are 
other advancements in biomaterials based on the triboelectric nanogenerator prin-
ciple. The advantages of cellulose as a naturally occurring polymer are cost effective-
ness, processability, good mechanical flexibility, biocompatibility, and biodegrad-
ability. Additionally, it may display a special combination of chemical, structural, 
dielectric, and optical characteristics. These benefits may transform cellulose-based 
functional materials into appealing substrates or TENG elements [52]. 

The creation of a durable, stable encapsulating covering is necessary for the 
commercialization of biomaterial TENG devices as clinical implants since it will 
shield the device from the hostile in vivo environment. This is because overcoming 
the immune system’s response to a foreign body is challenging, and fibroblast growth 
may eventually cause the implanted TENGs to respond to motion stimuli less effec-
tively [53]. To construct well-designed TENG sensors, researchers will eventually 
need to use fabric, shape-memory polymers made of latex or rubber, hydrogel, and 
other cutting-edge functional materials. In addition, significant progress in the area 
of flexible electrodes is required to increase the wearability of TENGs both inside 
and outside the living systems. Hard and soft materials, including carbonaceous 
nanoparticles, polymeric substances, 2D materials, inorganic and ceramic materials, 
and polymers, are used to create today’s naturally flexible electrodes [54]. The TENG-
based healthcare system benefits greatly from TENG-based biomaterials, which have 
a bright future in terms of consistency, sustainability, comfort, and adaptability.
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4.7 Elastin like Polypeptides (ELPs)-Based Hydroxyapatite 
Composites 

Organic matrix macromolecules are essential for improving the mechanical char-
acteristics of biomineralized compounds like bone and teeth in nature. Because 
there is still a lot to learn about how natural matrix components work, creating 
artificial matrix counterparts is both exciting and difficult. Biomimetic matrices can 
be created utilizing genetically produced elastin-like polypeptides (ELPs) instead 
of natural components for the design of mechanically robust ELP-hydroxyapatite 
(HAP) composites. ELPs with clearly defined backbone charge distributions can 
be made by intermittently including negative, positive, or neutral side chains or 
HAP-binding octa glutamic acid patterns at one or both protein termini. ELPs have 
sequence-specific properties that affect how they interact with ions, bind HAP, and 
spread HAP nanoparticles. With ELPs that bind with HAP, calcium phosphate cement 
can be further improved to provide materials with enhanced mechanical strength, 
injectability, and anti-washout properties [55]. 

Elastin-like polypeptides possess some adaptable properties which enable them 
to form different nanostructures, including nanoparticles, nanofibers, and nanocom-
posites [56, 57]. When utilized in drug delivery, these nanotechnologies increase 
the effectiveness of the therapy because the nanostructure can target the molecule, 
increasing its stability and increasing contact surface. This could boost these struc-
tures’ activity, which is essential for maintaining their thermodynamic properties 
[58, 59]. 

4.8 CRISPR-Cas 9 

Streptococcus thermophilus, a bacterium frequently employed in the dairy industry, 
was utilized to identify the CRISPR/Cas mechanism system for the initial time in 
2007. By functioning as a highly effective “antiviral system” to prevent viral infec-
tions, this system serves as an adaptive immunological mechanism that combats 
this gram-negative bacterium. Later, it was found that prokaryotes, which comprise 
84% of archaea and 45% of bacteria, are the organisms where CRISPR is currently 
most common. The term “CRISPR/Cas system” refers to the locus, which is perpet-
ually active in the presence of CRISPR-associated (Cas) genes which generate the 
endonuclease enzyme. CRISPR’s operons of Cas genes, spacers, and repetitions are 
its essential components [60]. Table 2 describes the biomaterial vectors along with 
their Cas9 cargoes with their applications and advantages.

Since viral predation poses a constant threat to bacteria, they have developed a 
range of defense mechanisms, including CRISPR/Cas systems. CRISPR-Cas 9 oper-
ates by modifying DNA. The nuclease protein (Cas9) of the Streptococcus pyogenes 
Type II-A system addresses a particular sequence of DNA under the direction of an
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Table 2 Biomaterial vectors along with their Cas9 cargoes: Applications and Advantages [63] 

Cas9 Cargo Delivery System Application Advantages 

DNA Palmstearin derived 
fatty acyl chains 

Analyzing 
nanoparticle molecular 
architecture effect on 
Cas9 plasmid delivery 
and characterization of 
delivery to HEK-293 
cells 

The PS-Lips cationic lipid 
nanocarrier system’s 
liposomes successfully 
carried genome-editing 
tools containing CRISPR/ 
Cas9 encoded pDNA 

DNA Turbofect Identification of Nf-1 
pain-related 
therapeutic targets 

Effective pain 
management 

mRNA Extracellular vesicles 
derived RBCs 

Targeting in MOLM13 
cells 

In bothhuman cells and 
xenograft animal models, 
RNA medication delivery 
with RBCEVs exhibits 
highly strong microRNA 
inhibition and 
CRISPR-Cas9 genome 
editing with no 
detectableharm 

Protein Nanoclews involving 
yarn-like DNA 

Disruption of EGFP in 
U2OS-EGFP cells 
in vitro and in vivo 

Enhanced delivery of 
CRISPR-Cas9 

DNA Liposome-Exosome 
hybrids 

Lipofectamine 2000 
and 
HEK293FT-derived 
exosome performing 
targeting in 
mesenchymal stem 
cells 

Exosome-liposome hybrid 
nanoparticles are 
promising for in vivo gene 
editing since they can 
transport the 
CRISPR-Cas9 system to 
MSCs 

mRNA Zwitter-ionic lipids 
amino 

Lung cancer cell 
delivery and in vivo 
targeting 

Improvement in safety 
and effective usage of 
gene editing 

Protein-tagged 
NLS and glutamic 
acid 

Arginine coated 
cationic gold 
nanoparticles 
(ArgNPs) 

Works by targeting 
Hela cells and 
disrupting signals for 
cancer survival 

The method assures the 
development of 
“weaponized” 
macrophages for cancer 
immunotherapy due to the 
enhanced attack and 
destruction of cancer cells 

mRNAwith 
modified sgRNA 

Cholesterol,DSPC 
lipid, PEG-2000 
DMG and LP01 lipid 

In TTR amydoilosis 
for gene targeting 

Helps in reducing 
Transthyretin (TTR) 
serum protein 
concurrently with in vivo 
genome-editing levels that 
are clinically significant

(continued)
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Table 2 (continued)

Cas9 Cargo Delivery System Application Advantages

Highly negative 
GFP fused protein 

Lipofectamine 2000, 
RNAiMAX 

Delivery which is 
in vivo to mice cochlea 

When compared to DNA 
transfection, delivery of 
unaltered complexes 
resulted in genomic 
modifications of up to 
80% 

DNA Cationic polypeptide 
made with surface 
PEGylation 

Disrupting GFP and 
targeting in HeLa 
tumor-bearing mice 

The system provides a 
flexible gene-editing 
platform for biological 
research and therapeutic 
applications, enabling 
multiplex gene knock-out, 
gene knock-in, and gene 
activation in vitro and in 
vivo

associated RNA sequence, is the system that is used for the majority of CRISPR appli-
cations in bacteria. This method causes an incision in the designated area, allowing for 
DNA editing. The DNA that recognizes the protospacer is bound by the Cas9-sgRNA 
complex, which leads to a slow unraveling of the DNA. The CRISPR-Cas9 tech-
nology has the advantage of enabling researchers to more precisely control how the 
CRISPR/Cas systems are activated by targeting transcriptional activators to specific 
genomic regions. The latest advances in the interaction of Porphyromonas gingivalis 
(P. gingivalis), Enterococcus faecalis (E. faecalis), and Streptococcus mutans (S. 
mutans) with bacterial functions and CRISPR/Cas systems are relevant to dentistry 
[61]. 

Delivering the CRISPR-Cas complex to particular cells or tissues is challenging 
and laborious because its components must transcend tissue and cell membrane 
barriers to enter the nucleus, where they can affect the nuclear genome. The two 
broadly used physical techniques for introducing the CRISPR-Cas complex into 
cells are electroporation and single-cell microinjection. These techniques are crucial 
for editing genes in developing embryos and creating transgenic animals [62]. 

Due to their adaptability, biocompatibility, and rising transfection effectiveness, 
biomaterials are increasingly being used as non-viral vectors. Capacity restrictions 
are not an issue, and nanoparticles can be further tailored to enhance nuclear transport 
and tissue selectivity. The capacity of biomaterials to be tuned offers considerable 
potential for enhancing CRISPR-Cas9 delivery for in vivo gene editing. Since there 
are practically no restrictions on how biomaterials can be customized, this gives phys-
ical and viral delivery a particular advantage. This is due to the fact that several organ 
systems along with their types of cells will eventually need gene editing methods 
that are specially tailored to their microenvironments [63]. By incorporating various 
biomaterials into them, Cas9 can be supplied in the form of DNA, plasmids, mRNA, 
and proteins.
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4.9 3D Printing 

The methods of genetic engineering are utilized to extract and mix particular DNA 
from diverse materials to create chimera DNA. When the chimeric DNA is sent back 
with the help of plasmids to bacterial cells, it can then be duplicated. The survival of 
cells carrying chimeric DNA can be backed by bioprinting techniques like inkjet-, 
extrusion-, and laser-based printing. They can design chimeric biomaterials for 3D 
printing in a controlled and cost-effective way. Recombinant DNA technology allows 
engineers to employ chimeric biomaterials in a number of biological research and 
development applications by taking their desirable traits from nonhuman origin. The 
creation of fake CAR T cells for use in adoptive cell therapy for the treatment of 
cancer is the most well-known application of chimeric biomaterials. Particularly, 
Fc-chimeric proteins may be utilized for the identification of desired stem cells 
and as test compounds in advanced 3D printers. Chimeric organoids that mimic the 
tumor microenvironment can be designed by bioprinting cancer cells and healthy 
mammary epithelial cells. Furthermore, chimeric biomaterials can be included in 
drug delivery systems to improve the therapeutic potency of previously accessible 
proteins and drugs. Recently, attempts have been made to combine chimera biomate-
rials with biopolymers [19]. Despite being incredibly effective in CAR T-cell therapy 
as a customized approach to cancer treatment, chimeric biomaterials can potentially 
have unfavorable side effects and flaws in patients. Additionally, because of its high 
cost and drawn-out approach, CAR T-cell treatment is not commonly available. 
The ethical ramifications of research using human organoids and/or the introduction 
and integration of chimera material into a host mammal are also complex. Sound 
ethical principles must therefore be upheld as chimeric biomaterials are increasingly 
used in modern science. It is necessary to harvest DNA from numerous genomes in 
order to create chimeric biomaterials, which calls for the employment of additional 
3D printing settings that allow high cell survival and density. Across all printing 
techniques, there is a definite trade-off between cell survival, resolution, and price. 

Chimeric biomaterials are designed using recombinant DNA technology, which 
reconstructs genes from many species into desired effects by programming them 
at specified gene sequences. Chimeric polymers have a much greater degree of 
control over the amino acid sequences than their chemically synthesized equiva-
lents, which is much greater than what is possible with solution or solid-phase peptide 
synthesis. Incorporating stimuli-responsive motifs into a chimeric polymer’s back-
bone allows for accurate phase changes in response to changing temperature, pH, 
and ionic strength. Additionally, this addition might enhance interactions between 
an implant and already-existing cells. Chimeric polymer-based biodegradable struc-
tures can also maintain their temporal and spatial precision so that breakdown only 
happens in the presence of specific enzymes. This can be achieved through the addi-
tion of amino acids which are prone to breakdown [64]. Engineers could advance 
the creation of treatments that address a variety of unresolved medical issues that 
have plagued society since the dawn of humankind by leveraging desirable properties 
from other sources.
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4.9.1 Epigenetic Modifications/Omics-Based Approaches 

Recent advances in biology technology, notably in the domain of omics approaches, 
have enabled functional high throughput reading of the cell’s genome, epigenome, 
transcriptome, proteome, and metabolome. The capacity of omics-based techniques 
in forecasting the biological response to designed biomaterials is the primary check-
point in developing the next generation of biomaterials, and it has the potential to 
revolutionize biomedical research and replace the traditional “trial and error” method. 
These omics-based tools can also be applied to the study of the in vivo behavior of 
biomaterials, a field that is based on semi-quantitative imaging-based techniques 
instead of precise computational techniques [65]. 

In order to make hydrogels whose mechanical characteristics depend on calcium 
concentration, calmodulin, a protein that changes conformation in order to bind 
calcium ions, was used and is one of the biomaterials that is prepared through a 
protein [2]. Successfully combining hydrogel encapsulation and mRNA transfection 
opens up new avenues for the prospective clinical delivery of mRNA-engineered cell 
products. Primarily, improved cell attachment is necessary for significant secretion 
of the IVT-mRNA encoded protein, a recently discovered synergism between mRNA 
transfection of cells and their microenvironment. The increased secretion of indige-
nous HGF and mRNA-overexpressed VEGF in collagen hydrogels indicates that 
material-mediated effects can further modulate the cells’ secretome in concert with 
IVT-mRNA overexpression [2]. Depending on the method of nuclease delivery, gene 
editing needs different regulatory provisions than other gene therapy medications. 
The location where nuclease genes are inserted into the genome, how the genes are 
delivered, how they are administered, and what kinds of gene editing nucleases and 
sgRNA are used can all affect the level of risk and the categories of risk factors are 
one of the challenges when a gene needs to be modified [66]. 

The most extensively researched epigenetic modifications are DNA methyla-
tion and histone protein alterations, that are directly involved in regulation of the 
gene expression levels and defining the characteristics of the cell. Methylation of 
DNA alters gene transcription by preventing transcription factors from attaching to 
the DNA. The same is true for post-translational histone modifications, which are 
crucial for determining chromatin structure and regulating DNA expression. Enzy-
matic proteins that are involved in these epigenetic changes can also reverse them. 
These changes are practical because they can be undone, which opens the door to 
using them for in situ tissue regeneration. In fact, chromatin structure and epige-
netic processes in cells have been regulated by nanomaterials [67]. In a recent study, 
epigenetic regulators were employed to stimulate osteogenic differentiation in human 
MSCs113. These regulators included gemcitabine, decitabine, I-CBP112, chidamide, 
and SIRT1/2 inhibitor IV. Notably, stem cells obtained from elderly adult donors 
showed a fivefold increase in osteogenic efficacy when treated with gemcitabine and 
decitabine. This research emphasizes the function of the nucleosome remodeling and 
epigenetics in cellular differentiation as well as their potential application to in situ 
tissue regeneration [68]. The surface organization and material energy of biomate-
rials influence the epigenetic patterns of cells, which can subsequently influence the
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gene expression of cells that come into contact with the material. Substances in tissue 
engineering that may affect epigenetic pathways are titanium, silica, PLGA, bioglass, 
and ceramics [69]. Another organic material that has undergone epigenetic function-
alization is silk. James et al. examined an anti-sense-miRNA-214 silk device utilizing 
surface coating, which led to a continuous release of miRNA inhibitors up to 7 days 
in vitro and increased the expression of osteogenic genes in the human mesenchymal 
stem cells implanted on these devices [70]. These findings would suggest that this 
unique technique could be helpful for localized bone tissue creation and for promoting 
osteogenesis at the implant surface. Collagen sponges and macroporous biphasic 
calcium phosphate scaffolds combined with HDAC inhibitors (HDACi) caused the 
creation of woven bone and newly produced bone at the scaffold’s interface, which is 
another epigenetic mechanism for collagen functionalization that has been explored 
[71]. Although Cre recombinases are widely utilized, optogenetics has been found to 
be beneficial for a variety of phylogenetic histone deacetylases, methyltransferases, 
acetyltransferase inhibitors, and proteins that recruit these enzymes. Included in this 
group of proteins are KYP, TgSET8, NUE, PHF19, Sin3a, Sirt3, NcoR, HDAC8, 
RPD3, and Sir2a [72]. 

Genetic code expansion (GCE), a related approach, is comparable to it. Next-
generation protein engineering, in particular GCE, enables heterologous expression 
of proteins with NCAA/UNAA inclusion in proteins in both prokaryotic and eukary-
otic organisms [73]. GCE promotes biomedical and tissue engineering research by 
developing innovative protein-based biopolymers with broad structural and func-
tional flexibility. Silk, elastin, collagen, and fibrin are used to create a variety of 
biomaterials that are created using the GCE process. The ability to enhance the 
production of biomaterial proteins by GCE is expected to usher in a new era of tissue 
engineering and biotechnology. According to recent advancements in tissue engi-
neering, customized tissue constructs with anisotropic architecture, heterogeneous 
cells, and composite nano/biomaterials are being created for regenerating functional 
tissue and organotypic tissue models [74]. Because they enable precise control over 
the loading of bioactive moieties, microstructure, and handling, biomaterials with 
spatiotemporal variations are essential for 3D manufacturing. GCE improves the 
possibility of producing biomaterials made of growth factors and congener proteins 
that act as brokers for interactions between cells and the matrix. GCE presents a 
unique opportunity for the creation of bioinspired proteins and customized biomate-
rials that show potential for use in precision and personalized medicine. GCE creates 
protein biomaterials with all-inclusive qualities to ensure enhanced interactions 
between the components of the tissue engineering trio [74].
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5 Pre-Clinical and Clinical Relevance of Genetically 
Engineered Biomaterials 

Biomaterials can serve a variety of purposes in cartilage repair and regeneration, 
including mechanical support systems (such as visco supplementation, defect plugs), 
delivery vehicles for the delivery of therapeutic molecules as well as scaffolds for cell-
driven repair of tissues. Hydrogels, 3D polymer networks respond viscoelastically 
and are the optimal materials for cartilage repair since they are high in water content, 
like healthy cartilage [75]. Drug delivery, the development of cell-rich bioengineered 
devices, and tissue and immunological engineering are some possible applications 
for smart materials [76]. The mechanical properties of hydrogels can be reversibly, 
wavelength-specifically, dose- and space-controlled tuned by incorporating a protein 
under optical control into polymeric polymeric materials. These light-controlled poly 
(ethylene glycol) (PEG) hydrogels were first made successful, according to a PhoCl 
protein, which raised the potential of their practical implementation [77]. 

Biomaterials that are appropriate for human use and of neurosurgical grade may 
provide a feasible replacement. In particular, the neurosurgical grade using the bioma-
terial Duragen PlusTM matrix that has been approved by regulators and is mostly 
utilized in duraplasty treatments. Type I bovine collagen is used to make it. Here, it 
permits fibroblast percolation to restore and heal the dura mater after an intraoperative 
breach, and it is said to be resorbed after six to eight weeks. According to reports, the 
substance is conformable, clean, and biocompatible as well as lacking immuno-
genicity, cytotoxicity, and pyrogenicity. It has been demonstrated that Duragen 
PlusTM, which has been transplanted into the nervous system, stimulates neural 
cell growth, which might involve that of rat cortical neurons, without producing any 
adverse side effects [78]. 

dECM-based biomaterials enhance the advancement of more precise delivery of 
a certain drug at the intended region and facilitate chemical component distribution 
as carriers. Decellularized ECM biomaterials have also been investigated for growth 
factor delivery due to the intrinsic qualities of ECM and its natural interactions with 
various growth factors. For instance, the decellularized matrix containing hydrogel 
was designed to load bFGF to treat spinal cord injury since ECM is essential in 
directing growth factor signaling in vivo for bone regeneration [79]. The delivery 
of biological cues using dECM-based material is advantageous because it increases 
in vivo utilization and effectiveness. As a number of ECM goods (AlloDerm, Life-
Cell Corp.), as well as injectable ECM materials (ACell’s CytalTM Wound Matrix, 
MicroMatrix®, and CorMatrix®), have already passed the commercialization stage, 
injectable ECM hydrogels may soon follow this trend. It is crucial to remember that 
musculoskeletal dECM biomaterials have had a tremendous impact on clinic tissue 
repair all over the world. Applications for dECM biomaterials in preclinical studies 
have included urethral reconstruction, bone tissue healing, and muscle regeneration 
[79, 80]. 

Biomaterials can be used in a variety of ways to induce immunological tolerance 
because they offer reliable control over immune cells’ interactions with specific
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antigens. They can therefore make excellent use of the immune system’s numerous 
internal regulating mechanisms. One way to promote tolerance is through inducing 
energy or deletion of self-reactive lymphocytes. Additionally, targeting helper T cell 
activation toward the regulatory pathway can help prevent the activation of other T 
cells’ undesired effector functions. 

Biomaterials allow for engineered solutions to complex biological issues, as was 
the case with vaccine development, and they hold hope for the future of our ability to 
effectively treat autoimmune diseases and aberrant immune activity [81]. Macroscale 
scaffolds based on biomaterials can be utilized to disseminate immunomodula-
tory elements like proteins (like cytokines and antibodies), oligonucleotides (such 
silencing RNA and plasmid DNA), and scavengers that eliminate or reroute harmful 
substances (like ROS) locally. Future biomaterials-based cell carriers and niches 
may be created to monitor certain immune responses for diagnostic, investigation 
and observation, and clinical study purposes together with their use for therapeutic 
goals. For instance, the delivery of a pancreatic-islet lysate to gather, separate, and 
analyze the repertoire of T cells that are diabetogenic has been investigated using 
a PLGA-based microporous scaffold. Similar to this, a locally applied adjuvant-
and antigen-loaded alginate microneedle patches can attract T cells indicating active 
systemic responses. [82]. 

By combining a suitable biomaterial (which is an essential part of the extracel-
lular matrix involving the airway system) using airway organoids harboring disease-
relevant cell types, it is possible to construct a structure like the tissues, with favor-
able functional and morphological attributes. Lung-on-a-chip systems also need to be 
enhanced and optimized in order to replicate and imitate the critical pulmonary tissue 
microenvironment conditions. This could aid in the discovery of innovative medica-
tions and therapeutics for challenging lung diseases like the newer SARS-CoV-2. A 
promising method for determining potential side effects of recently created SARS-
CoV-2 medications and vaccinations is to combine lung-on-a-chip technology with 
heart, liver, and kidney organs-on-a-chip systems [83]. An acellular dermal matrix 
created by the usage of skin from the human deceased when mixed fat grafts in skin 
graft and breast reconstruction surgeries, to enhance the localization and survival of 
transplanted fat cells procedures to improve the localization and survival of trans-
planted fat cells. In the commercially available product Epigraft, collagen has been 
used to enable the organization of composite cell types within tissue grafts, such 
as skin grafts. Lately, cardiomyocytes derived from stem cells and collagen sheet-
laden epicardium cells have been used in combination for myocardial tissue healing 
following infarction [84]. 

Hence it is believed that biomaterials will eventually be used for more sophisti-
cated purposes, such as signal transducers that trigger cellular roles. Early viability 
studies in animals suggest that remote control of cell activity is possible using external 
actuators including ultrasonic, magnetic fields, and electronic inputs. These external 
actuators generate forces that the body can withstand [1]. These technologies are 
in their nascent stages, so advancements in the production of external signals will 
be required for propelling their development, and therefore, genetically modified 
biomaterials will reach heights in the near future.
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6 The Future of Genetically Engineered Biomaterials 

Over the past fifteen years, there has been a lot of research into genetically modified 
biomaterials, and CRISPR has already begun to play a significant part in the advance-
ment of this field. With the advancement of manufacturing techniques that produce 
genetically engineered biomaterials, new ways have been paved for harnessing this 
potential of the manufacturing sector and formulating genetically engineered bioma-
terials from it. Scalable production has provided hope for the synthesis of genetically 
engineered nanofibrous materials. With features like biocompatibility, biodegrad-
ability, prospective energy collection, thermal, optical, and carcinogenic detection 
potentialities, among others, these methodologies may arise in the not too-distant 
future. Intelligent and genetically generated biomaterials and medicine delivery 
systems have created tremendous strides in the last few years. It is being tested 
to create new materials with unique properties. Researchers presently concentrate 
mostly on designs found in nature, such as spider silk motifs, in order to develop 
materials with outstanding mechanical properties. The design of novel materials, not 
present in nature, that are based on an understanding of the relationship between 
the structure of protein-based materials and biorecognition, self-assembly, and char-
acteristics has the most potential, though [1]. Bio adaptability would be the best 
factor for selecting the optimal biomaterials that prove to be useful in certain tissue 
repair. Biomaterials with exceptional bio adaptability must possess some essential 
qualities, such as adaptable components that mimic cell response and tissue recon-
struction, matched mechanical properties with natural tissues, suitable surfaces with 
advantageous tissue reaction, and biomimetic multi-level structures. 

Tissue engineering and regenerative medicine, two techniques that are now in 
development, will someday transform medical implants. Tissue engineering will 
make it possible to create functional, living alternatives for many tissues and organs. 
Tissue engineering will benefit from developments in biodegradable polymers, fast 
prototyping, drug administration, cell culture, stem cell procedures, angiogenesis, 
and biomimetic approaches for building extracellular, matrix-like biomimetics. The 
potential applications of clever systems and micro- and nanofabrication are almost 
endless. Future in vitro systems will be built on a sophisticated knowledge of how 
biological systems engage with synthetic surfaces. These novel technologies will 
also be carefully and morally addressed because they have the potential to alter 
expectations for humans. Another area of study that will improve the functionality 
of implants is lowering the risk of infection. This can be assisted by antibacterial 
surface coatings, non-fouling surfaces, and antibiotic-controlled release mechanisms. 
The development of devices that function as both a device and a drug will also be 
made possible by advancements in controlled drug release in general.



Different Techniques of Genetic Engineering Used for the Development … 67

7 Conclusion 

This chapter offers a comprehensive overview of the biomaterials industry. It is 
meant to give the reader a vantage position from which they can start to situate all 
the subthemes within the context of the bigger picture. To reiterate a crucial point, 
the study of biomaterials may be the one that is most interdisciplinary. As a result, 
in order to be proficient in their area, biomaterials scientists need to be knowledge-
able in a wide range of science, technology, engineering, and medical specialties. 
Being involved in a mentally challenging project that advances our knowledge of 
fundamental sciences and also helps to alleviate human suffering is the reward for 
mastering this volume of material. The journey of biomaterials can surely be consid-
ered a success from the significance they hold for contemporary medical treatments, 
the market’s economic growth, and steady development of the industry over the past 
50 years. The body will require fewer synthetic elements as a result of regenera-
tive medicine. We anticipate the need for genetically engineered biomaterials to last 
well into this century and that many uses will continue to call for synthetic mate-
rials. Modern biomaterial development necessitates the design of materials that are 
bioinert and at the same time, also engage with and even react to their surrounding 
living environment. Biological cues that may communicate cell adhesion, migra-
tion, proliferation, differentiation, or even apoptosis must be provided by bioactive 
materials. The materials can communicate with the nearby biological environment 
in this way to convey their messages, for instance, by sending a signal of growth to 
encourage tissue repair. Bioactive substances with built-in responses to stimuli may 
respond to nearby physiological activity, such as by releasing a drug or breaking 
down to respond to a biological stimulus. Future genetically engineered intelligent 
biomaterials will depend heavily on biomaterials’ capacity to detect changes in their 
surroundings or biological demand. 

Conclusively, this is the stage where our knowledge of cellular biological sciences 
and biochemistry allows us to incorporate particular biologic functions into geneti-
cally engineered biomaterials. As new information is discovered, it can be immedi-
ately incorporated into a biomaterial to govern specific amino acid, lipid, or carbohy-
drate sequences that regulate cell differentiation, immune responses, or other biolog-
ical phenomena. Thus, a key activity in the future will be the integration of materials 
science and cell biology knowledge to create a new class of materials that can truly 
facilitate desired medical outcomes. 
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28. Kawecki, M., Łabuś,  W., Klama-Baryla,  A., Kitala,  D., Kraut,M.,  Glik, J.,  Misiuga,  M., Nowak,  
M., Bielecki, T., Kasperczyk, A.: A review of decellurization methods caused by an urgent 
need for quality control of cell-free extracellular matrix’scaffolds and their role in regenerative 
medicine. J. Biomed. Mater. Res. Part B Appl. Biomater. 106(2), 909–23 (2018) 

29. Yao, Q., Zheng, Y.W., Lan, Q.H., Kou, L., Xu, H.L., Zhao, Y.Z.: Recent development and 
biomedical applications of decellularized extracellular matrix biomaterials. Mater. Sci. Eng. C 
1(104), 109942 (2019) 

30. Lü, W.D., Sun, R.F., Hu, Y.R., Lu, J.R., Gu, L., Liu, Z.G., Lei, G.Y., Qiang, Z., Cai, L.: Photoox-
idatively crosslinked acellular tumor extracellular matrices as potential tumor engineering 
scaffolds. Acta Biomater. 15(71), 460–473 (2018) 

31. Matuska, A.M., McFetridge, P.S.: The effect of terminal sterilization on structural and biophys-
ical properties of a decellularized collagen-based scaffold; implications for stem cell adhesion. 
J. Biomed. Mater. Res. Part B Appl. Biomater. 103(2):397–406 (2015) 

32. Keane, T.J., Swinehart, I.T., Badylak, S.F.: Methods of tissue decellularization used for 
preparation of biologic scaffolds and in vivo relevance. Methods 1(84), 25–34 (2015) 

33. Zou, J.L., Liu, S., Sun, J.H., Yang, W.H., Xu, Y.W., Rao, Z.L., Jiang, B., Zhu, Q.T., Liu, X.L., 
Wu, J.L., Chang, C.: Peripheral nerve-derived matrix hydrogel promotes remyelination and 
inhibits synapse formation. Adv. Funct. Mater. 28(13), 1705739 (2018) 

34. Yu, R., Zhang, H., Guo, B.: Conductive biomaterials as bioactive wound dressing for wound 
healing and skin tissue engineering. Nano-Micro Lett. 14, 1–46 (2022) 

35. Zhang, X., Chen, X., Hong, H., Hu, R., Liu, J., Liu, C.: Decellularized extracellular matrix 
scaffolds: recent trends and emerging strategies in tissue engineering. Bioact. Mater. 1(10), 
15–31 (2022) 

36. Gomes, S., Leonor, I.B., Mano, J.F., Reis, R.L., Kaplan, D.L.: Natural and genetically 
engineered proteins for tissue engineering. Prog. Polym. Sci. 37(1), 1–17 (2012) 

37. Kleinheinz, J., Jung, S., Wermker, K., Fischer, C., Joos, U.: Release kinetics of VEGF165 from 
a collagen matrix and structural matrix changes in a circulation model. Head Face Med. 6(1), 
1–7 (2010) 

38. Wongpanit, P., Ueda, H., Tabata, Y., Rujiravanit, R.: In vitro and in vivo release of basic 
fibroblast growth factor using a silk fibroin scaffold as delivery carrier. J. Biomater. Sci. Polym. 
Ed. 21(11), 1403–1419 (2010) 

39. Friess, W., Uludag, H., Foskett, S., Biron, R., Sargeant, C.: Characterization of absorbable 
collagen sponges as recombinant human bone morphogenetic protein-2 carriers. Int. J. Pharm. 
185(1), 51–60 (1999) 

40. Wang, X., Zhang, X., Castellot, J., Herman, I., Iafrati, M., Kaplan, D.L.: Controlled release 
from multilayer silk biomaterial coatings to modulate vascular cell responses. Biomaterials 
29(7), 894–903 (2008) 

41. Shields, L.B., Raque, G.H., Glassman, S.D., Campbell, M., Vitaz, T., Harpring, J., Shields, C.B.: 
Adverse effects associated with high-dose recombinant human bone morphogenetic protein-2 
use in anterior cervical spine fusion. Spine J. 31(5), 542–547 (2006) 

42. Lyu, Y., Wang, Y.: Output optimization of biodegradable triboelectric nanogenerators. Nano 
Energy 16, 107811 (2022) 

43. Briscoe, J., Dunn, S.: Piezoelectric nanogenerators–a review of nanostructured piezoelectric 
energy harvesters. Nano Energy 1(14), 15–29 (2015) 
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Abstract Bioengineering of bones and tissues includes the culmination of principles 
of bioactive compounds, scaffoldings, and developing materials for the treatment of 
body cells and organs that are required to be replaced due to damage of some kind. 
However, synthetic materials used are known to cause extensive pollution and thus to 
develop methods with no or lesser pollution multiple green manufacturing technolo-
gies are being designed. Due to their outstanding biodegradability and biocompati-
bility in biological media, green materials are proven to be a useful factor in medicine. 
Though this technology is still in its cradle stage, there have been multiple kinds of 
materials like chitosan, collagen, alginate, and corals that are being implemented 
for manufacturing composite for hard tissue implants such as artificial bone, bone 
cement and for the construction of multiple-generation biomaterials. This chapter 
will cover the various materials and methodologies that are already in practice or are 
being developed to regenerate bones and tissues, keeping in sight the safety of the 
environment and to give us a pollution free world. 
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PGA Polyglycolic Acid 
PEG Polyethylene Glycol 
PCL Polycaprolactone 
3D Three-dimensional 
BTE Bone Tissue Engineering 
ECM Extracellular Matrix 
ALP Alkaline Phosphatase 
GlcNAc N-acetyl Glucosamine 
GAGs Glycosaminoglycans 
PMMA Polymethyl methacrylate 
PLLA Poly-L-Lactic acid 
MSC Mesenchymal Stem Cell 
DNA Deoxyribonucleic Acid 
HAP Hydroxyapatite 
HFIP Hexafluoro-2-propanol 
GHG Greenhouse Gases 
HEMA 2-Hydroxyethyl methacrylate 
PEO Polyethylene oxide 
PVA Polyvinyl alcohol 

1 Introduction 

With an increase in the rates of diseases affecting various organs of the human body, 
and the rate expected to double by the end of 2030, the need for the ability to replace 
any such organ has become imperative [1]. It has led to the expansion of the field of 
medicine known as regenerative medicine, which involves tissue engineering (TE), 
regeneration of bones, and self-healing through activation of the host’s immune 
system [2]. It is a multidisciplinary discipline that integrates physics concepts with 
principles derived from life science to provide clinical treatment strategies. The 
concept of regenerative medicine emerged in the early 1990s, and since then, efforts 
have been made to strengthen research in the field. 

Although bone bioengineering is a type of tissue engineering, it is considered 
distinct from tissue engineering of other organs in today’s context, with bone engi-
neering being one of the most developed arenas. The creation of bio-active artificial 
cells and tissues for the substitution and regeneration of faulty tissues or organs is the 
focus of tissue engineering [3]. This includes isolation of suitable cells, development 
of compatible scaffolds, and implantation of the molecules into the tissues to alter 
functions or initiate repair of damaged organs and tissues [2]. Bone engineering (BE) 
involves the synergistic effect of engineered biomaterials with the host’s recovery 
factors to regenerate bone tissues. It appears to have no side effects so far and allows 
for healing of bone fractures and other flaws using the host’s cells [4]. However, with
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the progress and improvement in the field, there has been a distinct rate of pollution 
because of it and has led to the environmental depletion. 

The raw materials being used, the chemicals being depleted, and the destruction of 
faulty end products have led to soil erosion as well as major water pollution. It has also 
been known to affect the health of individuals being involved in the process which 
has now led to the thought of developing a process that is responsible toward human 
health and environment- green practice. Green practices involve the implementation 
of resource- and environmentally conscious methods throughout the entire lifecycle, 
from design to construction, operation, maintenance, renovation, and destruction [5]. 
The traditional considerations of economy, usefulness, durability, and comfort are 
expanded and are now being complemented with green practices. 

The primary concept of green practices was presented by Anastas and Warner who 
put forward the foundation based on 12 principles, which revolves around reducing 
waste, hazardous products and derivatives, balancing atom economy and energy 
efficiency, developing designs that make use of catalysis and based on the usage of 
benign compounds and renewable sources, and always having a detailed plan about 
degradation of the product, pollution control, and accident prevention. Thus, in the 
light of 2023, today scientists from all fields are working on improving the production 
of biomaterials such that it keeps the environment stress free [6]. 

2 Usual Methods and Their Issues 

To develop a system which was economically sustainable, environmental wellness 
had often got a backseat and so has been the case with the initial bioengineering 
methods. The prime concern for the methodologies was the disposal of waste—as 
most of it is unusable, they have often been disposed of into landfills. Alongside the 
foul odor and land wastage, the waste has even been recorded to yield pathogens 
[7]. Even though theoretically the use of nanoparticles to maintain cell viability 
seemed like a sublime idea, over the years the use of it in medicine and under human 
biology has posed multiple adverse effects due to the variation in manufacturing, 
particle size, chemical composition, and materials involved in the production of 
the nanoparticles [8–10]. Poly-glycolic acid (PGA), lactic acid, polyethylene glycol 
(PEG), and polycaprolactone (PCL) were used as the sources to produce synthetic 
polymers for the fabrication of scaffolds for tissue engineering [11–14]. However, the 
biological and mechanical functioning of the said chemicals proved to be weakened 
when used singly in tissue engineering and demanded reinforced materials for the 
increase of the functioning properties [10]. 

Usually, scaffolds in tissue engineering have been created and produced using 
methods such as freeze-drying, salt leaching, gas forming, and phase separation; 
however, the precision of this method to develop complex structures and fit the 
internal architecture is insufficient. Owing to these issues, production of scaffolds 
with the use of 3D printing came into play as it was able to mold materials into 
the desired shape [15–17]. Nevertheless, the use of 3D printers is limited because
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not every substance can be modified in them, reducing the range of sources for 
producing scaffolds in tissue engineering [18]. Among each of the other tissue engi-
neering processes, bone regeneration is the most critical one as it is founded on 
numerous principles of molecular and cellular biology, biological development, and 
structural biology, all of which are monitored by biomechanics and bioengineering. 
This is because bone tissues are responsible for dynamics of the body and must be 
adjusted according to its different locations. The most difficult aspect of bone tissue 
development is retaining vascularization of blood vessels by making the scaffolding 
porous and integrating it with the host system. With current synthetic mechanisms, 
only the periphery of a scaffolding is suitable to be used as an implantation thus 
limiting its use. Owing to these reasons, the synthetic mechanisms for production of 
bone tissues are not widely in use [19]. 

Usually, the current strategies are based on either the cellular or source material 
mechanism, thus for the usage to be widespread all the factors must be collaborated. 
Bone engineering is also an expensive process due to it being patient-dependent 
and poses health issues due to erroneous cell isolations, seeding, culturing, and 
implantation [20]. Methods need to be established such that all the factors can be 
culminated, and they impose no adverse effects on human health [4]. Moreover, 
the growth in the field of tissue regeneration has been quite stagnant over the past 
two decades. The clinical translations of the basic research for bone, cartilage, and 
ligament regeneration have met a roadblock ever since the involvement of stem 
cells had been implemented. Though the synthetic polymers at one time seemed 
like the most promising solution to tissue engineering, in the current scenario there 
seems to be an unresolved failure at the translation stage for application of the 
methods [4, 21]. Also, for the current approaches to be effective a proper cell for the 
source must be determined for the model to be designed. However, the separation of 
human cells and culturing it in vitro such that its sensitivity is maintained, and its 
differentiation capacity is not reduced is a tedious task. Also, for some cells to work 
they need to be converted into their embryonic forms. Furthermore, the different 
methods are influenced by the tissue origin, the patient’s age, and the individual’s 
health condition. Also, the environment around the cell must be replicated exactly 
to establish the correct behavior of the polymer of the scaffold. Thus is the need of 
designing materials from natural sources which can be used as scaffolds by exploiting 
their chemical, physical, and biological properties [22–29]. These natural fibers can 
also be combined with synthetic materials depending on the need of the tissue at the 
site [30]. 

Another issue that crops up while developing regenerated tissues is the innervation 
of those tissues. For the structures to attain complete functionality after implantation, 
the structures need to get consistent with other growing tissues in the region [31]. 
These requirements of innervations have been seen to be very critical for regions like 
bladders and small intestines [32]. This association not only develops an interlink 
with the nervous system but also rejuvenates the tissue regenerated [33, 34]. For 
the bioengineering of peripheral nerves, an important criterion is the inculcation of 
neurotrophic factors which would ultimately lead to synapse formation, even muscle
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tissues require electric impulse for stimulation. These are critical steps and are diffi-
cult to implement as well [35, 36]. Some grafted organs require neovascularization 
to occur, such that the branches developed after morphogenesis can help in accep-
tance of the implantation, but it is more than often seen to be not there with synthetic 
polymers. However, in other cases the synthetic materials sometimes exceed the 
functionality rate of native tissues, leading to some complications [37, 38]. Overall 
many trials with synthetic fibers have been postponed owing to the financial factors 
as some of the synthetic fibers which are best suited for human use have a high cost 
[39]. 

3 Development of Green Methods and Its Types 

The idea of developing environmentally friendly techniques for bone and tissue 
engineering arose because of the dangers that synthetic techniques posed to the 
human body and the environment [40]. This resulted in the creation of engineered 
biomaterials and scaffolds composed of natural polymers that offer little to no risk to 
the environment or human health. Green approaches involve using healthy, non-toxic 
materials and procedures to lessen the hazardous and damaging effects of scientific 
study. The reduction of pollution’s harmful impacts on the environment and the 
human body is a key objective of green technologies and practices [41]. The goal 
of bone tissue engineering (BTE) is to create new, functional bone tissues using 
knowledge of the structure of bones, bone mechanics, and tissue building. To put it 
another way, if you want to efficiently regenerate as well as repair bone, you must 
first understand the biology of bone and how it develops. The ideas for biologically 
active chemicals, scaffolds, engineering, and material production are also combined 
to build, repair, or treat injured tissues or organs [42–44]. 

Because of their inherent bioactivity, including cell adhesion and proliferation, 
as well as the fact that they are harmless to native, healthy tissue, natural biomate-
rials are critical for tissue engineering. Biomaterials made from natural substances 
include those made from glycosaminoglycans, cellulose, chitin, collagen, chitosan, 
elastin, alginate, fibrinogen, dextran, gelatin, laminin, and silk. Among these mate-
rials, collagen, fibrinogen, glycosaminoglycans, elastin, and laminin are mimics of 
original extracellular matrix (ECM) components. Extracellular matrix is crucial for 
tissue regeneration because it supports cells physically and controls cellular processes 
including growth, proliferation, differentiation, and homeostasis, enabling the body 
to repair tiny flaws in cells, tissues, and organs [45, 46]. 

The human body is unable to regenerate deficiencies because of a shortage of 
extracellular matrix (ECM) to make up large defects. Natural biomaterials were 
created in this manner to be employed in applications involving tissue engineering. 
These natural biomaterials are employed in hydrogels, that additionally serve as an 
excellent tool for tissue engineering. Hydrogels are capable of being made from 
both synthetic and naturally occurring biomaterials. Artificial polymers include poly
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HEMA, PEO, and PVA. Naturally occurring biomaterials used in hydrogel prepa-
ration include collagen, chitosan, gelatin, fibrin, alginate, agarose, and many more 
[47]. 

3.1 Collagen 

In mammals, the protein collagen is a particularly abundant structural protein in 
the extracellular space. It accounts for approximately 30% of total protein weight. 
These are fibrous proteins which are major building block components in most of 
the animals (invertebrates, vertebrates) and sponges [44]. The chemical makeup, 
microscopic patterns, and mechanical strength of collagen fibrils all work together 
to preserve the structural integrity of each connecting tissue. Collagen, a component 
of the ECM, is found naturally in human tissues such as bone, skin, ligaments, and 
other types of connective tissue. The first type of collagen fibrils is relatively homo-
geneous in size, ranging from 50 to 500 nm [48–50]. Collagen is among the most 
used biomaterial for nanofibrous scaffolds, and several recent research articles have 
reported on the use of collagen and collagen-based composites in bone tissue engi-
neering. According to some studies, the collagen/chitosan/hydroxyapatite composite 
is extremely effective in promoting osteogenic differentiation of mesenchymal stem 
cells [51]. 

Collagen is the triple helix structure made up of 2 α1 chains and one α2 chains, each 
chain weighing approximately about 100 kDa. Among the 29 types of collagens, type 
I is the most used for bone tissue engineering. The connective tissues of the vertebrae 
almost all contain collagen type I, while tendon and bone contain the most. The ability 
of this collagen to produce insoluble fibers also gives tissues a high tensile strength 
and stability [52]. Numerous discoveries proved that type I collagen can be isolated 
from different animal species and tissues. The most common source of its extraction 
is from cattle, which could have concerns including spreading bovine spongiform 
encephalopathy. Human recombinant collagen, on the other hand, has been used in 
tissue engineering processes [53]. It is possible to change the mechanical properties 
and collagen rate of degradation by adjusting various characteristics, including the 
amount of cross-linking. 

Collagen is currently reported to be used in a variety of scaffolds for bone tissue 
engineering. Freeze drying is one of the most common and widely used processes 
for producing collagen scaffolds, in which acetic acid-based collagen suspensions 
are made and collagen slurries are allowed to develop prior to the freeze-drying 
procedure [54]. Another method included mineralization of collagen fibrils. This 
method included precipitation of collagen and their mineralization using amorphous 
calcium. These fibrils are then subjected to freeze drying to produce scaffolds. 

Type I collagen is known to be an important component of bone mineraliza-
tion since it is known to be secreted by osteoblasts during ossification. As a result, 
when collagen scaffolding is used in vivo, improved physiological integration with 
the surrounding tissue is possible. Several commercial products used in bone tissue
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Fig. 1 Development of Scaffolds from Collagen 

engineering are based on type I collagen. Collagen/cellulose scaffolds were shown 
to support cellular attachment and the phenotypic preservation of cultivated human 
osteoblasts in vitro. High levels of alkaline phosphatase (ALP), an osteogenic 
enzyme, were also observed [55, 56]. Development of scaffold from collagen is 
shown in flowchart in Fig. 1. 

3.2 Chitosan 

After cellulose, chitosan is the most abundant biopolymer. It is frequently found 
in invertebrates as shells or cuticles in crustaceans or insects. It is also found in 
some yeast and algae cell walls [56]. It is a deacetylated derivative from chitin. It 
is a polysaccharide that is made up of N-glucosamine and N-acetyl glucosamine 
(GlcNAc). It has a deacetylation degree of 30–95% and a molecular weight range of 
300–1000 kDa [57, 58]. Chitosan is undissolved in aqueous solutions above the pH of 
7. Nonetheless, free amino groups become protonated in weak acids, and the molecule 
becomes completely soluble below a pH of 5. Chitosan is a promising biomaterial in 
tissue engineering due to its antimicrobial properties and induced minimal foreign 
body response. Another important reason for using chitosan in tissue engineering 
is its structural similarity to GAGs, as it contains glucosamine, a key component 
of ECM. One of GAG’s characteristics is that it has several specialized interactions 
with growth factors, receptors, and adhesion proteins. Chitosan’s similar structure 
may also have comparable bioactivities. Most importantly, chitosan is cationic in 
nature, which aids in the retention or accumulation of molecules due to interac-
tions with anionic GAGs and proteoglycans [59]. Chitosan is also appealing as a
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material for bone scaffolds because it promotes osteoblast cell adhesion and prolif-
eration as well as the development of mineralized bone matrix. Because chitosan 
is a polymer composed of amino acids and polysaccharides, it contains breakable 
glycosidic bonds. In vivochitosan degradation is typically carried out by the enzyme 
lysozyme [60]. 

Chitosan has been combined with a variety of delivery components, including algi-
nate, hydroxyapatite, hyaluronic acid, calcium phosphate, PMMA, poly-l-lactic acid 
(PLLA), and growth factors, for potential use in orthopedics. Chitosan, in general, 
offers a wide range of options for cell-based tissue creation. Chitosan can be made 
into 3D highly interconnected, porous structures with a high degree of porosity using 
a variety of technologies, allowing cells to proliferate and move nutrients. Porous 
scaffolds, for example, can be created by lyophilizing a frozen chitosan solution in 
acetic acid [61]. Chitosan and acetic acid may phase split and form ice crystals when 
frozen. The scaffold develops holes as a result of the sublimation of acetic acid ice 
crystals during the freeze-drying process. Another method is to use porogens (salts, 
sugar) in conjunction with chitosan in a melt-based technique [62]. 

Rapid prototyping technology can also be used to create chitosan scaffolds. This 
is a computer-aided method [63]. The use of chitosan-based scaffolds that mimic 
some bone characteristics can improve osteoblast adhesion and proliferation. For 
example, chitosan scaffolds combined with bioactive ceramics can impart osteo-
conductive and even osteo-inductive properties to the final structure, directing bone 
development engineering [64]. Chitosan, in combination with hydroxyapatite and 
tricalcium phosphates, has shown promising results in mesenchymal stem cell (MSC) 
adhesion, proliferation, and differentiation, as well as intriguing results in bone tissue 
engineering [65]. Chitosan has been used to improve the biological and mechanical 
properties of marine-derived polymers in order to provide an alternative to collagen 
derived from animal sources. When combined with polyesters, chitosan increased cell 
viability and adhesion [62]. Development of scaffolds from chitosan is in flowchart 
shown in Fig. 2.

3.3 Gelatin 

Gelatin is a naturally occurring biopolymer created when animal collagen from skin, 
bones, and tendons is partially hydrolyzed in an acid or alkaline solution, and the 
structure is very similar to collagen. It is comprised of various proteins and amino 
acids. Regardless of how collagen is hydrolyzed to create gelatin, both polymers 
include up to 20 distinct amino acids in varying amounts in their basic structure. 
This basic structure provides a three-amino-acid detection sequence for integrin-
mediated adhesion of cells. The properties of gelatin are determined by the source 
of collagen, the type of collagen, and the method of collagen conversion to gelatin. 
Various methods are implemented for the creation of gelatin scaffolds. One such 
process includes electrospinning. The production of polyelectrolyte colloidal sol 
makes it very challenging to electro-spun gelatin using water as the solvent.
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Fig. 2 Development of 
Scaffolds from Chitosan

The silky gelatin nanofibers were created using a variety of polar organic solvents, 
including trifluoroethanol and hexafluoro isopropanol [66]. Biomaterials made of 
gelatin are widely used in tissue engineering. Gelatin scaffolds demonstrated high 
DNA, GAG, and collagen contents and enabled the development of chondrogenic 
cells. Gelatin used with chitosan was used in skin tissue engineering [67]. Much 
interest has been shown in electro-spun nanofibrous scaffolds as prospective plat-
forms for bone repair and regeneration. Degradable polymers, whether they are 
synthetic or natural, were used as a starting point for research into the advanta-
geous properties of nanofibrous matrices. Many synthetic polymers’ hydrophobic 
properties restrict cell affinities and early cell adhesion. Another method to increase 
hydrophilicity and, consequently, cell compatibility in polymers is to combine 
synthetic and natural polymers. This is done using a composite of polycaprolactone-
gelatin scaffolds. Gelatin-apatite composite was also used since it mimicked the 
properties of bone ECM [68]. 

3.4 Silk Fibroin 

Silk fibroin has been extensively researched for tissue engineering applications due 
to its superior biological and mechanical strength, as well as biocompatibility and 
biodegradability. 

Silk is made up of fibrous protein (SF) and sericin. Silk is produced by a variety 
of arthropods, including spiders and silkworms with the most used silk produced 
by the silkworm Bombyx mori. SF has been shown to be very biocompatible. After 
observing its attachment to fibroblast cells and growth on SF matrices, its role as a 
biomaterial was evaluated. Silk fibroin can be easily separated from sericin by using 
a steaming alkaline or surfacting solution (degumming). The resulting fibers have a
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Fig. 3 Development of Scaffolds from Silk Fibroin 

diameter of 10–25 mm and are composed of a hydrophobic heavy chain (350 kDa) 
and a hydrophilic light chain (25 kDa). 

Depending on the type of scaffold required, silk fibroin can be created using 
a variety of techniques. One such technique is salt leaching using NaCl particles 
for scaffolds with spherical pores and for scaffolds with lamellar pores a process 
involving freezing, and lyophilizing was used which resulted in the formation of beta 
sheets. Another technique included electrospinning which produced fibers with low 
tensile strength [69]. Silk fibroin is a very useful biomaterial in tissue engineering. 
By making the fibers stiffer, it was seen to increase osteogenic induction. Silk used 
along with calcium phosphate in engineering of bone showed increased stability, and 
bioactivity with no toxicity. An osteo-inductive composite was created by combining 
silk and HAp, the important mineral seen in bone, to replicate the composition of 
bone. HAp improved the scaffolds’ compressive strength as well as the ability of 
cells to proliferate and produce bone. Other biofunctional substances for restoration 
or therapy of tissues of bone are titanium dioxide (TiO2) nanoparticle and natural 
silk fibroin-based nanocomposite scaffolds [70, 71]. The development of scaffolds 
from silk fibroin in flowchart is shown in Fig. 3. 

3.5 Starch 

Starch is a polysaccharide that plants and algae produce as an energy-storing 
compound in a variety of granules. Amylose and amylopectin are the two subunits of 
starch. Native starch includes waxy starch, which contains little amylose, regular
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starch, which contains 15–30% amylose, and higher content of amylose, which 
contains more than 50% amylose. Crystallinity can range from 15% in high-amylose 
starch to 50% in waxy starch [72]. Starch’s brittleness prevents it from being used in 
most situations. As a result, starch must be modified or combined with other polymers 
to improve its properties. 

Starch scaffolds can be produced by traditional casting in solvent procedures. In 
this procedure, the starch is dissolved in chloroform and cast into a mold. Cellu-
lose and starch were combined by leaching with salt and freeze-drying methods 
in a different approach. Wet spinning method is also used to create scaffolds of 
desired pore size which include mixing of starch with other polymers. Chitosan-starch 
microparticles can be obtained from water in oil emulsification techniques. Starch 
can also be used along with HAp and chitosan which is processed by co-precipitation 
[73]. Several studies on bone tissue engineering have used starch-based scaffolds. 
When inserted into a critical-sized defect, scaffolds made of polycaprolactone, starch, 
and stem cells boosted the repair of bone. In comparison to scaffolds loaded with 
no differentiated cells, scaffolds loaded with osteoblastic cells produced more new 
bone. Modified starch scaffolds and polycaprolactone with silanol group showed 
improved osteogenic differentiation and bone healing. 3D scaffolds promoted adhe-
sion and recruitment of cells and promoted tissue regeneration [74]. The development 
of scaffolds from starch in Flowchart is shown in Fig. 4. 

Fig. 4 Development of Scaffolds from Starch
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4 Advantages and Disadvantages of Green Methods 

The goal of numerous studies is to create techniques that are cost-effective, low-
energy, or sustainable to produce various tissues while decreasing the consumption 
of harmful ingredients. One of the safest ways to create tissues and organs is to apply 
natural substances taken from plants or animal bones [75]. Synthetic materials exhibit 
physicochemical properties that may be regulated during the production process. 
They are also robust, affordable, dependable, frequently easily electro spinnable, 
and strong. Their lack of cell-recognition sites, however, results in a low affinity for 
cell attachment. 

Thus, natural polymers are favored because they resemble the macromolecular 
components of the human body [76]. The main benefits of bio-based and biodegrad-
able polymers include reducing GHG emissions, utilizing local resources, reusing 
by products, and preserving fossil fuels. Without any prior processing, biopolymers 
print beautifully and have good scent and fat barriers. Polymers made of starch offer 
excellent surface finishing and antistatic characteristics. Naturally occurring biopoly-
mers (collagen, chitosan, starch, silk) have a better role in cell adhesion, proliferation, 
and less cytotoxicity, hence are better materials for scaffold preparation for tissue 
engineering. Polymers made from natural materials outperform semi-synthetic or 
synthetic polymers in replicating the ECM and interacting with tissues, owing to 
their high resemblance to the tissue environment [77]. 

Despite having the above said advantages, natural polymers do have some disad-
vantages, such as often high production costs (collagen, hyaluronic acid). Its complex 
structural and chemical makeup, as well as macromolecular complexity, architec-
ture and shape, unpredictable hydration rate, resource limitations, and potential for 
microbial deterioration are further disadvantages that may limit their use in tissue 
engineering. Furthermore, because of their low stability, the rate of disintegration 
and catabolization is high of some spontaneously created scaffolds is higher than the 
pace of regeneration of the host tissue. Certain natural polymers, like cellulose and 
chitosan, have limited mechanical characteristics and some have poor processability 
e.g., polypeptides. Synthetic biopolymers have a few advantages over natural poly-
mers, such as a tunable and engineerable hydrophilic/hydrophobic ratio, a faster rate 
of breakdown, and better mechanical properties. Another disadvantage of natural 
biopolymers is degradation, so it can’t be used for a long period of time [78]. 

5 Challenges and Future Scope for Green Methods 

Though there has been overwhelming progress in the field of green bioengineering, 
some constraints have always been present. The acquisition of the natural sources and 
its behavior has always been a point of criticality. Current focus is being shifted to 
use perennial plants as source material so that the restriction due to seasonal changes 
can be avoided [79]. This would be helpful as the production would not be limited
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by time frames. Also, plant sources are being tried to be extracted from plants which 
have broader availability, that it is found in multiple regions to make the production 
uniform [80, 81]. Also, to make the environment a safer place and reduce economical 
stress, waste utilization has cropped up as a concept over the years, where agricultural 
wastes are being worked upon to lead to the conformation of different scaffolding 
frameworks [82]. 

Also, currently most production processes require high energy, which differs 
depending on the source material that would be extracted. One of the current aims 
is to develop methodologies or extract forms that can be molded at less than 100 °C 
[83, 84]. Despite a lot of challenges in the field, the major challenges that need to be 
combated include, developing the natural polymer in a way that it imitates all struc-
tural, functional, and morphological properties of the said tissue, and can also show 
protein adsorption as well as inter- and intra-cellular interactions. Also, they must be 
suitable for drug delivery as well as having a window for chemical and biomechanical 
modifications [85, 86]. Thus, though the research in the field has made remarkable 
discoveries with respect to the use of natural polymers, they are now trying to make 
it more feasible and extraction and development to be easier as well as affordable 
[87]. 

6 Conclusion 

Current research in this field has dealt with the extraction, development, and modifica-
tion of natural polymers to produce particulars with concerns to bone and engineering 
of tissue. The use of polysaccharides and hydrogels has given a new dimension to 
discovery in this field and has contributed toward reducing environmental damage 
and quite a bit of the economic load. These new compositions have been seen to have 
better congregation with human tissues and thus can work toward the replacement of 
faulty ones. The progression of them into organ transplantation remains to be envis-
aged into. The multiple methodologies that have been developed for regeneration are 
still left to be optimally standardized and its reach to be increased. The novel strate-
gies and newly constructed biomaterials have played a pivotal role in turning engi-
neered templates for tissue replacement, into fully functional independent systems. 
They possess all characteristics including biocompatibility, conductivity of impulses, 
cellular interactions, and integration with host’s native cells. Further research aims 
at investing the natural polymers into other complicated surgeries and formulations 
of degradable, injectable, and mechanically stronger components for restoration of 
functionality of various organs.
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Advances in Medical Sciences 

Eva Kaushik and Rohit Kaushik 

Abstract Protein-based monomers are among the most alluring options for 
achieving improved results with cutting-edge biomaterials since recent advances 
in bioartificial and microbiology technologies enable the very complicated, accurate 
design, and fabrication of protein-based biomaterials. These sequences are easily 
enhanced with bioactive motifs that improve their functionalities, material-host inter-
actions, and basic biological requirements since their sequences are built from archi-
tectural protein-based modules. These polypeptides have gained increasing interest 
for usage in biomedical activities such as cell cultures, bioengineering, separation, 
and purification design is vital, as well as controlled drug administration because of 
their versatility, self-assembly behavior, cued, and biocompatibility. The biopolymers 
discussed in this piece are biomimetic materials and genetic algorithms created from 
elastin-derived proteins. These genetically programmed polymers’ design, manufac-
turing, and characterization as well as their potential uses in regenerative medicine, 
bioinformatics, targeted medication delivery, and stem cell therapy will also be 
covered. 

Keywords Extracellular matrix · Tissue engineering · Regenerative medicine ·
Stem cell · Biomaterial · Protein engineering 

1 Introduction 

Medical science, biology, chemistry, materials science, and engineering are all inter-
related fields in the study of biomaterials. It has been said that “biopolymer is utilized 
to create systems that substitute an element or a function that the body performs 
in a secure, dependable, cost-effective, and physiologically reasonable way.” An
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unworkable resource utilized in a pharmaceutical drug that is meant to engage with 
biochemical processes is a biological material. Biomaterials are widely employed in 
medicine, and some are even used in medical equipment. Dental implants, artificial 
hip joints, intraocular lenses, replacement heart valves, vascular grafts, kidney dial-
ysis, and heart–lung machines are only a few examples of medical technology. All 
three types of materials—metals, ceramics, and polymers—are utilized as biomate-
rials [1]. Metallic nanomaterials must be utilized in load-bearing applications and 
have enough fatigue strength to withstand regular activities such as walking and 
chewing to be employed in implant placement and prosthetic hip joints. Ceramic 
biomaterials are often used for applications like joint surfaces in bones and teeth and 
bone adhesive interface in implants due to their wear resistance and hardness. Poly-
meric materials, which are frequently used for their suppleness and stability, have 
also been used to generate low-friction articulated surfaces. Engineers must have a 
thorough understanding of biomaterials since they must choose their materials and 
create their designs in accordance with the needs of the biomaterials. The choice 
of material and design is crucial because either one gone wrong could result in a 
person’s demise [2]. Metals are used in load-bearing applications, but because most 
metals react with water and the human body contains a lot of water, when metals 
interact with human tissue, they form oxide layers. Ceramic coating is used on the 
surface of metals to prevent this because ceramic does not interact with body cells. 
Medical device design utilizing biomaterials is extremely constrained and requires 
great accuracy and precision because the design must fit with the following body 
parts and engage with human body parts to carry out the desired operation. As a 
result, without knowledge of biomaterials, engineers who create or build biomate-
rial devices are utterly helpless. In the field of biomedicine, novel nanotechnology 
with cutting-edge and complex capabilities has found specific applications and can 
be particularly significant in fields like controlled drug delivery tissue repair and 
bioengineering in general. Classes of biomaterials are shown in Fig. 1.

For specialized use as a carrier for the dispersal of bioactive chemicals in 
controlled medication delivery, new biomaterials are required. Only a small portion of 
treatments administered really reach the sites for which they were intended, making 
improving the effectiveness of chemotherapy medications a key area of research. 
Standard chemotherapeutic drugs’ negative impacts on cells beyond the target cells 
limit their efficacy [3, 4]. Because they are created to lessen the noxious effect and 
enhance the solubility, consistency, pharmacokinetics, and pharmacodynamics of 
conventional pharmaceuticals, these novel types of drugs can therefore offer signif-
icant benefits about the toxic metabolites and degenerative diseases brought on by 
the distribution of the free drug. By responding to specific cues, efficient pharmaceu-
tical systems are developed to control the dosage of therapies and their associated 
side effects. This reduces the dispersion of medications into target tissues. Innova-
tive biomaterials with the ability to organize supramolecular at higher orders and 
self-assemble in a manner that is bio-responsive will therefore be required. Physical 
aid to the healing process, proactive engagement with biochemical processes, and 
preservation or enhancement of tissue function are all expected from these tools. The 
innovation of these systems frequently coincides with an improved understanding
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Fig. 1 Biomaterials classification

of the mechanisms dictating the body’s systems and advances in genomic science, 
allowing the use of refined methods that take inspiration from the natural world to 
mimic the mechanical and biological attributes of the tumor site while ensuring secu-
rity. Depending on the purpose, biomedical technologies for muscle restoration and 
medication development could be produced or natural, degradable, or not. Protein-
based galactose, which was inspired by naturally occurring proteins discovered in the 
ECM components, stands out as a leading candidate for use as essential components 
of cutting-edge medical technology and improved replacements in tissue regenera-
tion because their characteristics are determined by the physicochemical character-
istics and loop of constituent monomers. Genetic manipulation still offers significant 
control over the component organic chemicals used to make delivery, transportation, 
and skin substitutes, despite the significant advances made in the field of polyelec-
trolyte materials in terms of advancements in the effectiveness of polymeric materials 
research methods and lower polydispersity’s [5]. According to sequence-structure 
interactions, the length and concentration of genetically created drug carriers affect 
a variety of macro, micro, and nanoscale characteristics. Protein polymers made 
of elastin-like polypeptides are used as well-developed genetic engineering drug 
carriers as well as personalized supports for tissue restoration. Polymers known as 
elastin-like peptides (ELPs) have brief pentapeptide repetitions that mimic those in 
real elastin. They are influenced biologically. The most frequent recurrence of any of
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these amino acid residues is VPGXG, where X can be any other important ingredient 
than L-proline. The term “elastin-like recombinases” (ELRs), a recent invention, is 
already in use to describe genetically modified ELPs. With absolute control over 
the sequence of amino acids and the possibility to include a range of functions and 
bioactive sequences, ELRs can be made utilizing DNA technology. Because of their 
biological and thermal properties, such as biomaterials, degradability, and behavior 
that is responsive to temperatures and environment, ELRs, which are microbiologi-
cally biomaterials, present an appealing alternative for the development of innovative 
biomedical devices [6, 7]. ELRs also can self-assemble sterically over a temperature 
slowly referred to as the low ambient temperatures (Tt), which causes a conforma-
tional reorganization at the cellular scale and the reversible development of steric 
effects. The inverse thermal transformation (ITT) of ELRs is the name given to 
this characteristic. Numerous elements, such as variations in temperature, pH, light, 
ionic imbalances, etc., can worsen the polymer backbone. Furthermore, because it 
is controlled by the molecular size and make-up of the recombinant, the activity 
that responds to stimuli can be altered. They are ideal materials for the majority of 
materials technology and bioscience applications, particularly for controlled tissue 
engineering and drug delivery because of their metabolic behavior, flexible mechan-
ical characteristics, heat sensitivity, and capacity for self-assembly. In this study, 
we explore the application of ELRs as cutting-edge drug delivery systems to safely 
deliver therapeutic drugs to targeted areas. ELRs’ diverse topologies, sequencing, 
and assembly enable the creation of specialized pharmacological devices such as 
glucose molecules, nanoparticles, and three-dimensional assemblages. It will also 
be discussed how monomeric ELRs can be used as aqueous delivery methods for 
certain peptides that act as knh or cell-penetrating sections. Such systems are suit-
able for systemic distribution since they are designed to self-assemble in response to 
environmental cues. They are very beneficial in tumor tissue therapy because of their 
thermoresponsive activity. ELRs can self-assemble similarly to how they can produce 
nanoparticles (NPs). Thus, the usage of bases and hydrogels as a 3D framework for 
drug-delivery devices as well as the applications of NPs as drug nanomaterials will 
be discussed [8]. Utilization of NPs as drug solid lipid nanoparticles when deliv-
ering therapeutic approaches, proteins, or signaling molecules to the skin’s surface, 
or those arrangements that can internalize the medication, bioactive constituents, 
or even DNA to maximize absorption and persistence effects. Problems with inad-
equate drug absorption loading can be solved by building macroscopic scaffolds 
using chemical and physical ELR chain bridging, which also enables controllable 
localization of the reactive drug release region and rate. 

1.1 Regenerative Medicine and Tissue Engineering 

Tissue engineered and tissue regeneration are very beneficial methods for the preser-
vation, repair, or enhancement of functional body materials or complete systems 
after they have exhausted their viability. The development of support systems that
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are “allowed to exist” when applied directly to injured tissues but are unable to 
recreate on their own has progressed in recent years in the field of nanomaterials 
for tissue regeneration. Systems that can interact with the organism and reproduce 
biological environments are being created using contemporary technology. To build 
functional tissues, these diverse fields of nanomaterials research are progressively 
combining the use of cutting-edge scaffolds, the right cells, and bioactive chemi-
cals [9, 10]. For the construction of a functional scaffold, a few components have 
been identified as being crucial, including the following: Factors include the needed 
three-dimensional graphene, its porosity, its unique material performance, its water 
sorption and permeable, epithelial connection via chemical signals, its hydrophilicity 
and permeation, and its length of residence before host tissue remodeling. 

Elastin-like scaffolds have been created with the goal to mimic some of the char-
acteristics of the ECM, including the architectural surface features, appropriate firm-
ness and porosity, improvement of ligand binding and viability, sensitivity to cell 
signaling, processability, and cued to variations in their environment, among others. 
The skeletal system, the vascular system, as well as the rejuvenation of soft tissues 
are among the areas of the body where elastin has been designed to obtain specialized 
support. These methods are covered in this study. The following discussion examines 
a few recent cases. 

1.2 Cardiovascular System Regeneration 

One of the main challenges in tissue healing is managing vascularization. In this 
context, artificial tissue-engineered scaffolds must allow for appropriate oxygen and 
nutrient transport as well as the expulsion of catabolic waste. Therefore, it is essen-
tial that the scaffold develop an effective network of capillaries and blood vessels. 
ELR Hydrogels offer a viscous, bioactive substance that is both biocompatible and 
bioactive despite the wide variety of polymers that are now available. Human adipose 
tissue-derived SVF cells are transplanted in a variety of ELR hyaluronan, from non-
functionalized composite (NF-hydrogels) to a dendrimer gelatin incorporating two 
cell adherence integrin-mediated motifs, to promote in vitro vascularization (REDV is 
specific for endothelial cells). The SEM photos of a non-functional system revealed 
that there was little cell attachment on the flat, elongated parallel granules of the 
RGD/REDV agarose. The anti-systems had poor cell adherence, while the RGD/ 
REDV polymers had flat, elongated symmetry cells that were well-organized [11]. 
Moreover, endothelial cells gathered in the RGD/REDV hydrogel but not in the 
non-functionalized hydrogel, according to CD-31 labeling. Notably, cells contained 
in NF-hydrogels produced 79% more anti-angiogenic factors than proangiogenic 
factors, including FGF or IL-8, which were each up 21%. One of these molecules 
that prevent angiogenesis is vasohibin, along with IGFBP-3, prolactin, depositors, 
and others. One of the more powerful proangiogenic agents, VEGF, was studied for its 
release pattern. It of released, and it was found that while it was maintained within the 
polymeric and was not liberated in the case of NF hyaluronic acid, it was liberated into



100 E. Kaushik and R. Kaushik

the precipitation of RGD/REDV hydrogels. RGD/REDV hydrogels sustained blood 
vessel penetration and were penetrable by host vascularization, according to an in vivo 
experiment performed on naked rats. NF-hydrogels also showed a decrease in host 
cell penetration in conjunction with not displaying any additional vascularization. As 
a result of the VGVAPG sequence’s ability to attract monocytes and its vulnerability 
to proteolysis, RGD/RED hydrogels break down, allowing fibroblasts and endothe-
lial cells to populate the matrix. Even though vascular repair is challenging, some 
research groups are trying to speed up the procedure by stimulating small-caliber 
vascular regeneration. ELR-based scaffolds were implanted in the rat’s abdomen. To 
investigate the healing of blood vascular tissue, an ELR-RGD was selected. After 
the temperature approaches 12 °C, the VPGIG-based hydrophobic sequence of the 
ELR begins to assemble into nanomaterials up to 10 m in diameter [12, 13]. 

In vitro, studies showed that HUVEC adhesion to the scaffold was boosted by the 
RGD motif, not just the ELR by itself. In the in vivo testing, rats that got the ELR-
RGD scaffold showed evidence of arterial tissue regeneration, but rats that obtained 
an ELR scaffold did not. One of the most frequent negative effects of many illnesses is 
intracranial hemorrhage (ICH), which results in brain edema and harms brain tissue. 
It is true that patients with ICH have high rates of morbidity and mortality. Cardiac 
tissue engineering (CTE) and their transplantation is shown in Table 1. 

To address the severe symptoms of ICH, it is crucial to create both novel thera-
peutic approaches and new materials. In this instance, an ELR with RGD has been 
recommended to manage intracerebral hemorrhage while it is still acute. The effec-
tiveness of the medication was evaluated in vivo tests by measuring the thrombus 
diameter and the inflammatory response. 6 h after the intracranial hemorrhage, the 
edema mass was lower in the group that received RGD-ELR as opposed to those 
getting RGD alone [14]. Moreover, it protected the damaged blood vessels to stop the 
subsequent loss of blood components, especially IgG. Von Willebrand factor (vWF),

Table 1 Cardiac tissue engineering (CTE) and their transplantation 

Cells CTE strategy Scaffold Transplantation 

Fetal rat CM Classical Gelatine mesh Avascular graft 

Hesc-cm + human 
umbilical vein EC + 
embryonic fibroblasts 

Classical Poly-1-lactic acid + 
Matrigel 

Vascularized graft 

Neonatal rat CM EHT Collagen type 1 from 
rat tails + Matrigel 

Avascular graft 

Neonatal rat CM + 
human umbilical vein 
EC 

Myocardial micro and 
macro tissue 

Cell generated Vascularized graft 

Neonatal rat CM + rat 
aortic EC 

Decellularized heart Decellularized rat heart 
scaffold 

Organ 

Fetal rat CM Classical 3D porous alginate Avascular graft 

Neonatal rat CM In vivo flow through 
pedicle chamber 

Fibrin Gel Flap 



Genetically Induced Biomaterial Advances in Medical Sciences 101

a vital part of the coagulation system required for platelet adherence to collagen, 
was detected using immunohistochemistry testing. Additionally, the immunological 
response brought on by post-ICH activated microglia was dramatically diminished 
by the RGD-containing ELR therapy, as well as vWF overexpression. 

1.3 Skeletal System 

These substances constitute a significant portion of the bone and ligaments that 
make up the bones and joints, of the body’s skeleton. Upon injury or in response 
to ongoing modifying stimuli, the mature bone does have the innate capacity to 
repair. Despite this ability to regenerate, some conditions or diseases that affect 
how efficiently the body can heal itself, such as inflammation brought on by the 
severity of the injury or oncogenic or pathologic bone problems, may impede the 
process. Tissue-engineered supports are necessary for these circumstances because 
of their osteogenic, osteoinduction, and osteogenic components, which provide struc-
tural functioning and promote bone healing. Due to their amphiphilic characteristics, 
which enable them to attach to thermo-responsive hydrogels in physiological circum-
stances, two distinct ELRs have been produced. The domains from self-aware fibrin 
typically contain the Arg-Gly-Asp (RGD) themes in addition to the osteoblastic and 
osteogenic bone technologist and technology protein-2 (BMP-2) motif. Elastase-
sensitive action scenes are included in the segments of these ELRs to investigate the 
rate of degradation of the ELR molecules. While the RGD sequencing helped host 
cells adhere to the substrate and increase cell survival, the BMP-2 component encour-
aged osteoblast development. The deterioration of the artificial scaffold’s organic 
composition occurred concurrently with bone regeneration, which was used in this 
work to show how host bone remodeling affects how rapidly the scaffold dissolves. 
In vivo experiments on female Zealand white bunnies revealed hematologic marrow 
and fibroblast layer infiltration and multiplication, suggesting a large potential for 
bone graft recovery and outstanding biocompatibility. The V40C2 ELR block, a 
pentapeptide made of valine and disulfide, was previously combined with human 
recombinant BMP-2 to increase the osteoblastic and osteoinductive capabilities of 
the ELR scaffold. At 37 °C, this ELR block is identified [15, 16]. The main goal 
was to maintain the bioactivity of BMP-2 in the fusion protein. It was demonstrated 
that despite the protein’s diminished biocompatibility, however, neither ELR gene 
product nor the commercially available pure BMP-2 lost any of their cytocompat-
ibility. BMP-V40C2 showed stronger calcium deposition than the control during a 
21-day treatment regimen, as well as increased mRNA concentrations of the tran-
scription factors Osterix (OSX), which is only expressed in osteoblasts. The produc-
tion of artificial bone tissue utilizing hydrogel hydroxyapatite (Si-HA) scaffolding 
and ELRs is an additional intriguing method. Due to its osteoblasts, osteogenic, and 
accessibility, which encourage bone development and osseointegration, HA—a vital 
element of vertebrate bone and teeth—is widely utilized in orthopedic, dental, and 
cranial operations. The 3D degradable scaffolds employed in this investigation were
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coated with two bioactive ELRs that were produced and analyzed. It has been demon-
strated that these ELRs mediate biochemical mechanisms at the interface of minerals 
and have a strong affinity for calcium phosphorus, much like HA. The production 
of the osteoblast markers OC and ALP, however, showed that the Si-HA-SNA15-
containing scaffold was particularly effective at directing the BMSCs toward the 
osteoblastic lineage when osteoblast differentiation was assessed [17]. All studied 
scaffolds allowed cells to colonize and proliferate, but the functionalized ELR gener-
ated a biochemical pathway that markedly enhanced the scaffolds’ ability to stimulate 
osteoconduction. Unlike bone, some tissues, like enamel, cannot regenerate. An ELR, 
a tiny protein that stimulates enamel remineralization, contains statherin. In contrast 
to the untreated substrates, the resultant STNA15-ELR formed mineral platelets after 
8 days of growth in a mineralization solution at 37 °C. ELRs may therefore be crucial 
for preserving the mineral’s stability. On day 8, SEM pictures verified the presence 
of a sodium fluoride and fluorapatite combination [18]. Fluorapatite was also visible 
in TEM images. This exploratory study might lead to the creation of a useful enamel 
biomineralization substance. One of the most challenging academic problems has 
long been developing the finest biomechanically feasible skeletal scaffolding for 
tissue engineering. To produce a hydrogel with sufficient wear resistance over time, 
cysteines and the domain peptide were included in this case. After 21 days in culture, 
the human mesenchymal stem cells (hMSCs) on the biomaterials appeared to still 
be alive, proving that contraction rather than erosion was the cause of the loss of 
volume. 

These hMSCs also had higher levels of osteogenesis markers such as osteopontin 
and osteocalcin than hMSCs that were placed on glass slides. Chondrocytes were 
put to the gel after 28 days of growth and displayed 86% more vitality, respectable 
architecture, and elevated activity of alkaline phosphatase than the control [19, 20]. 
As we mentioned at the beginning, one of the most intriguing applications of elastin-
like particles is the creation of scaffolding that mimics biological structures. 

The final design of a 3D spheroid using an ELR chemically coupled to 
polyethyleneimine (PEI) was compared with that of a 2D monolayer culture, even 
though 2D cultures cannot replicate the physiological 3D environment. To create 
3D microspheres as a 3D model of culture, these scientists plated hybrid fat-derived 
stem cells (hASCs) on normal styrene coated with the ions with a positive charge 
ELR-PEI. Viability tests were performed after both had been grown in differentiation 
media, and they revealed the same number of cells as for the 2D layer. Scaffolds or 
scaffolding for glycosidic bonds are also produced as composites to regulate bone 
regeneration because of the advantages mentioned above. The mechanical proper-
ties of the scaffolds can be improved by the stiffness and flexibility of ELRs [21]. 
Four distinct composites with various ELR/collagen ratios were examined in this 
experiment. The composite with the highest ELR/collagen content (18 mg/mL) had 
the highest levels of ALP activity, OCN transcription, and stiffer matrix even though 
all these composites contained hASCs that were proliferating and differentiating. 
Composites constructed entirely of chondro had substantially less matrix and took
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longer to mature than those with lower ELR/collagen ratios. Currently, one of the 
most prevalent causes of discomfort and incapacity in the elderly is the degeneration 
of joint cartilage. 

Due to collagen’s perivascular nature, it is challenging to identify articular struc-
tures that are harmed because of trauma or aging joints because collagen has a limited 
capacity to rebuild [22, 23]. 

Like this, hydrogels are intriguing scaffolds because of their mechanical prop-
erties and ease of manipulation, especially those that can self-gelate under physi-
ological conditions and may precisely integrate a device in situ. Available internal 
and external ELR-HA hydrogel foundations have been created to compare scaffolds 
with varying component ratios. The stiffness of the supports remained consistent for 
all the ratios that were taken into consideration. When HA concentration in chon-
drocytes increased, there was a dose-dependent rise in the transcription of cartilage 
marker genes like aggrecan, SOX9, and type 2 collagen. The importance of these 
chondrogenic indicators must be stressed because chondrocytes are the only cells 
present in the knees that have the charge of controlling the extracellular matrix. The 
hydrogel’s chondrocytes also showed increasing levels of type 1 collagen, a marker 
of an undesirable fibrous connective tissue, and metallopeptidase-13, a marker of 
matrix disintegration and remodeling, when the concentration of HA was reduced 
[24]. Moreover, chondrogenic multiplication was boosted in biomaterials with lower 
HA concentrations, whereas sGAG (sulfated glycosaminoglycan) deposition was 
promoted in hydrogels with higher HA contents. This system (5% HAhydrogel) was 
shown to be the best scaffold since it had the highest peak of cartilage indicators, 
the largest sGAG deposit, the least amount of cellular proliferation, and the fewest 
of type 1 collagen and fibrous tissue phenotypic development. 

2 Advanced Medicine Delivery System from ELRs 

The various ELR architectures are examined in this chapter as the building blocks 
for numerous drug delivery systems. In these subchapters, devices spanning between 
monomeric ELRs to amphoteric ELRs that can create nanoparticles have been 
discussed. The chapter is concluded with macroscale ELRs for the delivery of drugs 
in the forms of depots or hydrogels. 

2.1 Drug Nanocarriers Made of Monomeric ELRs 

Drug nanocarriers made of monomeric ELRs have been suggested as prospective 
drug carriers because they improve the size and durability of medical molecules, 
which are typically tiny and have short half-lives because they promote quick 
glomerular filtration. Simple elastin-based polypeptides called monomeric elastin-
like recombinases can be modified and used as drugs [25]. As a result, they can be
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used as solvent delivery systems when connected to biopharmaceuticals or as phar-
macokinetics boosters when incorporated into fusion proteins that make medications. 
A monomeric ELR carrier provides unique benefits over the free drug by improving 
the pharmacokinetics and drug load pharmacokinetic profile. Incorporating target 
peptides, such as knh or cell-penetrating motifs, as well as reactive areas useful for 
the strong covalent conjugation of medications is also made possible by genetically 
designing elastin-like recombinases. ELRs can be engineered to self-assemble in 
response to external stimulation, and they can be employed to deliver therapeutic 
medications to injured tissue both systemically and locally. Beneficial clinical drug 
delivery methods include monomeric ELRs coupled to drug-delivery molecules with 
known therapeutic potential [26, 27]. A drug is joined to a macromolecule during the 
thermoplastic coupling process; the most popular options are proteins and synthetic 
substances. The insertion of sensitive residues that can be used to further compound 
other medications, like the hydroxyl group in cysteines or the amine groups in lysines, 
is made possible by the recombinant origin of ELRs. 

If the loading is a protein, it is possible to create the ELR-load complex through 
genetic engineering. The most common disease in the world is cancer, however, the 
majority of therapeutic drugs employed for treating it have molecular masses of less 
than 500 Da, are hydrophilic, have significant toxicities, have poor pharmacokinetic, 
and have low therapeutic indices. The therapeutic index is the ratio between the 
lowest dose necessary to achieve the desired result in 50% of a society and the dose 
necessary to kill 50% of a community (effective dose). Interaction among triad is 
shown in Fig. 2. 

Additionally, several chemotherapy medications with anti-cancer effects, 
including Paclitaxel, Doxorubicin, Camptothecin, or Melphalan, have a significant 
drawback known as toxicity in normal healthy cells. Future uses of the thermal capac-
ities of ELRs for therapeutic hypothermia have a decent probability of becoming 
successful. ELRs are anti-cancer medication delivery devices [28]. Increasing the 
local, regional, or bodily temperature above the physiological level (37 °C) to roughly 
42 °C is known as hyperthermia. Under a specific transition temperature (Tt), elastin-
like recombinamers are disordered and water-soluble, but as the temperature rises 
over this Tt, they amass and collect. This property makes them intrigue as drug 
delivery vehicles. Because ELRs are liquid at 37 °C, the body temperature, can 
move freely. These compounds become intractable when they circulate in tumor

Fig. 2 Interaction among 
the triad resulting in the 
variation in functional, 
survival, and aesthetic 
qualities 
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tissue and concentrate in the tumor, even though hypothermia is characterized as 
the substance being warmer than the transition temperature. This suggests that using 
the phase change of these polypeptides could facilitate the localized drug delivery to 
tissues (Tt). The plasma membrane is one of the most challenging problems a system 
for drug delivery must solve. The plasma membrane, a permeable barrier found on 
living cells, is essential to their existence and ability to operate. Consequently, the 
main challenge to assuring intracellular drug administration is getting a bioactive 
molecule across the plasma membrane. Small compounds can pass right through the 
lipid bilayer of this membrane, while protein-based therapies must first penetrate the 
membrane via mobile transport. To increase the effectiveness of a medicinal agent’s 
entry, cell-penetrating peptides (CPPs), among the most well-liked and effective 
vectors for improving cellular absorption, could be used. Surface functionalization 
of the ELR with aCPP can facilitate non-specific cell viability of the load via path-
ways, simplifying the cell survival of ELRs. CPPs are 5–30 peptide polypeptides that 
can pass through cell membranes. As a result, a variety of CPPs have been included 
in the bioactive of ELR drugs to enhance the targeted distribution of anticancer drugs 
in the tumor [29, 30]. CPPs are also used to reduce the rapid breakdown and insuf-
ficient infiltration of tumor cells by these drugs. Frankel and Green, who discovered 
that the HIV activator of transcription (TAT) peptide can traverse cell membranes 
and was effectively absorbed in vitro, reported the first CPP in 1988. 

2.2 Nanoparticles Based on ELR as Pharmaceutical Delivery 

The utilization of nanoparticles as having to cut drug delivery systems is covered in 
this chapter along with a variety of ELR-based architectures that can produce them. 
We discuss a variety of devices, including triblock copolymers, cell-specific ligands, 
hybrid diblock ELRs, and ELRs-blocks. 

2.3 Amphiphilic ELRs Nanoparticles 

Amphiphilic ELR-based diblocks can self-assemble to produce structures like 
nanoparticles, suggesting that there are several ways to induce or reinforce their self-
assembly depending on the polymer design. The hydrophobic portion of the particle 
has also received several bioactive domains that are accessible at the subatomic 
particle shell. ELRs can release drugs under regulated conditions in reaction to 
pathological changes in temperature because of their thermosensitivity. Anticancer 
therapy benefits from heat generation at the tumor site because ELR-based methods 
are efficient at creating well-organized nanoparticles at the infection site. The pH 
differential between normal tissue and the cancerous environment is another factor 
that aids in the therapy of cancer. Callahan and colleagues created an ELR block 
copolymer (ELRBC), specifically [VG7A8]-80/[VH4]-100, to create nanoparticles
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with a pH-responsive component that can also be stabilized with Zn 2 + ions [31, 
32]. When compared to ELRBCs made of [VG7A8]-64/[V]-120, a non-pH-sensitive 
ELR block copolymer, in vivo penetration, and distribution in tumors. The solid 
tumor tissues usually have extracellular pH ranges of 6.2–6.9 as opposed to the 
normal tissue’s circulatory pH range of 7.2–7.4, therefore the ionic intensity ELR-
based polyamide microspheres break down at this lower pH. The 60 pentapeptide 
repeats in the diblock, which include the hydroxyl group as a guest residue, form a 
hydrophobic block, whereas the 60 core protein residues, which contain glutamine 
and glycine in a 1:1 ratio, form a hydrophilic block. Then, Silaffin R5 and the 
hydrophilic region of the ELR were genetically connected. When phosphorus ions 
are present in phosphate-buffered saline, the ELR-R5 is crosslinked, resulting in the 
formation of silica nanoparticles. Afterward, silicic acid is added to the solution of 
the made-up templates to make the silica polycondensation. Many researchers have 
used the strain-promoted azide-alkyne cycloaddition (SPAAC) method to enhance 
the formation procedure by connecting the chain at the particle’s outer shell. To 
ensure peripheral crosslinking, a clearly defined ELR was created by joining the more 
hydrophobic block to a lysine-rich area. The arginine amine groups were converted 
into azide units using the diazo-transfer method, and the NPs were subsequently stabi-
lized through exergonic crosslinking using the chemical bis-cyclooctyne. Additional 
approaches involve employing membrane transporters made of polymer nanoparti-
cles and genetically altered drug receptors after the prescription has been coupled to 
the receptor [33]. The basis of this innovative encapsulation method, developed by 
MacKay and colleagues, is the high selectivity between a given molecular medication 
and its protein sequence targets attached to the corona of protein polymer nanopar-
ticles. The drug is administered gradually once it has been securely attached to the 
carrier. Rapamycin (Rapa), an immunosuppressive macrolide antibiotic, is applied 
over stents to prevent organ transplant rejection. Rapa’s anti-proliferative qualities, 
constrained dispersion, low oral absorption, and quick systemic clearance made it 
the ideal candidate for these studies. 23 days after the initial dose, the rodents lost 
over 15% of their entire body mass, demonstrating the high toxicity of free Rapa. 
The drug for the prostate xenograft mouse model showed superior antitumor action, 
showing notably lower cytotoxicity in contrast to free Rapa, without exhibiting any 
symptoms of behavioral issues or body weight loss. Eventually, diverse proteins and 
small molecules will be encapsulated, targeted, and released using this technique. 

2.4 Modern Techniques for the Synthesis of ELR 
Nanoparticles 

More and more sophisticated devices have been developed that use ELR-based tech-
nologies to recognize complex NPs that can transport a variety of small molecules 
to improve regulated medication delivery systems. One of the best ways to incor-
porate bits into macro material is by self-assembly, which can transform nanoscale
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into devices with unique capabilities. Coworkers created the H6-ELR-CP triblock 
polymer in this situation, which consists of a polypeptide block with thermal respon-
siveness, a hex histidine block with the potential to bind ionic species, and the capsid 
peptides of the cowpea erythema mottle virus, for whom the self-assembly may 
be pH-dependent [34, 35]. New nanocarriers built on recombinamers that mimic 
elastin require inventive ways. Active targeting abilities can also be added thanks 
to the customization of these ELRs with fibroblast ligands. To facilitate active cell-
targeting, ELR with a polymeric acid tail (ELR-D) and then added epidermal growth 
factor EGF (ELR-D-E). The resultant nanoparticles have been shown to have a 
specific biological interaction, and in vitro results have been encouraging using A549 
cells, a normal lung cancer epithelium line that pushes the limits of the EGF recep-
tors. It looked at how to distribute suicide genes using a plasmid that contains the 
Rna for the toxin PAP-S. 

With excellent selectivity for MCF-7 cancer cell lines as opposed to a MUC-1-
negative tumor line, this technique effectively transported the plasmid into tumor 
cells while protecting normal human cells. This aptamer-ELR vector’s ability to 
transfect cells, as demonstrated by micropinocytosis uptake, opens the door for the 
use of ELRs in suicidal genome therapy to cure cancer and further opens the door 
for their use in the biomedical sector. 

2.5 In-Situ Therapeutic Depots 

One form of treatment where a prolonged local treatment of the tumor is required 
for success is anticancer therapy. Therapeutic drugs must navigate several biological 
barriers on their way to the tumor to be successful, and systemic medicines usually 
have high rates of toxicity as a side effect. Thank goodness, localized anticancer 
therapy exposure and reduced drug storage inside the tumor can be achieved through 
intertumoral injection, minimizing negative side effects. An enticing alternative to 
local delivery is the creation of a biocompatible substance that may be injected as a 
medication delivery deposit at room temperature. The thermosensitive ELR sequence 
in this instance carried a biopolymer into a tumor when soluble, and because of air 
temp coacervation, produced a depot in situ [36]. Intertumoral radiation therapy has 
a very good response rate in solid tumors, especially aggressive prostate cancers 
(brachytherapy). By introducing radioactive “seeds” into or close to the tumor, this 
technique gives the tumor a significant dosage of radiation while limiting unneeded 
exposure to the neighboring healthy tissues. Despite the method’s overall benefits, 
existing seed implantations are permanent and can only be used in the treatment of 
low- or intermediate-grade malignancies. They are ineffective for treating high-grade 
tumors. The development of polymeric devices that function in conjunction with 
irradiation has undergone several attempts. It is preferable to avoid the problems with 
conventional brachytherapy. Avoiding the issues with traditional brachytherapy is 
preferred-based systems that have recently been taken into consideration for topically 
applied delivery, particularly in the context of creating new capabilities considering
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the prevalence of eye-related disorders. Lacritin is closely connected to a group of 
contemporary elements that can enhance corneal mitogen action and encourage tear 
protein secretion (Lacrt) [37, 38]. To create a monomer that can create a base on inter 
cache at temperatures close to and protect Lacrt-mediated cell-signaling pathways, 
Lacrt was fused to an ELR made up of 96 repeats of the pentapeptide VPGVG. In a 
mouse model based on inter defect, the therapeutic efficacy of the extended infusion 
of IL-1a and/or tumor necrosis factor was assessed. IL-1 inhibition significantly 
reduces PTA-related indicators like synovial inflammation, bone repair, and chondro 
degradation, according to in vivo research. Yet, lowering TNF-, whether alone or 
in conjunction with IL1Ra, impairs bone structure and hastens articular cartilage 
degeneration. 

This novel method dramatically minimizes clearance from the joint space while 
boosting the impacts of IL-1a and decreasing injection dose and frequency by 
combining xELR with IL-1a for continual intra-articular administration. 

2.6 Hydrogels 

These highly hydrated hydrophilic, three-dimensional, insoluble viscoelastic poly-
mers can swell when in contact with liquid but do not dissolve it. Physical substances 
that are activated by a range of inputs, such as pH, temperature, or even sonar waves, 
can create these networks. Cross-linking during chemical processes can also produce 
them. These nanogels are structurally stable due to crosslinking or physical interac-
tion between polymer strands. Composites can get over some delivery restrictions 
because they can be placed close to the area of issue and distribute drugs locally for 
a long time. The window for reducing systemic effects just at target site is expanded 
by this restricted exposure. Enzymatically cross-linked ELRs are one of the most 
cutting-edge components of hyaluronan delivery systems for drugs because they 
could release bioactive compounds in response to specific environmental stimuli. 
As was already mentioned, elastolytic activity has been connected to pathological 
disorders like atherosclerosis, cystic fibrosis, and chronic wounds. Crosslinking was 
made possible by the addition of microbial transglutaminases. After being subjected 
to P. aeruginosa or human granulocytes, the final hydrogels emitted the recombinant 
green fluorescent protein (eGFP) that was added during the gelation process over 
a longer period (PMNs). Similar results were obtained once an electron transport 
system was added [39]. ELRs are a potential biopolymer for making genuine pass 
depots or biodegradable under specific circumstances because of their adaptability. 
On the other hand, noncovalent cross-linking frequently leads to insufficient struc-
tural and mechanical stability, rendering them unsuitable for a variety of applications. 
An injectable, repairable, dimeric crucifix silicone gel with properties halfway in the 
range of coacervates and more durable chemical hydrogels was created to increase 
the results in the applicability of these biomaterials. These results demonstrate the 
effectiveness of nanomaterials for the in vitro gradual release of a reference protein 
as well as the injectable biomaterial’s transport properties. The composite’s two
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components interacted secondarily, causing the ELR-collagen combo hydrogels to 
release doxycycline more rapidly than gelatin hydrogels. Four bacterial strains that 
are frequently found in clinical settings were used in bioassays to determine the 
cytocompatibility of the doxycycline discharged from the hydrogels. 

Staphylococcus aureus multidrug testing was carried out using the function. 
Knowing that all hyaluronic acid produced doxycycline, which was effective against 
all but four of the bacterial strains tested, it was demonstrated that the hydrogels had 
no impact on the medicine’s bioactivity. Combining ELR with collagen hydrogels 
can hasten the healing of wounds by reducing postoperative infection and extending 
the duration of an antibiotic’s local site of action. 

3 Background Related Work 

[1] Frappier et al. [40]; Atomically small material alterations enable a variety of 
nanoelectronics devices, such as resonant tunneling diodes (RTDs), quantum well-
integrating photodetectors (QWIPs), subatomic good lasers, and heterojunction junc-
tion effect transistors (HFETs). For the development and creation of such devices, 
a fundamental knowledge of electron propagation in such wavelengths is required. 
Based on a basic nonequilibrium electron transport theory, NEMO is a flexible tool 
for designing and studying quantum devices. EMO was linked with the parallel 
processing evolutionary algorithm application PGAPACK to modify the properties 
of the structural materials to match a certain set of experimental data. A numer-
ical experiment is done to generate structural parameters like layer thicknesses and 
doping levels to evaluate an experimental current–voltage characteristic. We find 
that the basic and doping characteristics of the heNEMO model parameters closely 
reflect the genetic algorithm. Synthesis is achievable with such precise agreement 
between theory and technique are known. 

[2] Schloss et al. [41]; In order to create new kinds of allergy vaccinations, DNA 
Fragment was used in allergens research. Details on the genetic sequencing and 
makeup were made available. One technique that is widely employed in the creation 
of antimicrobial peptides that meet certain T- or B-cell epitopes. A new technique 
for developing hypersensitive vaccinations that can provide a better and much less 
replication of the epitopes is genetic engineering allergen synthesis. To show how 
well these hypo-allergens reduce allergenicity, numerous stimulating skin and nasal 
testing have been employed. The vaccines’ capacity to generate anti-allergen IgG 
antibodies and sustain T fibroblast activity have both frequently been shown, despite 
the diminished immunoglobulin E (IgE)-binding reactivity. The main hypoallergenic 
have been polypeptide segments and tetrameric birch allergen structures. 

[3] Olorunniji et al. [42]; Atomic size differences in the materials enable devices like 
resonance tunneling diodes (RTDs), quantum well-infrared photodetectors (QWIPs), 
classical good lasers, and heterojunction field effect transistors (HFETs). Such 
heterostructure devices call for an in-depth knowledge of electron transport in
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quantum states for their design and optimization. This problem is addressed by 
the overall design and analysis tool for nanodevices known as the Nanoelectronics 
Modeling Tool (NEMO). NEMO was used with PGAPACK, a library of parallel 
processing neural network methods, to improve structural and material properties. 
The quasi-band effects in the longitudinal and transverse dimensions as well as the 
Wkb charge personality are included in the electron transport calculations displayed 
here. 

[4] Tang [43]; A popular biocompatible substance for stem-cell cartilage healing 
is elastin-like polypeptides (ELPs), a class of artificial polypeptides with special 
characteristics. The pentapeptide Val-Pro-Gly-Xaa-Gly makes up ELPs, and Xaa 
can be any other amino acid besides Pro that passes through an inverted temperature 
phase change. They can dissolve in water when it is below their transition temperature 
(T t). Yet, when the temperature of water surpasses their T t, they congeal. This study 
evaluates the rheological characteristics of an uncross-linked ELP below and above 
its T t as well as the effectiveness of ELP in triggering chondrogenesis in vitro. 
Recombinant DNA techniques were used to create an ELP with a T t of 35 °C. 

4 Application 

4.1 Peptide-Protein Interactions 

Under conditions of kinetic and thermodynamic equilibrium, the intrinsic self-
recognition and processes of biomolecules enable the formation of organized 
structures just at the nanoscale or even at the macroscopic scale. Peptides and 
peptidomimetics are significant because they may allow for the rational dissec-
tion of biological pathways to produce new medications, materials, catalysts, and 
other products. Van der Waals forces, hydrogen bonds, and electrostatic attraction 
are a few instances of interactions that regulate self-recognition or self-assembly 
processes. They also produce secondary structures like -helix, -sheet, and polypro-
line II helix, which are necessary for many biological functions. Here, we give some 
recent and noteworthy examples of how design has been successfully used to create 
functional structural themes. These investigations are crucial for comprehending 
the fundamental relationships governing biological operations and the emergence 
of numerous diseases. The types of secondary configurations that peptides take 
on during self-assembly play a key role in the properties of biomaterials, such as 
the contacts, encapsulating, non-covalent contacts, or covalent interactions that are 
eventually useful for drug delivery applications [40]. 

The definition of the chemical self-assembly process is the bidirectional and 
spontaneous grouping of some substances (small or macromolecules, peptides, or 
proteins) into a well-defined and stable configuration while in thermodynamic equi-
librium. Both healthy and pathological processes result in the formation of several
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beneficial sub-cellular structures. A few examples include amyloids linked to disor-
ders including Alzheimer’s, Parkinson’s, diabetes, amyotrophic lateral sclerosis, 
hemoglobin, and membrane transport channels. In the field of protein interaction 
(PPI), where the connection may be connected to a conformational change that initi-
ates a biological pathway, the supramolecular association created by low intramolec-
ular pressures is an essential mechanism both in chemical and biological recogni-
tion. For instance, the growth of fiber-like structures is driven by hydrogen bonds 
or interactions. If the dissociation energy is compared, hydrogen bonds only require 
10–65 kJ/mol for homolytic breakdown while covalent bonds take 100–400 kJ/mol. 
Multiple interaction sites are frequently combined throughout the assembly process. 
Many organic compounds have been found to be capable of forming supramolec-
ular polymers under specific conditions [41, 42]. The fibrillation process is likely 
the most remarkable biological example of peptide self-assembling, such as amel-
ogenesis in Alzheimer’s disease. Peptides represent a different class of identity and 
self-recognition molecules. Moreover, recently, peptidomimetics. Since the early 
1990s, researchers have been studying self-assembling peptides. Self-assembling 
peptides can be used to create novel biological materials, coatings for surfaces and 
semiconductors, as well as a new group of antibiotics to prevent and treat antibiotic 
resistance. A self-assembling peptide (SAP) system uses organic or synthetic scaf-
folding that can display a variety of cell-interactive constituents in spatially defined 
networks. They do this by using biomolecules self-assembly or naturally occurring 
organized aggregates. Hydrophobic interactions, hydrogen bonds, van der Waals 
forces, and electrostatic contacts all contribute to the stability and loss of energy 
of protein self-assembled structures. The length of the peptides, the percentage of 
hydrophobicity, the I amino acid sequence, and the duration of the self-assembling 
process are all factors that influence the self-assembling processes. To be used in 
a variety of biomedical fields, these innovative SAP-based materials usually make 
hydrogels that may mimic the extracellular matrix and have synthesized scaffolds 
that may contain different cell-interactive components. Comparison of peptide array 
is shown in Table 2.

4.2 Silk Protein Sericin in Biomaterial 

A natural polymeric protein called silk sericin is derived from the Bombyx mori silk-
worm. Sericin can be retrieved and used in other ways during the many processes used 
to make raw silk and textiles. Additionally, sericin recovery lessens the impact of silk 
production on the environment. Sericin protein has advantages due to its characteris-
tics. The protein is UV-resistant, antimicrobial, and resistant to oxidation [43]. It also 
readily collects and releases moisture. To create products with better qualities, sericin 
proteins can be polymerized, cross-linked, and combined with other biomolecules, 
notably synthetic polymers. Additionally, the protein can be used to enhance or 
coat both natural and synthetic fibers, fabrics, and products. Bioplastics, biomedical
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Table 2 Peptide array comparison 

Product Technology Support Scanning 

Pepscan PepChip 
microarray 

Standard Fmoc 
SPPS 

Glass slides Standard 
screening with 
antibody-based 
detection 

LC Sciences PepArray 
micro-array Chip 

Photolithography 
using 
microfluidics 

Chips Microfluidic 
system 

PEPperPRINT PEPperCHIP 
microarray 

SPPS amino acids 
scanned with the 
electrical field 
produced via laser 
printer 

Chips/glass slides Antibody-based 
detection and 
in-house services 
for staining 

JPT PepSpot 
Microarray 

Standard Fmoc 
SPPS using the 
SPOT synthesis 
technique 

Cellulose sheets Electrotransfer 
blotting to PVDF 
membrane 

Intavis Celluspots 
microarray 

SC2 Technique Glass slides Antibody-based 
detection directly 
on an array

components, articles-forming polymers, functional membranes, fibers, and textiles 
can all be made from sericin-modified components and sericin composites. 

4.3 Modulation of Bone Cells’ Responsiveness to Plasma 
Treatment with Starch-Based Biomaterials 

Investigated were the effects of o2 radio wave glow discharge (rfGD) on the interfaces 
of various starch-based biomaterials (SBB) as well as the effects of protein adsorp-
tion on controlling bone-cell activity. Both simple and complicated protein systems 
used fibronectin, vitronectin, and bovine serum albumin. Surfaces coated with RfGD 
demonstrated greater hydrophilicity and interface energy as compared to untreated 
SBB. In cornstarch-based biodegradable polymeric blends, polycaprolactone (SPCL; 
30/70 weight percent), poly (ethylene alcohol (SEVA-C; 50/50 weight percent), 
and methylcellulose (SCA; 50/50 weight percent) were investigated. The maximum 
degree of change was seen in SCA and SCA reinforced with 10% fluorapatite (HA) 
after rfGD treatment [44]. On SCA, it was discovered that cell adhesion and multipli-
cation were increased compared to untreated surfaces, and the plasma modification 
had no effect on SCA + 10%HA. BSA, FN, and VN single solutions enhanced cell 
adherence to SCA surfaces, and a similar impact was observed for ternary systems. 
Moreover, when compared to the untreated surfaces, SEVA-C treated with blood 
shows better adhesion and proliferation. MG63 cell multiplication was clearly aided
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by plasma modification, even though adherence to treated and uncontrolled SPCL 
was roughly equal. It was demonstrated that the variance in MG63 cells’ morphology 
on SEVA-C surfaces was primarily controlled by the peptide system, whereas it was 
primarily regulated by the treatments on SPCL surfaces. 

4.4 Tissue Engineering 

In vivo tissue-engineered uses elastin-like biomaterials, however novel ELRs are 
often developed and enhanced to work better. For instance, the interaction and preser-
vation of mouse pluripotent cells were achieved using four distinct constructs. Most 
of these inventions were composed of the ELR sequence (APGVGV) 12, the cell-
adhesion sequence (RGD), as well as the CBP peptide, a lawfully binding peptide 
(iPSCs). The best method for encouraging mouse iPSCs to adhere to and develop on 
untreated culture plates was determined to be the ELR construct (ERE-CBP), which 
contains both the lower perceived and the CBP sequence. Additionally, it was shown 
that CBP peptide enhanced the RGD gene’s capacity to permit cellular adhesion [43]. 
Additionally, compared to ERE alone, ERE-CBP showed much-increased expres-
sion of the embryonic marker Oct3/4 and alkaline phosphatase activities. There were 
no obvious differences between the construction without RGD and ERE-CBP. Some 
application of tissue engineering is shown in Fig. 3.

In opposition to CBP itself, which could not bind cells but successfully sustained 
pluripotency, RGD showed its ability to increase cell attachment but not pluripotency 
maintenance. The ERE-CBP study demonstrated how important it is for RGD and 
CBP to coexist to preserve pluripotency. This unique recombinant ECM protein may 
be best used in future in vivo tissue-engineered studies. One of tissue engineering’s 
primary goals is likely to be the establishment of an extracellular environment that 
is similar to the natural one. The growth and cell adhesion of fetal mouse fibroblasts 
were examined in one study using GPG, or fiber of an ELR that had a double-
hydrophobic triblock structure (NIH-3T3). The scientists developed three different 
hydrophilic structures with the RGD motif known to enhance cell adhesion proper-
ties: GPG, GPG-KAAK, and GPG-KAAK-GRGDS. They are all possibly suitable 
for coating polystyrene surfaces after being cleaned with D-PBS, and over 90% of 
these nanostructures remained intact. A noteworthy technique in the field of tissue 
engineering is the development of cytocompatibility adhesives [45, 45]. Unexpect-
edly, mELY16 outperformed glass coverslips in terms of adsorption capacity. Both 
constructions (ELY and mELY16) outperformed BSA and commercial sealant in 
terms of good adhesion (>2 MPa under dry conditions and 0.24 MPa under wet 
conditions, respectively) This new biomaterial could therefore have a significant 
impact on regenerative medicine and tissue engineering.
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Fig. 3 Applications of tissue engineering

5 Case Study 

5.1 Elastin-Based Biomaterials that Have Undergone 
Genetic Modification 

One of the important features that distinguish the genetic algorithm from other algo-
rithms like evolutionary algorithms is that its main search operators are crossover and 
mutation. The two main genetic operators utilized in genetic algorithms are crossover 
and mutation. The objective of the current study was to investigate the impacts of 
genetic algorithm operators such as mutation and crossover (P c & P), population 
size (n), and the number of iterations (I) used to forecast the biological material 
extruder’s lowest hardness (N). The second-order polynomial regression equation 
developed for the extrudate characteristic hardness in terms of independent factors 
such as temperature, screw speed, the fish proportion of the feed, and feed moisture 
content was employed as the objective function in the GA analysis [47]. A simple 
genetic algorithm (SGA) based on crossover and mutation operators was used in the 
current study. A rank-based fitness selection algorithm was built into a C language 
program for an SGA. The maximum number of iterations and inhabitants was set to 
100. It was discovered that a medium community of 50, iterations of the algorithm, 
and the lowest hardness values were feasible. According to the Pareto charts, P c
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Table 3 Biomaterial state for 
myocardium tissue 
engineering 

Biomaterial Physical State 

Natural 

Hyaluronan Solid 

Alginate mesh Solid 

Collagen Liquid/gel 

Synthetic 

PGA and copolymer with PLA Solid 

PPS Solid 

was found to have a greater impact when the population was below 50, while P m 
was crucial when the population was below ten. The threshold values for a crossover 
chance of less than 50% and a mutation probability of less than 5%. Physical state 
of biomaterial for myocardium tissue engineering is shown in Table 3. 

5.2 Engineered Biomaterials to Enhance Stem Cell-Based 
Cardiac Tissue Engineering and Therapy 

One of the biggest causes of death in the globe is cardiovascular disease. After a 
myocardial infarction, cardiac tissue containing deceased or damaged cardiac cells 
downstream of the occluded channel does not recover because adult cardiac cells 
have a restricted capacity for proliferating. The heart becomes feeble when non-
functional fibrotic scar tissue takes the place of the original cardiac tissue [48]. 
Researchers are looking into the possibility of stem cells to regenerate damaged 
cardiac tissue because host cardiac cells have a restricted capacity for proliferation. 
This project has made tremendous progress. Currently, there is no agreement on the 
ideal stem cell type, matrix material, or microenvironmental stimuli for cells. This 
article provides a summary of the various biofunctional compounds and bioactive 
matrices that, when combined with stem cells, have demonstrated promise for the 
renewal and reinforcement of cardiac tissue. Engineered biomaterials are also used 
in cardiac tissue engineering, which uses stem cells and biomaterial scaffolds to 
generate tissues in vitro that can be used for drug testing or eventual implantation. This 
study highlights the advantages of repairing injured myocardium with biomaterials 
and stem cells and gives a quick overview of the characteristics of these polymers 
that make them such useful instruments in the field.
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5.3 Recombinant Cellulose Crosslinking Protein 

Cellulose-binding domains have been discovered in a variety of cellulases and 
proteins that lack hydrolytic function. The ability to alter the surfaces and mechan-
ical properties of paper by a cellulose-binding domain was examined. Two cellulose-
binding domains from Clostridium cellulovorans were combined to create a polypep-
tide that crosslinks cellulose (CCP). The mechanical characteristics of the synthetic 
polyfunctional cellulose-binding proteins were studied when it was submerged in 
Whatman cellulose filter paper after being expressed in E. coli. The extracted protein 
improved the tensile strength, fragility, Young’s modulus, and energy to break off the 
treated paper. Furthermore, it was demonstrated that filter paper improved in water 
repellency following treatment with cellulose crosslinking protein. For the creation 
of a new class of paper-modifying materials, it is intriguing that cellulose-binding 
motifs can bind to cellulose under a variety of environmental conditions without the 
necessity for chemical interactions [49, 50]. 

6 Challenges

• Bio Ceramic Challenge 

The long-term durability of tissue-engineered constructions after implantation 
depends on obtaining and sustaining a blood supply. Third-generation bioactive, 
resorbable composites have been employed in studies to improve the vasculariza-
tion of a soft tissue construct made from regenerated tissue. To find the appropriate 
concentration of bioactive particles, the production of vascular endothelial factors 
was boosted while cell proliferation was observed using a rat fibroblast model. Adult 
rats were given subcutaneous implantation of samples of the biodegradable, active 
composite mesh. Embryonic stem cells and other cells were introduced into the 
composite meshes.

• Stem Cell Engineering 

Stem cell therapy, a revolutionary twenty-first-century approach to healthcare, is 
built on the foundation of stem cells, which have the capacity for self-renewal and 
the potential for multiple lineages. The ability of cells to differentiate into a range 
of body tissues is widely known. The challenge is in getting stem cells to differ-
entiate into the required lineage, obtaining higher purity populations of the desired 
cell phenotype, confirming that the cell line has no cancer-causing potential, and 
then implanting the selected cell bloodline in a way that ensures the organisms will 
multiply and replace or enhance the function of pathology or aging tissues. These 
cells can be collected, grown, and, if necessary, integrated into a tissue construction 
before being administered utilizing minimally invasive methods to the location that 
requires healing [51]. The tissue at the location will regenerate because of the acti-
vated stem cells. There are issues with accessibility, infrasound (in the marrow, there
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is one cell type for every 100,000 cells), and diminished developmental capacity with 
aging for some stem cell types. The control of stem cell development is a potential 
use of mechanistically customized bioactive materials that may also serve as the 
rationale for stem cell-based therapy.

• Bio Ceramics: Control of Infection 

Due to bacterial adherence to biomaterials, which causes biomaterial-centered infec-
tion and insufficient tissue integration, several medical devices have a short lifespan. 
Globally, the problem of the spread of bacteria resistant to common antibiotics is 
getting worse. The increased incidence of chronic foot and limb lesions, which 
frequently require amputation, is a substantial barrier. The bacteria and inflammation 
that lead to cellular dedifferentiation must be controlled locally. AgBG concentra-
tions of 0.05−0.20 mg per microliter of culture medium suppress the development 
of these bacteria. AgBG has a quick antibacterial effect in addition to being bacterio-
static. At AgBG concentrations of 10 mg ml1, a full bactericidal action was evoked 
within the first hours of incubation. 45S5 Both Bioglass and BG had no impact on 
the viability or proliferation of bacteria. Only the leaching of Ag+ ions from the glass 
matrix is responsible for AgBG’s antibacterial activity [52]. Analytical measurements 
exclude any involvement of pH changes, ionic strength changes, or the dissolution 
of other ionic species from the biomaterials in AgBG-mediated bacterial death. The 
patterns of Ag+ dissolution from AgBG in the addition and exclusion of bacteria 
lend credence to the notion that the microbes are storing silver. According to XRD 
patterns, FTIR spectra, and ICP data, the Ag-doped gel glass exhibits the same bioac-
tive behavior as bioactive gel glasses that have Approval from the FDA for use in 
bone repair.

• Predicted in vitro testing of the biomaterials’ and nanoparticles’ toxicity and 
biocompatibility 

For both ethical and budgetary reasons, society is worried about the existing reliance 
on in vivo testing on animals to assess the safety of novel biomaterials, TE structures, 
and nanoparticles. The development of reliable and cost-effective predictive in vitro 
experiments based on human cells is a major challenge for the twenty-first century. 
There are a variety of issues with in vitro research that need to be resolved to ensure 
relevance to prospective in vivo applications [53]. A mature cell phenotypic in culture 
must, first and foremost, be representative of the same form of human cells in vivo. 
Cell culture research currently frequently uses eternal cell lines, which are unable 
to express the intricate protein arrays necessary for mature phenotypes. Third, while 
testing, the mature cell phenotype in the cultured cells must be preserved. The drug 
being tested might not be toxic enough to solely kill the cells; instead, it could cause 
de-differentiation and impair the tissues’ ability to repair. These demand monitoring 
of cell morphologies, preferably in situ. Fourth, the in vitro testing should contain 
details regarding the molecular biological alterations that the chemical causes in 
the cells. Fifth, the in vitro tests ought to be able to do statistical analysis to discern 
between minute alterations in the cell population. Sixth, it’s important to take pricing 
and usability into account.
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7 Future Scope 

Again, a biological basis to produce a generation of biomaterials provides the scien-
tific foundation for the protein engineering of scaffolding for TE and for in situ organ 
regeneration and repair, preferably via minimally invasive surgical procedures. Every 
one of these cutting-edge approaches has significant financial advantages and could 
assist in resolving the problems related to caring for an aging population. A new class 
of marker nanoparticles that are uniquely adapted for specific patients and illness 
scenarios should be conceivable [54]. With the increased accessibility of predictive 
analytics approaches, innovative plans for universal healthcare can be developed. 
Until recently, this idea would have seemed ludicrous. It was difficult to envisage a 
material that living tissues wouldn’t trash just 40 years ago. Millions of people have 
benefited from this therapeutic reality, and it most likely will inspire new ideas in 
the years to come. 

8 Conclusion 

It has also been studied how to distribute therapeutic drugs safely and effectively 
to certain places, as well as a variety of ELR-based architectures and their prospec-
tive application as superior drug delivery systems. Whether utilized with transgenic 
biopharma in a liquid delivery mechanism or as a pharmacokinetics enhancer, either 
via chemical linkage or by creating fusion proteins of the drug, monomeric elastin-
like proteins that are implicated have been explored. These polypeptides can increase 
the half-life of medications when utilized as therapeutic systems. Genetic engineering 
also makes it possible for better cellular reception of nanostructures with therapeutic 
functions in damaged tissues by inserting targeting peptides like knh or fibroblast 
domains. Additionally, the right amino acid selection enables the existence of reactive 
groups that are beneficial for the covalent connections formed during the conjugation 
of molecules with proven therapeutic efficacy, with drugs and peptides being among 
the most popular choices. ELRs can be designed to identify in response to external 
stimuli, making them suited for systemic and local delivery of therapeutic drugs to 
the injured tissue. ELRs that are available at body temperature after thermorespon-
sive transition have been demonstrated to accumulate in cancerous tissue because of 
local overheating. In fact, by utilizing the porosity and perfusion of the vasculature, 
therapeutic hyperthermia has improved the local distribution of ELR prodrugs into 
tumor tissues. According to the diverse device structures, the biological applications 
of NPs—in particular, ELR-based nanoparticles having signaling pathways that can 
interact with organisms on their surfaces—have been studied. When used to heal 
brain injury, and persistent skin damage, or to promote bone regeneration, several 
of these have shown positive results. Lacritin nanomaterials are just one type of 
NP that have been employed as therapeutic agents and are coupled to proteins that 
really are visible on their surface. They support the integrity of the epithelium and
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corneal tissue healing. Last but just not least, studies on 3D ELR have been conducted. 
These include depots, hydrogels, and macromolecular carriers. Because they provide 
highly localized treatment, these are particularly promising for anticancer therapy. To 
create injectable depots for venous distribution, ELRs can collaborate. This enhances 
therapy options, localized anticancer medicine exposure, and drug stores in the 
tumor. As macromolecular carriers, fusion-based ELR depots can carry curcumin 
or glucagon-like peptide-1, which represents a substantial development in the treat-
ment of t2dm and pro therapy, etc. [55, 56]. The benefit of utilizing biomaterials that 
have been chemically and structurally copolymerized is their ability to be positioned 
close to the area of interest and disperse embedded drugs over a long period of time 
locally, minimizing any negative effects. Because they enable the regulated release 
of several bioactive compounds like hormones, antibodies, signaling pathways, and 
other therapeutic biomolecules with possible biological uses, hydrogels containing 
a domain sensitive to proteolytic disintegration have drawn particular interest. In 
addition, the use of ELR-based 3D, notably hydrogels, has been investigated for 
tissue-engineered with an emphasis on skeletal regeneration. Numerous strategies 
have been examined, including the utilization of physiological conditions that repli-
cate the affected body part, such as the musculoskeletal or circulatory systems, or 
the use of special scaffolds created from amphiphilic ELRs to restore soft tissues. 
Because they can introduce various bioactive patterns into the specifically provided 
sequencing or because they possess the appropriate cells for the regeneration of func-
tional tissues, these creative and biomimetic scaffolds are very significant for tissue 
engineering. Studies have demonstrated that ELRs are excellent candidates for tissue 
engineering because of the synergy that occurs when they are combined with bicom-
ponent scaffolds like ELR-collagen, ELR-silicon replacement perovskite, or ELR-
hyaluronic acid hydrogel scaffolds. For bone reconstructive surgery, new methods 
based on precisely defined combinations of osteogenic materials, osteoinductive 
chemicals, and/or osteoblastic cells are highly desired. The objective is to effectively 
reproduce the original tissue without going through the bone harvesting process [57, 
58]. To incorporate all the aforementioned qualities, a carefully controlled hybrid 
material must yet be developed. Further developments require cooperation between 
experts from a variety of disciplines, including stem cell biology genetics, diagnostic 
devices, material sciences, medicine release, synthetic biology, and surgery. 

9 Discussion 

Materials that have potential for use in biomedical and therapeutic applications are 
referred to as biomaterials [59]. They could be any or all the following, depending 
on the application:

• Bioactive: They actively interact with bodily systems. This is mostly considered 
in applications for tissue repair.
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• Bioinert: This phrase implies that the substance in question does not affect or 
upset the body system.

• Bioresolvable/Biodegradable: To prevent environmental pollution, the material 
used for clinical or medicinal usage must be easily decomposed after use.

• Biocompatible: The material must be appropriate for its use, which is the most 
crucial requirement of all [60, 60]. The material that is best for a certain application 
will have mechanical characteristics that are like those of the real body component 
that is being used or replaced.

• Mechanical Properties: The mechanical qualities of a biomaterial reveal the 
molecule’s biocompatibility with the body system by describing the material’s 
toughness, strength, and ductility. 
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Abstract In recent times, the concept of biomimetics has gained widespread accep-
tance across different industries. This interdisciplinary field combines principles 
from biology, engineering, and chemistry to develop materials, devices, or artifi-
cial systems that imitate biological processes. In the medical field, Biomaterials 
play an important part in the recovery process by restoring function and speeding 
up healing. These components, which might be natural or synthetic, are utilized to 
preserve, enhance, or replace damaged tissues or biological processes. Additionally, 
biomimetic technology has highlighted the importance of organelle attachment and 
detachment in an organism’s ability to adapt to its environment. Tissue engineering’s 
major goal is to make successful tissue grafts that can replace or repair damaged or 
deteriorated tissues and organs. Currently, there are ongoing pre-clinical studies and 
clinical applications of engineered tissues such as bones, cartilage, skin, skeletal 
muscles, blood vessels, and bladder. In this chapter, the interconnection between 
regenerative biology and engineering is examined, with emphasis on the utilization 
of biomimetics in tissue engineering and the creation of functional tissue transplants 
for regenerative medicine. 
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T tendon 
L ligament 
TEN tissue-engineered nerve 
CRISPR clustered regularly interspaced short palindromic repeats 
Cas9 clustered regularly interspaced short palindromic repeats-associated 

9 
ZIF-8 zeolitic imidazolate framework 
ELPs Elastin-like polypeptides 
PGA poly-glycolic acid 
PLA poly-lactic acid 
OATS osteochondral autograft transfer system 
NYSERDA New York State Energy Research and Development Authority 
BIONIS Biomimetics Network for Industrial Sustainability 
PLMC Poly D, L-lactide-co-trimethylene carbonate 

1 Introduction 

Human design has been “inspired by nature” for over three thousand years [1]. The 
phrase “learning from nature” can be referred to in a variety of ways, and as a 
systematic methodology, it is still in its infancy as a subject of study, particularly in 
engineering design. Biomimetics covers a wide range of study areas, has an impact 
on a number of application areas, and is thought to significantly improve the quality 
of life on the scientific, social, and economic levels [2]. The majority of important 
findings, however, have remained in their respective fields because of the large and 
dispersed nature of research topics. According to studies, individual parties rather 
than institutions have tended to practice biomimetics [3]. 

Nature has long served as an inspiration for the creation of useful materials and 
systems [4]. Biomimetics involves drawing inspiration, adapting, or deriving design 
ideas from nature. It is a process of developing innovative technologies by studying 
biological systems. Through biomimetics, concepts from the field of biology are 
applied to engineering, enabling the development of technologies that benefit from 
millions of years of development evolution in natural biological systems as a result of 
natural selection [2]. It denotes the investigation and imitation of natural processes, 
systems, and approaches [5]. 

Biomimetics is a relatively recent topic of study that entails applying biological 
scientific concepts and functions to engineering, design, chemistry, electronics, and 
other disciplines [1]. Biologists, physicists, chemists, material scientists, engineers, 
and other professionals combine to create biomimetics. Exploring the functions, 
structures, and principles of several natural things, as well as engineering and engi-
neering materials and techniques with commercial uses, are all part of this multidis-
ciplinary discipline [6]. In 1974, the term “biomimetics” first appeared in print in 
Webster’s dictionary [7].
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In biological components, two forms of polymers, namely proteins and polysac-
charides (mostly composed of six-carbon sugars or hexoses), are commonly found. 
Interestingly, When the densities of biological materials are evaluated, their mechan-
ical characteristics are equivalent to those of man-made materials [7]. Biomimetics 
can provide valuable insights for the design of composite materials, drawing inspi-
ration from various natural examples such as the honeycomb beehive structure, 
The fiber arrangement incorporates wood, spider silks, nacre, bones, and hedgehog 
quills. Biomimetics explores solutions to human issues by studying nature’s models, 
systems, processes, and components [8]. When using biomimetic membranes, the 
immobilization of biorecognition molecules may not significantly affect the affinity 
constant between the molecule and target analyte. This is because biomimetic 
membranes imitate a natural environment that can contain numerous biorecognition 
molecules [9]. 

Biomimeticists have traditionally concentrated on duplicating or copying biosys-
tems with synthetic components and traditional processes, deriving inspiration from 
biological architecture and functions. However, recent advances in molecular and 
nanoscale engineering in the physical sciences and molecular biology have enabled 
biomimetics to be applied at the molecular level. Molecular biomimetics is a hybrid 
approach that combines synthetic nanoscale structures with natural molecular 
tools [4]. 

2 Terminology 

2.1 Bioinspiration 

“Based on observations of biological systems, an innovative method was developed” 
[3]. Bioinspiration is utilized as a means to develop intricate and advanced engi-
neering models across different length scales, with the aim of harnessing the vast 
information available to address the urgent challenges confronting humanity [10]. 

2.2 Biomimicry 

The principles of sustainable development can be approached through the application 
of interdisciplinary design techniques and philosophical frameworks that draw inspi-
ration from nature as a model for addressing social, environmental, and economic 
concerns [3]. The convergence of biology and engineering, which encompasses 
biomimicry, is a prevailing trend that is fuelling innovation in the twenty-first century. 
This convergence presents opportunities for the transfer of knowledge across different 
domains, the emergence of novel areas of expertise, and the transportation of physical
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materials [11]. The field of engineered biomimicry is rapidly evolving and involves 
various disciplines, including biology, materials science, and manufacturing, making 
it a challenging area of study [12]. 

2.3 Biomimetics 

The collaboration among diverse fields such as biology, technology, and other innova-
tive areas has the goal of addressing practical issues by analyzing biological systems, 
creating models of them, and transferring and implementing these models to discover 
solutions [3]. “Biomimetics” refers to the imitation of life or nature. It comes from 
the Greek word bio mimesis [6]. 

2.4 Bionics 

The term “bionics” was coined by Jack Steele of the US Air Force Medical Division in 
1960 by combining the words “biology” and “technics”. Bionics refers to a technical 
domain that aims to replicate, enhance, or replace biological functions with elec-
tronic and/or mechanical equivalents [13]. In addition, there is a growing interest 
in researching the improved regenerative abilities of bionic tissue-engineered 
nerve (TEN) grafts, with a specific focus on the bionics of their structure and 
components [14]. 

2.5 Biomedicine 

Biomedicine is a medical field that applies biological and biochemical concepts to 
medical research or practice. It is distinctive within a culture because it incorporates 
specialized knowledge and unique practices based on that knowledge. Biomedicine 
also involves a hierarchical division of labor and specific principles or guidelines 
for social and professional interactions. The human body is the primary focus of 
biomedicine [15]. 

2.6 Biomedical Engineering (BME) 

The application of engineering principles to the medical field is the focus of biomed-
ical engineering, which is an engineering discipline that has gained increasing accep-
tance within the field [16]. Another fast-developing field of biomedical engineering 
is tissue engineering [17].
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2.7 Biologically Inspired Design (BID) 

BID is a prominent trend in contemporary design that involves the incorporation of 
biological functions and mechanisms to tackle human-related problems. Though 
not mandatory, BID is often associated with engineering because it deals with 
design issues akin to those encountered by engineers in various domains, such 
as mechanical and aerospace engineering, electrical and computer engineering, 
chemical engineering, and biomedical engineering [18]. 

2.8 Biomechatronics 

“Biomechatronics refers to the utilization of medical and biological expertise to 
enhance mechatronic procedures and products” [19]. Unlike biomimetics, biomecha-
tronics has a strong basis in engineering. Although it incorporates biomimetics, which 
is a significant part of Bio4Eng (biology for engineering) for human–machine inter-
action, it is not restricted to it and is considered a related field [20]. Interlink between 
Biology and Biomimetic approaches is shown in Fig. 1. 

Fig. 1 Interlink between biology and biomimetic approaches (Made via powerpoint)
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3 Background to Biomimetics 

Biomimetics holds the potential for application in various biological research 
domains, including ecology, zoology, botany, molecular biology, and other related 
subfields. Research areas with high promise include structure and systems design, 
learning and memory, self-assembly and self-repair, perception and sensory systems, 
movement and locomotion, control structures and self-regulation, and new physio-
logically active materials. At the nanoscale level, biomimetic research is expected 
to have positive implications for component miniaturization, energy efficiency, and 
self-configuration. The development of biomimetic robots that can operate in various 
settings, including water, land, and air, is a significant area of attention. Additionally, 
modeling brain systems, known as neuromimetics, is a crucial field of study, partic-
ularly for comprehending the foundation of intelligent behavior. The integration of 
neuromimetic controllers in hardware, called “neuromorphic,” and in the control 
frameworks of robots, referred to as neurorobotics, are emerging research fields in 
the domain of biomimetics [2]. 

During the 1950s, Otto Schmitt introduced the term “biomimetics” to differentiate 
between biological and engineering/physics approaches to science, which he referred 
to as “biomimetics” and “biophysics,” respectively. Schmitt is also recognized as the 
founder of biomedical engineering, which encompasses biomaterials and is closely 
linked to biomimetics. The term “bionics,” coined by Jack Steele of the US Air Force, 
pertains to the process of reproducing and modifying natural concepts [2]. 

According to the Wenzel and Cassie theories, superhydrophobic surfaces may 
be generated by biomimetic materials with extremely hydrophobic qualities, which 
need rough surfaces with low surface energy [21]. Many biological surfaces in nature, 
such as lotus leaves, are superhydrophobic [22], wings of a butterfly [23], feet of a 
water strider [24], and the petals of a rose. Superhydrophobic and superoleophilic 
biomimetic materials are also utilized to extract oil from water. 

An innovative electrochemical method has been devised to fabricate biomimetic 
graphene on stainless steel surfaces, and this approach has proven successful in sepa-
rating oil and water. By combining biomimetic structures with graphene, biomimetic 
graphene can be created, which could result in a range of devices with diverse prop-
erties based on graphene, potentially giving birth to a new graphene scientific field. 
The surface and structure of biomimetic graphene mimic those found in nature [8]. 

Molecular biomimicry is an intriguing field that involves the precise and robust 
implementation of synthetic techniques to replicate, alter, enhance, and analyze 
biological systems. Synthetic membranes and ion channels, artificial photosyn-
thesis, synthetic enzymes, and, more recently, synthetic cellular life systems are 
some of the current areas of molecular biomimetic research. Additionally, subfields 
in materials research have expanded over the last few decades to include bioengi-
neered and hybrid-polymer materials, adhesives, biomineralization, and imitations 
of extracellular matrix in terms of function, surface, and morphology [25].



Biomimetic Approaches for Biomaterials Development 131

4 Biological Materials 

The body is a chemical laboratory that converts natural chemicals into energy, 
construction materials, trash, and a variety of multifunctional structures [26]. Humans 
have long recognized natural materials as sources of food, clothing, comfort, and 
other essentials [27]. Despite their tiny size, animals and insects may create huge 
quantities of natural products such as fur, leather, honey, wax, milk, and silk to suit 
human requirements [5]. Due to their closely regulated structure and better-oriented 
connections, many biological materials are less dense than synthetic materials with 
equivalent qualities [7]. 

For centuries, natural materials have been utilized due to their appealing char-
acteristics like strength, durability, and beauty. In order to replicate these benefits, 
attempts have been made to produce artificial imitations of these materials in any 
quantity required. Natural materials possess unique features such as self-replication, 
self-healing, reconfigurability, multifunctionality, and chemical equilibrium. Unlike 
man-made materials that are typically processed through heating and pressuriza-
tion, natural materials are created under ambient conditions. Materials derived from 
biological sources result in minimal waste and pollution, and the final product is 
usually biodegradable and recyclable by nature. Mastering the handling of these 
materials will expand our range of material options and enable us to produce more 
environmentally friendly and recyclable materials [5]. 

Biomaterials play a crucial role in wound healing by acting as carriers for protein 
and gene delivery, as well as providing scaffolds for cell attachment, growth, and 
differentiation. They have been utilized to transport growth factors, small organic 
compounds, and genes for the treatment of various diseases and wound healing [28]. 
Spider with their incredible webs is shown in Fig. 2.

5 The Two Approaches of Biomimetics 

Recent advancements in biomedical research have been greatly aided by biomimetic 
methods [29]. Generally speaking, there are two ways to practice biomimetics: 
Problem-driven or solution-oriented. Both problem-driven and solution-based 
methodologies have distinct starting points and design features (Figs. 3 and 4) [3].

5.1 The Solution-Based Approach 

The solution-based approach involves using the knowledge of biological systems to 
design and develop technology that replicates the functions of these systems. To do 
so, a thorough understanding of the biological system is necessary in order to identify
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Fig. 2 Spiders are impressive “manufacturing engineers” of the natural world, able to create mate-
rials with remarkable efficiency, as evidenced by their incredible webs [5] The silk material used 
in the spider’s web is five times stronger than steel, when compared by weight. (Original picture 
captured by author)

Fig. 3 The biologically inspired design employs two analogical processes: a An analogy based on 
a solution 

Fig. 4 The biologically inspired design employs two analogical processes: b analogy based on an 
issue

potential design solutions. The principles learned through fundamental research can 
then be applied to technology. The transfer of scientific knowledge to industry is 
closely tied to this approach [3] (Fig. 3).
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The subsequent steps in the design process that is driven by solutions and inspired 
by biology [30]: 

Step 1: Recognition of Biological Solutions 

Designers start with a certain biological solution in mind [30] 

Step 2: Definition of Biological Solution 

Step 3: Extraction of the Principle 

Step 4: Reframing the Problem 

Creators are compelled to reinterpret their work in order to assess how consumers 
will appreciate the biological purpose attained [30]. 

Step 5: Look for a Problem 

In contrast to search in the biological world, which entails searching through 
some finite space of biological answers, it may encompass inventing whole new 
challenges [30]. 

Step 6: Difficulties Identification 

Step 7: Implementation of the Principle 

5.2 The Problem-Driven Approach 

The problem-driven approach in biomimetic development centers around identi-
fying real-world issues and finding solutions to them, with the first step being the 
identification of a problem. By recognizing biological systems that accomplish a 
certain function or mechanism, it is feasible to integrate new or improved functions 
into technology by transferring and abstracting these principles. Despite the fact 
that the problem-solving method and problem-driven approach are closely related, 
they have inherent differences, and a detailed analysis is necessary to gain a deeper 
understanding of each process [3]. 

In biologically inspired design that is problem-driven, the process follows a 
pattern of non-linearity and dynamics, where the results of later stages can impact 
the outcomes of earlier stages. This pattern enables iterative loops of feedback and 
improvement [30]. 

Step 1: Formulation and definition of a problem 

After being pushed to find or construct an issue to remedy, designers were asked to 
define their problem as a function [30]. 

Step 2: Problem Reframing 

Designers reframed their problems in biological terms in order to find biological 
analogies for solutions [30].
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Step 3: Search for Biological Solutions 

If the problem is clearly mentioned as “staying cool,” alter the limitations to 
“thermoregulation” to broaden the search range [30]. 

Multifunctionality: Look for animals or systems that can solve many problems at 
once [30]. 

Champion Adapters: Locate a system or organism that can withstand the most severe 
form of the issue under investigation [30]. 

Step 4: Definition of Biological Solution 

Initially, designers uncovered biological system structures and surface mechanisms 
related to the reframed function [30]. 

Step 5: Extraction of the Principle 

The identification of significant principles from a solution required a description 
that minimized specific structural and environmental limitations once a proper 
understanding of it was achieved [30]. 

Step 6: Application of the Principle 

Once a thorough comprehension of a solution had been achieved, it was necessary to 
provide a description that eliminated as many particular structural and environmental 
constraints as feasible to identify significant principles. This procedure requires a 
translation from one domain area, such as biology, to another, such as mechanical 
engineering [30] (Fig. 4). 

6 Biomimetic Materials Applications 

6.1 Bioinspired Materials for Tissue Engineering 

Tissue engineering enables the creation of biological substitutes for diseased and 
damaged tissues using a number of techniques [31]. To attain the desired outcome, 
numerous approaches are being investigated in musculoskeletal tissue engineering. 
Among these, implanting 3D synthetic polymeric scaffolds at the site of tissue 
damage is a widely used method. These scaffolds provide a framework that facili-
tates cell attachment, proliferation, and extracellular matrix (ECM) synthesis [32], 
to accelerate tissue regeneration [33]. Many researchers have created scaffolds using 
standard approaches such as phase separation salt leaching [34, 35]. 

The discovery of biomimetic scaffolds that mimic the architecture of the extra-
cellular matrix (ECM) has recently emerged as a promising strategy for tissue regen-
eration. To fabricate these 3D biomimetic scaffolds, advanced techniques such as 
electrospinning and rapid prototyping have been employed. These scaffolds possess



Biomimetic Approaches for Biomaterials Development 135

a hierarchical 3D organization and are composed of collagen as the organic compo-
nent and carbonated hydroxyapatite nanoparticles as the inorganic component. The 
human skeletal system is predominantly composed of bone, which serves as a biolog-
ical composite [8]. However, bone tissue engineering makes treating harvested and 
injured tissues much easier [36]. 

6.2 Bioinspired Components Used in Genome Technologies 

The CRISPR (clustered regularly interspaced short palindromic repeats)-associated 
9 (Cas9) gene-editing technology is widely employed in plants, model organisms, 
bacteria, and human cells (8). Cas9 allows for the disruption of a specific gene at 
a specific site and the activation of the endogenous repair process by inserting a 
specific piece of DNA, which can change the underlying cause of genetic illnesses 
[37]. CRISPR/Cas9 delivery systems are based on physical or viral techniques 
with limited applicability [38]. Ongoing research is being conducted to develop 
novel delivery methods for CRISPR/Cas9, which entails investigating synthetic 
delivery vehicles and metal-organic frameworks. Some examples of these include 
DNA nanoclews, gold nanowires, gold nanoparticles, and the zeolitic imidazolate 
framework [ZIF-8] [8]. 

Biomimetic nanoparticles, which blend synthetic cores with natural cell 
membranes, are commonly used in cancer therapy and immunization. Specifically, 
CC-ZIFs (zeolitic imidazolate frameworks enclosing CRISPR/Cas9) are nanopar-
ticles coated with cancer cell membranes, enhancing the precision of cell-targeted 
gene editing by utilizing the homotypic binding events of tumor cells. Consequently, 
the creation of CC-ZIF metal-organic frameworks represents a major advancement 
in genome editing technologies, particularly in the domain of cell-specific cancer 
treatment [8]. 

6.3 Bioinspired Components for Ultrasound Imaging 

Compared to other imaging techniques like single-photon emission tomography, 
positron emission tomography, and magnetic resonance imaging, ultrasound imaging 
is generally known for producing images of lower quality. This is owing in part to 
the input of echogenicities from adjacent tissues, which might result in poor picture 
contrast [39]. When circulation proteins are adsorbed onto a material, it can alter its 
physicochemical properties, including surface charge, surface composition, and size. 
This process can affect the material’s cellular uptake, circulation duration, toxicity, 
and tendency to agglomerate. 

Changes in biological environments can negatively impact the ability of particles 
to reach their targets effectively, resulting in suboptimal outcomes. A new tech-
nique called biomimetic coating or cloaking has been developed to address this
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problem. This technique involves using cell membranes obtained from lymphocytes, 
macrophages, thrombocytes, and other sources to overcome the challenges related 
to protein adsorption [8]. The biological composition of the cell membrane surface 
is crucial in controlling the adsorption of biological components on particles, which 
affects the circulation time, immune-mediated degradation, and biocompatibility of 
the particles [40]. 

6.4 Bioinspired Materials Used in Actuators 

Stretchable and flexible pressure sensors rely on biomimetic materials with micro-
and nano-hierarchical structures to work. These sensors have high sensitivity, 
stability, and a wide pressure range [8]. Stimuli-responsive actuators, which can 
transform diverse forms of energy such as thermal, optical, and electrical energy into 
mechanical energy, are another application of biomimetic materials. These actu-
ators are highly versatile and can perform intricate mechanical movements in a 
precise sequence, making them useful for bionic devices, artificial muscles, and intel-
ligent robots [41]. In recent times, there has been a growing focus on multi-stimulus 
actuators instead of single-stimulus actuators [41]. Bilayer actuators are an attrac-
tive candidate for biomimetic applications because of their outstanding mechanical 
characteristics and significant photo-induced stress [8]. 

7 Tissue Engineering 

One of the most successful approaches for replacing or repairing damaged skin 
and other biological components is tissue engineering [42]. In the artificial tissue 
regeneration process, both in vivo and in vitro procedures are utilized [43]. It offers a 
significant treatment alternative by combining the patient’s own cells with a scaffold 
for bone healing [42]. The purpose of biomimetic tissue engineering approaches is 
to use biomaterials to actively drive tissue repair and regeneration [44]. To guarantee 
effective regeneration of the target tissue, the biomaterials used in tissue-engineered 
constructs (TECs) and drug delivery must fulfill particular biological and mechanical 
parameters [45]. 

Biomimetic materials that mimic the characteristics of the natural extracellular 
matrix (ECM) have been created with the help of recent advancements in biomaterials 
and tissue engineering [46]. 

Scaffolding plays a crucial role in facilitating cell adhesion, growth, and prolifer-
ation during both in vivo and in vitro artificial tissue regeneration procedures [42]. 
The intricate nature of tissue engineering interfaces involves a multi-scale organi-
zation of various tissue types, which necessitates collaboration among professionals 
from diverse fields such as biomedical engineering, materials science, and orthopedic 
surgery [47].
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Cell behavior such as migration, spreading, differentiation, and tissue formation 
is regulated by ECM proteins, which interact with cell-surface receptors, specifically 
integrins. The interaction between receptors and binding sites on ECM proteins is 
tightly controlled and affected by factors such as the binding motif’s structural prop-
erties, ligand density, spatial orientation, and the overall integrity of the ECM struc-
ture. This precise regulation enables targeted communication between cells within 
a specific tissue [46]. The term “alive machines” is used to describe biomimetic 
systems due to their ability to replicate biological processes and provide a frame-
work for investigating biological theories and addressing scientific and technical 
challenges [2]. 

Tissue engineering has enabled the exploration of the crucial biological roles 
played by musculoskeletal progenitors, stem cells, and endogenous cells in both 
natural and artificial microenvironments. While the skeleton offers structural support, 
it also acts as an endocrine organ. Ligaments and tendons serve as connectors between 
bones, permitting muscles to apply force on the skeleton, enabling smooth movement 
of joints that rely on articular cartilage and intervertebral discs. Although reproducing 
the growth and maturation of the musculoskeletal system in a laboratory environment 
is challenging, tissue engineering advancements have expanded our comprehension 
of these intricate processes, including mechanisms for repair and regeneration [48]. 

Damaged tissue caused by many factors such as severe trauma, disease, or forceful 
tumor excision (leading to protracted denervation) needs replacement or restora-
tion with healthy tissue [49]. Tissue transplantation is the primary treatment for 
these issues, although it has substantial downsides. Tissue engineering is based on 
emulating organogenesis, which has lately been shown to be successful, and it serves 
as an alternate approach [32]. In the regeneration of the musculoskeletal system, 
including cartilage, bone, skeletal muscle, tendon, and ligament, synthetic bioma-
terials are instrumental, serving as tailored scaffolds that can be derived from both 
natural and synthetic sources [49]. Some biomaterials for tissue engineering is shown 
in Fig. 5.

One biomimetic approach to developing tissue-engineered products involves the 
use of natural skeletons; however, these must first be treated to remove immunogenic 
proteins and foreign materials to ensure safety before being seeded with human cell 
populations. Researchers are investigating ways to leverage the superior architecture 
of both soft (collagenous) and hard (ceramic) materials by incorporating physical or 
chemical spatial and surface cues to enhance tissue regeneration [12]. 

Polymers are frequently employed in industry due to their flexibility, simplicity 
of manufacture, and lightweight properties [50]. In bioinspired material science, 
scientists are investigating the synthesis and potential uses of biopolymers, partic-
ularly naturally occurring degradable polymers like chitosan, hyaluronan, collagen, 
and gelatin. When compared to synthetic polymers, biopolymers offer advantages 
such as gradual degradation, hydrophobicity, neutral charge distribution, and 
limited mechanical properties, which render them suitable for the manufacture of 
scaffolds [8]. 

The creation of composites with bone regeneration characteristics remains 
a serious problem in tissue engineering. Although several polymers have been
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Fig. 5 Biomaterials, both natural and synthetic, for tissue engineering (Made via PowerPoint)

employed in bone tissue engineering, there is a growing need for modern bioma-
terials with improved mechanical and functional properties to overcome emerging 
challenges. Aliphatic polycarbonates are one such promising biomaterial, possessing 
desirable characteristics like biodegradability and biocompatibility, which make 
them increasingly valuable in medical applications [8]. 

8 Types of Biomaterials Used in Tissue Engineering 

Based on their biophysical properties, biomaterials employed in musculoskeletal 
systems may be categorized into three major categories: Biomaterials that are flexible/ 
elastic, hard, and soft [49]. 

8.1 Flexible/ Elastic Biomaterials 

The mechanical qualities of the musculoskeletal system’s meniscus (M), tendon (T), 
and ligament (L) tissues are elastic and flexible (Fig. 6). Due to their relatively weaker 
circulatory system, these tissues require a lower amount of oxygen and nutrients for 
their regeneration and repair, in contrast to other tissues [47]. Due to the poor ability 
for spontaneous healing in these tissues, surgical treatments such as autografts and 
allografts are frequently required in situations of damage [51]. Traditional treatments 
have drawbacks, such as graft rejection and poor health consequences have prompted 
the investigation of biomaterial engineering for M/T/L tissues as a viable alternative.
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Fig. 6 Meniscus (M), tendon (T), and ligament (L) are all elastic tissues in the musculoskeletal 
system (L). (Images from Google used under Creative Commons Licenses) 

The stabilization of joints and the restriction of bone movement are critical functions 
of ligaments, while tendons transmit forces generated by contracting muscles to 
bones. These tissue types’ interfaces or junctions, which anchor soft tissue to bone, 
are critical components of this process [51]. 

Biomimetic biomaterials such as collagen and elastin are frequently used in 
the engineering of elastic tissues [49]. Elastin is a highly desirable biomaterial 
because of its exceptional elasticity, durability, and responsiveness to stimuli such as 
LCST. Elastin-like polypeptides (ELPs) are extensively generated through chemical 
synthesis and recombinant DNA expression, and serve as valuable model systems for 
research and biomaterials in numerous biomedical domains, including protein purifi-
cation, drug delivery, and tissue engineering. By combining or crosslinking these 
polymers, biomimetic materials with varying levels of crosslinking or combination 
can be produced [25]. 

8.2 Hard Biomaterials 

Researchers in the field of materials made by natural organisms are particularly 
interested in studying biological tissues that exhibit exceptional stiffness and strength, 
which are commonly referred to as “hard” tissues (Fig. 7). These tissues serve various 
purposes, such as providing structural support (bones), acting as tools for cutting, 
tearing, and crushing (teeth), or offering protective covering (seashells). Although 
stiffness is a more precise term to describe their resistance to deformation, “hardness” 
remains the primary mechanical attribute associated with these tissues [52]. Calcified 
tissues, such as bone, dental enamel, dentin, and cementum, are considered hard 
tissues due to their high concentration of calcium phosphate minerals. As the world’s 
population ages, there is a greater need for hard tissue repair and regeneration [53]. 
Smart biomaterials and smart tissue engineering constructions, for example, have a 
lot of exciting promise as autogenous bone transplant alternatives [53].
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Fig. 7 Teeth, bone, and seashells are examples of hard tissues. (Pictures taken from Google under 
Creative Commons Licenses) 

In addition to strength, toughness is a vital attribute that influences the tensile prop-
erties of hard materials. There have been about 60 biogenic minerals found, which 
are minerals that originate from biological processes. The most common biogenic 
minerals include hydroxyapatite (found in bones and teeth), calcium carbonate 
(found in seashells), and silica (found in sub-millimeter marine organisms such as 
radiolarians and diatoms). These minerals come in different shapes, amounts, and 
sizes [52]. 

Hard materials are essential in the design or restoration of various components 
of the musculoskeletal system, such as bone tissue. Orthopedic treatments, which 
are becoming increasingly prevalent, employ a variety of materials, each with its 
own set of benefits and drawbacks. Ceramics and bioglass were the initial hard 
biomaterials used in hard tissues [54, 55]. Alternatives include biomaterials made 
of calcium sulfate and calcium phosphate, which are biocompatible and absorbable. 
Several calcium and phosphate combinations have been investigated for orthopedic 
purposes, including bone cement. As these materials decompose, they produce safe 
ions such as calcium, phosphate, and sulfate that are already present in the body. 
Among the different forms of calcium phosphate, hydroxyapatite has gained more 
attention. Consequently, researchers have developed composite scaffolds by blending 
different forms of hydroxyapatite with organic or inorganic biodegradable polymers 
for use in hard tissues such as bone and osteochondral [49] (Fig. 7). 

8.3 Soft Biomaterials 

Several issues, such as tissue resorption and implant rupture or contracture, limit 
the use of autologous tissue transplants and synthetic implants in current soft tissue 
reconstruction techniques [56]. In order to construct soft tissue structures like muscle 
and cartilage in the musculoskeletal system, a combination of natural and synthetic 
biomaterials is utilized (Fig. 8). Collagen, gelatin, hyaluronic acid, chitosan, and 
acellular matrix are some of the most often employed natural compounds for this
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Fig. 8 Collagen is a natural substance found in soft tissues such as muscle and cartilage. (Picture 
taken from Google under creative commons licenses) 

purpose [56]. Hydrogel structures and sponges made from a diverse range of mate-
rials, including alginate, agarose, collagen, hyaluronan, fibrin gels, poly (glycolic 
acid) (PGA), and poly (lactic acid) (PLA), are commonly utilized in cartilage tissue 
engineering [57]. 

The self-healing capacity of adult articular cartilage is limited, and even minor 
injuries or damage can lead to the degeneration of joints and result in severe pain 
and functional limitations. Despite advances in cartilage tissue engineering during 
the previous two decades, properly treating articular cartilage defects remains a 
substantial therapeutic problem. Despite considerable efforts to develop innovative 
biological solutions, there are currently limited therapeutic options available [57] 
(Fig. 8). 

9 Tissue Grafting 

Replacement of sick or damaged tissue removed from one portion of the body with 
healthy skin, bone, or other tissue. 

There are three types of tissue grafts: autograft, allograft, and xenograft. Autograft 
involves transferring tissue from one area of the body to another, like using the 
semitendinosus tendon from the same patient to fix the anterior cruciate tendon. In 
contrast, allograft involves utilizing tissue from a donor to reconstruct and repair 
tissue in another person. Depending on the intended use, the donated tissue can be 
fresh, processed, or frozen. Strict screening, processing, and testing are conducted 
to ensure safety and minimize the risk of disease transmission, which may involve 
washing and irradiation [58].
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10 Graft Strength and Its Properties 

In order to ensure successful restoration of the ACL, it is important to choose a graft 
tissue that has sufficient strength to match the natural ACL. Biomechanical research 
has demonstrasted that different types of ACL grafts have varying loading strengths. 
The native ACL has a stiffness of approximately 242 N/mm and can withstand up to 
2160 N before failing. Studies have indicated that a 10-mm BPTB graft has a higher 
load to failure, with a mean value of 2977 N, compared to the typical ACL. BPTB 
and hamstrings have similar graft stiffness, and clinical studies have shown that ACL 
reconstructions using either graft have similar or better stability outcomes. Although 
quadrupled hamstrings may have higher stiffness and strength in the laboratory, there 
is no evidence that this translates to better stability outcomes or increased survival 
rates. However, several recent registry studies have reported higher revision rates 
with hamstrings compared to BPTB [16, 28, 59]. 

It is important to consider that the size of hamstring grafts can vary considerably 
from person to person, and utilizing a smaller-diameter graft may increase the risk 
of ACL failure. Studies have shown that using an HT graft smaller than 8 mm 
can lead to a higher failure rate of 61%. The failure rate of ACL surgery after only 
2 years is approximately 7%. However, the extensor mechanism has sturdy supporting 
retinacular structures that can strengthen the remaining tendon and enable acceptance 
of a 10-mm central graft. In our opinion, BPTB is the preferred choice due to its 
consistent graft size, which is not influenced by patient or tendon size, and excellent 
clinical outcomes [7]. 

11 Regenerative Medicine and its Effects on Tissue 
Grafting 

Tissue regeneration is a novel technique to tissue repair or replacement, made possible 
by the advent of second and third-generation bioactive materials such as bioglass. 
This strategy seeks to regenerate tissues as opposed to merely replacing them, made 
feasible by the exceptional properties of these innovative materials [55]. The kind of 
tissue response at the implant interface is intimately related to the process of tissue 
attachment [54]. 

11.1 Regenerative Medicine 

Stem cell therapy is concerned with the restoration of normal function by replacing 
or regenerating human cells, tissues, or organs. With the aid of pioneering methods, 
this field holds promise in effectively curing or treating ailments that were previously 
challenging to manage with conventional medications and procedures. As a result, 
regenerative medicine has the potential to transform human medicine [60].
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Approximately six decades ago, Dr. Joseph Murray, John Merrill, and J. Hartwell 
Harrison spearheaded a team that executed the first triumphant organ transplant in 
Boston, effectively inaugurating this field. This momentous feat heralded a new age 
in organ transplantation and presented a remedy for patients with end-stage organ 
disease, an unprecedented achievement in human history [59]. 

In the late 1950s and 1960s, the first successful cell therapies, including bone 
marrow transplantation, were discovered [61]. 

Regenerative medicine encompasses several biomedical methodologies directed 
at mending injured organs or tissues, evoking both positive expectations and ethical 
controversies. The ethical predicaments surrounding this field have resulted in a 
schism between traditional Christian societies and post-Christian secular societies. In 
addressing bioethical disagreements in regenerative medicine, it is essential to recog-
nize the distinct moral and metaphysical perspectives that underpin these debates. 
Each side presents individual interpretations of human nature. While mortality 
persists as an inevitability, regenerative medicine holds promise in prolonging human 
lifespans [9]. 

Research in regenerative medicine includes the study of self-healing, where the 
body employs its own mechanisms, possibly with the help of foreign biological 
material, to restore tissues and organs. As the focus of the field moves toward devel-
oping cures for complex and chronic illnesses, The phrases “tissue engineering” and 
“regenerative medicine” have grown more interchangeable [62]. 

While the regenerative medicine industry is developing, it has been noted that 
there are not only therapeutic applications but also non-therapeutic ones, including 
the use of tissues as biosensors to detect biological or chemical hazards, as well as 
tissue chips that can be used to assess the toxicity of new drugs [1]. 

11.2 Working of Regenerative Medicine 

Cells are the fundamental unit of the human body, and they work together to form 
tissues. These tissues contain cells that produce an extracellular matrix or scaffold, 
which offers support to the cells and serves as a platform for signaling molecules 
to communicate with the cells. These signals trigger cellular responses that regulate 
their functions. By studying how cells interact with their environment, organize 
themselves into tissues, and respond to signals, scientists have been able to develop 
techniques to repair damaged tissues and generate new ones [63]. 

The first step in tissue engineering often involves the creation of a scaffold 
using a variety of materials, including proteins or polymers. Following the scaf-
fold’s construction, cells can be introduced either with or without growth factors, 
depending on the desired outcome. If the environmental conditions are favorable, the 
cells can self-organize into tissue. Alternatively, all three components—cells, scaf-
fold, and growth factors—can be mixed simultaneously, resulting in self-assembly 
of the tissue [64].
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Another approach for tissue engineering is to repurpose an existing scaffold. For 
instance, the collagen scaffold remaining after the cells are extracted from a donated 
organ can be repurposed for generating new tissue. Various organs, including the 
heart, liver, lung, and kidney, have been studied. Bioengineered successfully using 
this method. This technique has great potential to utilize human tissue scaffolding 
that would otherwise be discarded after surgical procedures and integrate it with a 
patient’s own tissue. 

The application of this technique holds immense promise for the development 
of personalized organs that can avoid immune rejection. By utilizing scaffolding 
derived from human tissue that is typically discarded after surgeries and combining 
it with the patient’s cells, customized organs can be engineered [2]. 

11.3 Effects and Its Applications 

Although tissue engineering has shown promise in generating implants for certain 
body parts such as bladders, tiny arteries, skin grafts, and even trachea, it is still not 
a widely used treatment in patient care due to its experimental nature and high costs. 
Although laboratory-engineered tissues such as heart, lung, and liver tissues have 
been developed, they are still far from being entirely reproducible for implantation 
into humans. However, these tissues can be beneficial for drug development research, 
allowing for the use of active human tissue to test drug candidates, saving money, 
reducing the usage of research animals, and potentially speeding up the development 
of personalized therapy [2]. 

12 Biomimetics–Promises and Obstacles with a Future 
Look 

Biomimetics is gaining recognition as a technology with significant potential in 
Europe, Japan, and the USA, leading to increasing interest and investment in this 
field. To explore cutting-edge technology based on biological systems, major corpo-
rations, including Ford, General Electric, Herman Miller, HP, IBM, and Nike, have 
established research facilities and are collaborating with scientists. 

The advantages of biomimicry, which include economic, environmental, and soci-
etal benefits, are becoming increasingly evident, and its scope is expanding to foster 
harmonious coexistence between humans and the environment. Developed nations 
are committing considerable resources to research, establishing a foundation for 
future progress and advancements in biomimicry [65]. 

Janine M. Benyus, the founder of the Biomimicry Institute and Biomimicry Guild, 
established Asknature.org in the United States to promote the progress of biomimetic 
technologies, serving as a platform for their development. Additionally, the New
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York State Energy Research and Development Authority (NYSERDA) has made 
biomimicry a requirement to tackle several energy-related challenges [39]. 

Biomimetics has received significant attention in Germany, where 28 research 
institutions collaborate in BIOKON and the Federal Ministry of Education and 
Research oversees 35 initiatives. In the United Kingdom, BIONIS serves as 
a connector between academic institutions and businesses, while in Japan, the 
Century Center of Excellence, under the supervision of the Ministry of Education, 
Culture, Sports, Science, and Technology, focuses on biomimetic manufacturing and 
innovative use of biological resources in agriculture [33]. 

12.1 Biomedical Engineering Using Biomimicry 

Biomimetics, which takes inspiration from living organisms, has led to the develop-
ment of many useful products that have enhanced human life. The combination of 
biomedical engineering, medicine, science, and biomimetics is anticipated to have a 
significant impact on managing diseases, disabilities, and injuries in the future, partic-
ularly in fields such as tissue engineering and regenerative medicine. Biomimetic 
principles and functions, like the adhesive and regenerative properties of spider webs, 
leukocyte migration and adhesion during inflammation, and the regenerative capa-
bilities of lizards and buckhorns, can be employed in biomedical engineering [59]. 

The emerging field of next-generation biomimetics is using a combination of 
biology and technology to tackle various issues. Nanotechnology is becoming 
increasingly important in understanding the structures of materials and accelerating 
the formation of secondary structures of proteins. To promote bone regeneration, 
researchers have designed multifunctional fibrous scaffolds that mimic the archi-
tecture of native tissue. One recent study examined the potential of using poly D, 
L-lactide-co-trimethylene carbonate (PLMC) nanofibers as scaffold materials for 
tissue repair and regeneration, and found that their biomimetic properties improved 
efficiency. By incorporating biomimetics into biomedical engineering, technology is 
being advanced in numerous ways [4]. 

13 Conclusion 

Due to recent advancements in biology and engineering, biomimetics has emerged as 
an increasingly important field with the potential for further growth. Researchers are 
exploring the imitation of biological functions and developing alternative approaches. 
Tissue bionics, a new area within biomimetics, focuses on bioinspired design 
and synthesis to create human tissues, utilizing nature’s intelligent design for 
new purposes. Collaboration between biomimetics, biomedical engineering, and 
biomechatronics could be mutually beneficial for the fields at the intersection of 
life sciences and engineering.



146 S. Choudhury et al.

Biomimetic materials possess favorable properties such as structural performance, 
biocompatibility, and biodegradability, As a result, they are extremely valuable in 
a wide range of applications, including tissue engineering and ultrasonic imaging. 
These materials are useful for creating non-intrusive multimodal images that can be 
used to produce stimuli-responsive actuators. In addition, they are used to protect 
metals from corrosion and impurities, and in genome-editing and oil–water sepa-
ration technologies. Despite ongoing efforts to expand biological synthesis tech-
niques and develop new biomimetic materials with enhanced biological properties, 
significant challenges remain. Nevertheless, researchers continue to work toward 
overcoming these obstacles and creating innovative biomimetic materials. 

There are numerous opportunities for advancing biomaterials, tissue engineering, 
and biomechanics in orthopedic interfacial tissue engineering. To achieve progress, 
we must enhance our knowledge of the function and production of entheses in vivo 
and our ability to design constructs that can replace these complex tissues. Future 
research should concentrate on comprehending the biological mechanisms involved 
in interface development, regeneration, and homeostasis, as well as the relationship 
between enthesis structure and function. More study is needed to understand how 
tissue boundaries, such as the four portions of the enthesis, form, retain, and mend 
themselves after damage. 

Creating functional and integrated soft tissue repair largely depends on the 
successful restoration of musculoskeletal interfaces. A viable method for tissue engi-
neering of these interfaces involves using multi-unit grafts, which utilize existing 
tissue engineering techniques to generate complex scaffolds for composite tissue 
regeneration. The latest advances in high-resolution 3D printing enable the construc-
tion of multi-layered and multi-cellular tissue composites with precise spatial orga-
nization of cells, minerals, and bioactive substances that closely mimic natural 
conditions. 

Grafting is a captivating process that is currently being studied in depth. Its popu-
larity is growing due to its capacity to boost vigor, disease resistance, and stress 
resilience without the need for genetic alterations or extensive plant breeding projects. 

To better understand the developmental and regenerative processes, we can create 
precise experimental models that mimic the tissue environment in vitro. By using non-
invasive longitudinal imaging techniques, we can study cellular responses to microen-
vironmental factors with accurate spatial and temporal precision as these constructs 
grow. However, the complex nature of cell responses to regulatory signals requires the 
development of suitable molecular markers and functional readouts based on exper-
tise in developmental biology. The improvement of bioreactor imaging technologies 
can give useful information on the timing and combinations of biophysical inputs 
required to govern stem-progenitor cell fate choices and impact the development of 
tissues with various cellular phenotypes. 

Biomimetics involves making important advances in science and technology by 
recognizing the amazing substances and structured surfaces that nature has created 
and refined. It is projected that biomimetic materials will be widely employed for 
the treatment of general and specialized medical diseases in roughly a decade. The 
influence of nature is predicted to continue driving technological innovation in many
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parts of our life. While some of the ideas may appear to be science fiction given 
our current technology constraints, these notions may get closer to reality than we 
realize as we develop a better knowledge of nature and enhance our skills. 
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1 Introduction 

Nowadays, the successes of materials-based therapeutic methods depend so much on 
the origin and characteristics of materials used in this field. In this regard, there are 
2 groups of biomedical materials, synthetic and natural; so that, nonbiodegradable/ 
biodegradable polymers, ceramics, metals, etc., are considered synthetic biomate-
rials, likewise proteins, polysaccharides, herbal active ingredients, and decellularized 
tissue-derived biomaterials are known as natural biopolymers that each of them can 
be effective on the specific therapeutic method [1, 2]. Although, significant advances 
are observed in the field of synthetic biomaterials which can overcome their disad-
vantages, however, naturally derived biomaterials have still attracted more interest 
of scientists. 

Generally, naturally derived materials (natural biomaterials) can play a crucial role 
in these approaches owing to their wide properties like biocompatibility, biodegrad-
ability, mimicking environmental conditions of the body, remodeling tissue, etc.) 
compared to synthetic materials/biomaterials [1–4]. 

Based on the reports, these biomaterials can be applied in biomedicine as carriers 
or therapeutic agents for treating diseases or regenerating tissues [4–6]. Indeed, they 
possess the ability to adequately support cellular adhesion, improve cell-to-cell/ 
substrate interactions, and promote cell proliferation, differentiation, and migration 
[7–10]. Hence, these biomaterials not only can induce an extracellular matrix (ECM) 
similar to the native ECM of tissues but also lead to an increase in tissue repair/disease 
treatment process [11, 12]. Moreover, some of the other biomaterials can be suitable 
options to apply in drug delivery systems or medical devices [9, 13, 14]. 

According to the importance of the subject, it seems that the effective cognition of 
natural biomaterials (in terms of structure, features, etc.) can create broad research 
and therapeutic fields. 

Hence, first, this chapter aims to review the types of biomaterials and then their 
therapeutic applications. In the following, we have discussed the methods for opti-
mizing the properties of some biomaterials (morphologically and mechanically) for 
biomedical applications. 

2 Naturally Derived Biomaterials 

In the biomedical field, natural biomaterials based on their origin include the 
following 5 categories (Fig. 1).

• Polysaccharides: chitin, chitosan, cellulose, agarose, etc. 
• Proteins: silk (fibroin and sericin), collagen, etc. 
• Glycosaminoglycans 
• Cell/organ-derived matrices such as decellularized skin, liver, heart valves, etc. 
• Herbal active ingredients
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Fig. 1 Some of the natural biomaterials

All these groups play an impact on the decrease of the use of xenografts, allografts, 
and autografts, and can overcome the limitations such as the reduction of donor 
sites, and the creation of immune reactions. In this regard, decellularization is one of 
the methods that can be effectively used as homografts and xenografts [15]. In this 
method, the tissues or the organs lose all their cell components and leave intact ECMs 
[12]. In these conditions, the ECM can maintain its role in mechanical supports, 
signaling, and improvement of cell adherence [16]. Such matrices can be applied 
in regenerating tissues. Moreover, the design of natural polymer-based substrates, 
substitutes, or scaffolds can be also useful in achieving such a matrix that can imitate 
the function and structure of native ECMS [8]. 

These biopolymers also can act as carriers of drugs, genes, growth factors, 
macromolecules, etc. for biomedical applications [14, 17]. Notably, medicinal herbs 
themselves can be used as therapeutic agents or factors for improving cellular 
behavior. 

However, despite the nature of these materials, natural biomaterials possess unique 
properties which led to an increase in their use of biomedical, tissue engineering 
technologies, and drug delivery systems. The characterizations and classification of 
these biomaterials have been listed in Table 1.

3 Applications of Naturally Derived Biomaterials 

3.1 Drug Delivery Systems (Advances and Opportunities) 

Nowadays, side effects of chemical/synthetic drugs have necessitated the use of 
methods and materials which can lead to a decrease in pharmaceutical problems 
(such as over-therapeutic concentrations) and effective and targeted delivery of drugs
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Fig. 2 The common carriers for biomedical applications 

[119]. Pharmaceutical systems are considered the main approaches in this field that 
can be systemically and orally administered to deliver hydrophobic and hydrophilic 
therapeutic agents. These systems as effective therapeutic actions play a key role in 
controlled drug release, especially for low concentrations of drugs. A drug carrier 
in these systems provides a rate of controlled release and complete rehabilitation of 
the drug in more time [120–122]. These carriers can be injectable and/or implanted 
in the damaged or diseased tissue/cell to improve delivery (Fig. 2) [123]. 

One of the methods for achieving this aim is the surface modification of carriers or 
the design of hybrid/composite carriers to prevent the rapid destruction/degradation 
of the carrier, encapsulate the drug for a lengthened release, and sustain drug stability 
[124, 125]. In this regard, biomaterials and their products can be suitable options due 
to their biocompatible properties and nontoxic, lower processing costs, etc. 

Many studies in this field indicate the interest of researchers in using these attrac-
tive materials. The study of Kilicarslan et al. is one of these cases that is about 
complex films prepared with alginate-chitosan to treat periodontal diseases [126]. 
Accordingly, it is known that the increase in alginate concentration and chitosan 
molecular weight can increase the adhesiveness of film content. Their reports indi-
cated that a 3:1 concentration of alginate: chitosan along with the lower molecular 
weight of chitosan can provide more controlled release. 

The release of ciprofloxacin antibiotic from alginate–gelatin microspheres is 
another study performed by Islan et al. [127]. They stated that the encapsulation of this 
antibiotic can decrease gastrointestinal irritations related to its oral administration. 
Based on their results, these microspheres indicated ~80% encapsulation efficiency
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and release of less than 10% in 15 min (under simulated gastric conditions). More-
over, the results of this study indicated that Ca2+/glutaraldehyde-crosslinked alginate-
gelatin microspheres can provide more suitable surfaces for decorating bioactive 
molecules. 

Chen et al. also illustrated that chitosan/alginate-coated complexes can provide 
the controlled release of insulin and overcome challenges of insulin delivery [128]. 
Based on their results, the self-assembly of chitosan and alginate-coated nanoparti-
cles through the double emulsion method provides nanoparticles in the 200–300 nm 
range and prolonged insulin release. 

There are many pieces of research on the matter of targeted drug delivery for 
diabetes treatment, and the development of metformin nano-emulsions is one of 
these studies. Accordingly, Kumar et al. stated that alginate nanocapsules-loaded 
metformin with an encapsulation efficiency of 78% can improve gastrointestinal 
absorption and intestinal permeability and promote the efficacy of the drugs (3 times 
higher than that of pure metformin) [129]. 

Varadharaj et al. demonstrated that starch-based nanoparticles possess anti-
diabetic and antioxidant properties. Such that 100 μg/mL concentrations indicated 
the highest antioxidant properties (~75%) [130]. They reported that synthesized 
nanoparticles possess potential properties against diabetes due to their high activity 
in alpha-amylase inhibition (58.56%). 

Starch-modified nanoemulsions loaded with borage seed oil are another study for 
targeted delivery systems that can be applied in food industries and the production 
of dietary supplements [131]. Accordingly, Rehman et al. illustrated that such nano-
emulsions along with peppermint oil can be used as a natural antioxidant (maximum 
antioxidant capacity: 99.42 μg Trolox/mL). 

The development of polymer micelles loaded with curcumin is another study 
on treating diabetic ulcers [132]. In this study, Usman Akbar et al. showed 
that these polymer micelles as therapeutic carriers can overcome limitations in 
the use of curcumin like poor solubility and low bio-availability. Moreover, the 
curcumin-loaded micelles can accelerate the wound healing process compared to pure 
curcumin. Yang et al. have also reported that insulin-loaded polysaccharide hydrogels 
can be effective in treating type 2 diabetes mellitus [133]. Accordingly, the authors 
stated that oral administration of encapsulated insulin not only can significantly 
reduce the disease symptoms in diabetic mice but also improve insulin sensitivity 
and regulate lipid metabolism. 

Some food gums such as Salcan can be also suitable candied for oral drug delivery. 
The study of Qi et al. is one sample in this field to deliver insulin orally [134]. Based 
on their reports, the acidic pHs led to an inhibition of insulin release, while neutral 
conditions significantly increased drug release. Furthermore, oral administration of 
these hydrogels illustrated a sustained reduction in the level of fasting blood glucose 
in diabetic rats (after 6 h). 

Studies have demonstrated that herbal polysaccharides-based nano-hydrogels can 
also play an impact on dermal regeneration. In this regard, bio-composite nano-
hydrogels based on bamboo prepared by Padwad et al. were known as a suitable 
therapeutic factor for healing wounds in streptococci that can regulate the expression
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level of inflammatory cytokines and can lead to an increase in collagen formation 
and epithelialization [135]. 

Moreover, the nano-micro-hydrogels based on animal and herbal proteins are 
known as high-throughput biomaterials that can be used in targeted drug delivery 
as the bioactive carrier. Such that, Abaee et al. stated that whey and soy proteins as 
the coating materials play an impact on the therapeutic agent encapsulation [136]. 
They also stated that the gelation methods and hydrogel network of protein hydrogels 
possess a significant effect on the liberation features and drug bioactivity. 

Hou et al. also demonstrated that hydroxypropyl-β-cyclodextrin-based nano-
emulsions containing cinnamon essential oil can act as slow-release systems with 
high antibacterial properties [137]. The authors stated that these nano-emulsions 
not only are used as an alternative to the synthetic preservative but also provide a 
long-term antibacterial effect (stable at 4–40 °C, for 60 days). 

Moreover, some bio-molecules such as hyaluronic acid exhibit excellent function 
in delivering drugs with small molecular weight. In this field, Cai et al. reported that 
nano-conjugation of hyaluronic acid and doxorubicin can be effective in localized 
delivery systems of doxorubicin to the breast tissue for treating breast cancer [138]. 
They also found that the conjugation process can lead to a decrease in dose-limiting 
cardiac toxicity and inhibition of cancer progression. Finally, the authors stated that 
localized chemotherapy with the nano-carriers may be a promising strategy to treat 
some early-stage cancers. 

Nowadays, some platforms have developed as suitable tumor-targeted drug 
delivery systems that apply in imaging magnetic resonance along with photothermal-
chemotherapy. The reports of Zheng et al. indicated that hyaluronic acid-C16 co-
polymers can well act for such aims [139]. They found that multifunctional micelles 
containing docetaxel can provide a uniform nanosize along with colloidal stability 
in aqueous solutions. Moreover, the creation of a magnetic field and its combination 
with photothermal therapies and drug-loaded multifunctional micelles can lead to an 
increase in the targeting efficacy and therapeutic synergist. 

The adjustment and modification of silk fibroin surface features via covalent func-
tionalization is another approach for using silk proteins. Accordingly, Zhang et al. 
illustrated that the use of covalently coupling silk fibroin with insulin can improve 
insulin loading efficiency and be led to drug release under certain environmental 
conditions [140]. They found that this method can provide a 2.1-fold and 1.7-fold 
increase in drug half-life in vitro than that of conjugated albumin-insulin and native 
insulin, respectively. It can be explained by intensive β-sheet structures in silk fibroin 
for stabilizing insulin. 

Given the limitations of anti-cancer methods such as systemic administration or 
frequent administration intravenously, Gangrade et al. provided silk-based nano-
hybrid injectable hydrogels for localized delivery of anti-cancer drugs [141]. They 
indicated that the incorporation of silk proteins and single-walled carbon nanotubes 
which functionalized with doxorubicin-loaded folic acid can increase the mechanical 
strength of hydrogel and be led to a slow sustained release of doxorubicin during 
14 days. Moreover, such hydrogels possess easier injectables due to the viscoelastic 
property of silk and can be injected near or intratumoral tumors.
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A multifunctional silk fibroin-manganese oxide nanoparticle-based platform was 
also synthesized by Yang et al. as a promising strategy for tri-modal therapy of cancer 
assisted by MR/fluorescence Imaging [3]. These photodynamic agent/doxorubicin-
coloaded nanoparticles indicated the suitable reactive into the tumor microenviron-
ments and provide more strong and stable photothermal effects. More studies in this 
field have been summarized in Table 2.

3.2 Tissue Engineering (Advances and Opportunities) 

The reports have indicated that natural polymers and bioactive materials can be 
promising strategies in biomedical applications due to their role in the improve-
ment of cell–cell biological responses and the imitation of functional and structural 
properties of the target tissues [163]. Indeed, recent efforts in the fabrication of 
naturally derived biomaterials-based substitutes [164–169] have provided significant 
opportunities to generate novel tissue substitutes [15, 170]. 

Medicinal herbs are known as one of these biomaterials which gaining signifi-
cant attention among researchers due to their potential for increasing cell prolifera-
tion and controlled differentiation [171, 172]. The biopolymers similar to signaling 
biomolecules of tissue extracellular matrix (ECM) (i.e. glycoproteins, proteoglycans, 
and glycosaminoglycans) are other samples from these materials. In this field silk 
fibers [173] and hyaluronic acid [174–176] can imitate the behavior of glycosamino-
glycans and proteoglycans in the tissue ECMs and be led to an increase in cell-to-cell 
or cell-to-scaffold signaling [175, 177, 178]. 

According to studies, naturally derived biomaterials can be effective in cellular 
functions like signaling, growth, differentiation, etc. Generally, the tremendous 
differentiation of stem cells acts as a double-edged sword, hence therapeutic strate-
gies that led to the controlled differentiation of cells play a crucial role in this field. 
One of these strategies includes the use of biomaterials to design tissue substitutes [2, 
11]. Such an approach provides suitable physicochemical and mechanical properties 
for cell differentiation and results in a sustained delivery and local of differentiated 
cells to the targeted tissues. 

In this regard, the studies of Izadyari Aghmiuni et al. indicate that herbs-derived 
biomaterials possess high therapeutic potential [171]. Although, herbal ingredients-
based different formulas such as gels, creams, ointments, etc., cannot be directly 
used in damaged tissues like bone, cartilage, nerve, cornea, tendon, etc. However, 
this research team showed that some mucilage such as quince seed possesses good 
restorative potential when used in the structure of tissue substitutes. Our results illus-
trated that quince seed mucilage-based hybrid scaffolds not only can provide a better 
porous network than chitosan-based scaffolds but also support dermal fibroblasts 
and improve the absorption capacity of water or wound secretions on the scaffold. 
They also found that the combination of quince seed mucilage and PEG can increase 
the transduction of mechanical force-induced signals and promotes the biological 
signals to induce stem cell differentiation into targeted cells such as dermal cells.
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Table 2 Some of the carriers applied in various industries 

Industry Carrier/entrapped material Function Refs. 

Pharmaceutical Layer-by-layer coated anionic 
nano-liposome along with 
electrostatic interactions with 
chitosan/Insulin 

Oral delivery of insulin; the increase of 
drug uptake and transport via epithelial 
cells; release into simulated intestinal 
and gastric fluids was 2% (in 2 weeks) 
and ~6% (in 1 h) respectively 

[142] 

Hyaluronic acid-based 
nanoparticles/Insulin 

The optimal drug loaded into the 
nano-carrier was 10.61 ± 1.16% (w/ 
w); the release of insulin from the 
nano-carrier was 22.01 ± 3.84% and 
63.23 ± 4.10% at pHs 1.2 and 7.4, 
respectively; relative bioavailability 
was measured 14.62% 

[143] 

Modified banana starch 
nanoparticles/Curcumin 

Acetylated nanoparticles provide a 
stronger hydrogen bond between the 
starch and curcumin, as well as 
increase the encapsulation efficiency of 
curcumin (>80%) 

[144] 

Succinylated 
chitosan-alginate core–shell 
nanoparticles/Quercetin 

Encapsulation of quercetin into 
core–shell nanocarrier was performed 
by ionic cross-linking. The 
encapsulation was ∼95% along with 
the kinetics of the non-fickian trend. 
This carrier can be effective in oral 
quercetin delivery for treating diabetes 

[145] 

Gelatin and carboxymethyl 
cellulose gel/Herbal extract 
and salicylic acid 

Antioxidant and anti-inflammatory 
properties; suitable for wound 
dressing, moisture retention of the 
wound; wound exudate absorption, and 
biocompatibility 

[146] 

Gelatin-polyacrylic acid 
nanoparticles/Oxytetracycline 

This formula is a suitable method for 
delivering controlled dosage of 
antibiotics and decreasing ophthalmic 
infections that can increase therapeutic 
efficacy and the ocular residence time 
of antibiotics and improve the 
sustained effectiveness against keratitis 

[147] 

Hydrogels based on 
Chitosan–gelatin/ 
Curcumin-loaded 
nanoparticles 

Reduction of oxidative stress in the 
trabecular network via curcumin 
nanoparticles with an optimal 
concentration of 20 μM; the decrease 
of latanoprost side effects; creation of 
the sustained-release in both 
therapeutic agents; a suitable method 
for treating glaucoma 

[148]

(continued)
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Table 2 (continued)

Industry Carrier/entrapped material Function Refs.

Eudragit RL-100/ 
gelatin-based nanoparticles/ 
Ketorolac tromethamine 

Increase of controlled drug release and 
improvement of ketorolac 
tromethamine bioavailability for ocular 
applications 

[149] 

Gelatin/Silver nanoparticles The increase in stability and 
antibacterial activities against 
Staphylococcus aureus; inhibition of 
angiogenesis disturbance and corneal 
neovascularization; a dual functional 
nanotherapeutic (i.e. antimicrobial and 
antiangiogenic) to treat eye-related 
microbial infections 

[150] 

Egg-phosphatidyl 
choline-derived Liposomes/ 
Latanoprost 

A long-term sustained release of the 
drug via subconjunctival injection; 
lowers intraocular pressure for up to 90 
days 

[151] 

Carbopol 934 gel-based 
self-nano emulsifying/ 
6-Gingerol 

The clear, stable, and transparent 
nanoemulsion with spreadability of 
~234 g cm/sec, an increase of 
permeation of skin and solubility; 
better topical application; management 
of wound healing due to the better 
anti-inflammatory properties 

[152] 

Food Nanoemulsions/Essential oils The increase in stability of essential 
oils; supports effective delivery 
systems 

[153] 

Oil-in-water nanoemulsions/ 
Eugenol oil 

Physically stable up to more than 1 
month as an antifungal agent against 
Fusarium oxysporum f. sp. vasinfectum 

[154] 

Nanoemulsion/Oregano oil The stability of the oil; inactivating and 
controlling the growth of foodborne 
bacteria sustainably 

[155] 

Soybean-based 
polysaccharide emulsions/ 
Thyme oil 

Thyme oil was stable for 60 days (21 
°C); thyme oil emulsion possessed a 
better antimicrobial property compared 
to pure oil of this herb; such emulsions 
can act as antimicrobial delivery 
systems for increasing the 
microbiological safety of products in 
the food industry 

[156]

(continued)
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Table 2 (continued)

Industry Carrier/entrapped material Function Refs.

Cosmetic Nanostructured lipid carriers 
based on Glyceryl 
palmito-stearate and fatty acid 
triglycerides/Idebenone 

Liquid lipids such as fatty acid 
triglyceride provide a higher solubility 
for idebenone compared to solid lipids; 
this process can help the stability of 
drugs and be led to an increase in their 
applications in the cosmetic industry as 
the materials of antioxidant, anti-aging, 
anti-acne, etc. 

[157] 

Nanostructured lipid carriers 
based on the liquid oil/ 
Coenzyme Q10 

Improvement of the water solubility 
and photo-stability of Coenzyme Q10 
in aqueous solution (>80%) than 
Coenzyme Q10 itself (<33.5%), so that 
photo-stability of this antioxidant was 
~65% after 5 months; hence the 
nanostructured system can 
considerably increase the stability of 
materials for various applications 

[158] 

Nanoparticles and 
nanoemulsion based on oleic 
acid/Lornoxicam 

The size of nanoparticles and 
nano-emulsion were 141–295 nm with 
physically stable for 6 months (various 
temperatures) with a release 
mechanism of Fickian drug diffusion 
along with a high rate of drug 
penetration. Such systems can be 
effective in the transdermal delivery of 
drugs to treat inflammatory and painful 
diseases of the skin 

[159] 

Nanostructured lipid carriers 
based on 
glycerin monostearate, 
glyceryl triacetate/ 
Alpha-lipoic acid 

These nanostructured lipids possessed 
high photo-stability (93.9%) for 30 
days that free alpha-lipoic acid 
(42.5%); such systems can act as 
carriers for loading unstable lipophilic 
active ingredients such as antioxidant 
materials and increase their 
effectiveness in cosmetic productions 

[160] 

Lipid nanocarriers based on 
stearic acid, Virgin coconut 
oil/Phenylethyl Resorcinol 

Such carriers can be led to a high 
photo-stability (~88%) in 90 days and 
an increase in the retention amount of 
Phenylethyl Resorcinol in the skin 

[161] 

Nanostructured lipid carriers/ 
Podophyllotoxin 

Such lipid nanocarriers can provide 
high dermal targeting efficiency and 
safety, as well as improve the 
penetration of hydrophobic drugs for 
topical application 

[162]
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Another study in this field is aloe vera-based substrates [179, 180]; the reports 
of Kallyanashis Paul et al. indicate that aloe vera-based hydrogels can alleviate 
maternal birth injuries [181]. Accordingly, aloe vera-alginate hydrogels can act as 
an immediate treatment by delivering stem cells and regenerating damaged tissue. 
Indeed, the authors stated local injection of such hydrogels (with or without stem 
cells) can be significantly effective in repairing birth injuries and act as a therapeutic 
strategy for preventing pelvic organ prolapse or healing birth injuries. 

Suganya et al. demonstrated that fibers of poly(caprolactone) along with aloe vera 
powder (10 wt%) have better hydrophilic properties, higher tensile strength (6.28 
MPa), and elastic modulus similar to dermal tissue. Our reports indicated that the 
electrospun meshes of aloe vera can increase cell proliferation, secretion of collagen, 
and expression of F-actin compared with polycaprolactone-collagen fibers [182]. 

Based on the studies of Tahmasebi et al., nano-fibrous polymer substrates blended 
with aloe vera gel can be also used in hard tissue engineering [183]. The results 
illustrated the better biocompatibility of the scaffold when blended with aloe vera. 
Moreover, they stated that aloe vera gel possesses osteoinductive potential and can 
be used for acceleration of bone regeneration as a bio-implant. 

Based on the studies, the use of aloe vera along with other herbal compounds 
can accelerate the wound healing process. Hybrid nano-fibrous scaffolds based on 
Aaloe vera and curcumin are the sample in this field that was designed by Ezhilarasu 
et al. These scaffolds can provide a synergistic effect on the fibroblast behavior and 
improve the antimicrobial properties of the scaffold [184]. 

According to the studies, herbal active ingredients can play an impact in improving 
the biological characteristics of substrates, when these bioactive ingredients were 
used along with other naturally derived biomaterials. Such that, Zadegan et al. illus-
trated that silk fibroin-base nano-fibers containing Urtica dioica L. (nettle) possess 
better water uptake and cellular attachment, as well as higher cellular proliferation 
than that silk fibroin nano-fiber [185]. Based on the reports of Ghiyasi et al., scaf-
folds containing Nettle/ZnO-nanoparticle can also provide the synergy effects for 
the increase of antibacterial activities. They indicated that the addition of nettle and 
ZnO-nanoparticles to poly(caprolactone)-based substrates can increase the tensile 
strength up to 2.54 MPa, improve water uptake ability, and promote fibroblast L929 
cell proliferation [186]. 

Hajiali et al. also indicated that sodium alginate/lavender essential oil-based dress-
ings led to a high efficacy for the treatment of UVB-induced dermal burn [187]. Such 
dressings are also able to decrease and control the inflammatory responses, induced 
in the skin fibroblasts due to UVB exposure. 

Some reports illustrate that animal fats can also improve the differentiation and 
proliferation of cells; so that, they can be a suitable candidate to fabricate wound 
dressings and/or bio-engineered substitutes containing stem cells for skin tissue repair 
[188]. There are many studies on this field, some examples have been listed in Table 3.



174 A. Izadyari Aghmiuni et al.

Table 3 Bioactive ingredients-based substitutes to improve cellular interactions and functions 

Herb Scaffolds, substrates, or gels Function Refs. 

Curcumin Electrospun 
poly(ε-caprolactone)-poly(ethylene 
glycol)-poly(ε-caprolactone) fibrous mat 
containing curcumin 

An increase of wound 
closure and suitable 
candidates for wound 
dressings 

[189] 

Hydrogels containing encapsulated 
curcumin 

The increase of 
antioxidant and 
anti-inflammatory 
properties, acceleration in 
wound closure, and 
creation of collagen 
content 

[190] 

Poly(ε-Caprolactone) nano-fibers 
containing curcumin 

The increase in cell 
viability, 
anti-inflammatory 
properties, and antioxidant 
activities, the decrease of 
interleukin-6 release, as 
well as the increase in the 
rate of wound closure 

[191] 

Chitosan–Gelatin Composite Sponge 
containing curcumin 

High capacity for water 
absorption, the increase of 
antibacterial properties, 
and wound closure 

[192] 

Fish scale collagen-based scaffold 
containing curcumin 

Suitable antimicrobial 
properties, acceleration of 
wound healing, and 
suitable for dermal tissue 
engineering applications 

[193] 

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 

[194] 

The 
combination of 
herbal extracts 

Electrospun polycaprolactone scaffolds 
containing herbal extracts 

The increase in the 
proliferation of fibroblasts 
and epidermal 
differentiation; the suitable 
for dermal tissue 
engineering 

[195]

(continued)
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Table 3 (continued)

Herb Scaffolds, substrates, or gels Function Refs.

Xylan Polyvinyl alcohol-based nano-fibers 
containing xylan 

The improvement of 
fibroblast proliferation and 
adhesion, mechanical 
properties, and the 
biodegradable rate of the 
scaffold; the suitable for 
skin tissue regeneration 

[196] 

Cissus 
quadrangularis 

Polycaprolactone scaffold incorporated 
with Hydroxyapatite and Cissus 
quadrangularis 

The increase of osteogenic 
activities and hard tissue 
regeneration, improvement 
of cell growth, and 
mineralization; the 
suitable for bone tissue 
regeneration 

[197] 

Spinacia 
oleracea 

Alginate-carboxymethyl cellulose 
scaffold containing Spinacia oleracea 
extract 

The improvement of 
mechanical stability and 
biocompatibility of 
scaffold, the control of 
degradation rate; the 
increase in the 
proliferation of human 
osteosarcoma cells, 
suitable for bone tissue 
regeneration 

[198] 

Gum tragacanth 
and curcumin 

Electrospun nano-fibers containing Gum 
tragacanth-curcumin 

The increase of the 
antibacterial properties, a 
decrease of the epithelial 
gap; acceleration in wound 
closure, as well as, the 
formation of granulation 
tissue, hair follicles, and 
sweat glands 

[199] 

Arnebia 
euchroma 

Polycaprolactone-chitosan–polyethylene 
oxide scaffolds containing arnebia 
euchroma 

High potential in burn 
wound healing, controlled 
degradation rate; 
improvement of swelling 
and the mechanical 
property; the enhancement 
of antibacterial activity, 
suitable for applications of 
dermal tissue engineering 

[200]
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3.3 Combination of Tissue Engineering and Drug Delivery 

Tissue engineering is a potential strategy to address the demand for tissue substitutes 
resulting from trauma and diseases. However, the use of therapeutic agents in combi-
nation with this strategy plays a key role in the creation of new generations of engi-
neered substrates that can regenerate the speed and quality of the formation of new 
tissues (Fig. 3). Some of the recent advances resulting from the combination of drug 
delivery systems and tissue engineering strategy have been described in this section. 
The studies of Karimi et al. are a sample in this field. They reported that hydrogel 
dressings containing silk fibroin/polydopamine nanoparticles as a combined method 
(drug delivery and tissue engineering) can play an impact on delivering antibiotics 
such as Ciprofloxacin [201]. The results of their study indicated such dressings can 
preserve the bioactivity of the released antibiotics (>80%) and be led to inhibition of 
the bacteria growth. These hydrogel dressings can also support fibroblast cells due 
to the existence of various nanoparticles. 

Moreover, the electrospun scaffolds have recently received attention in topical 
drug delivery. Such an approach not only can significantly decrease the systemic 
absorption of the pharmaceutical agents but provides localized therapeutic effects at 
lower concentrations, as well. 

Core–shell electrospun scaffolds are another sample that developed due to their 
therapeutic application. Indeed, according to this strategy, one component of the fiber 
or some biologically active molecules can be encapsulated inside another component 
[202] and the shell not only controls the release kinetics of the therapeutic agent but 
protects the core biomaterial as well [203, 204]. 

Zhang et al. assessed the protein encapsulation into PCL nanofibers by the elec-
trospinning technique [205]. They reported that the core–shell nanofiber suppresses

Fig. 3 The combination of 
delivery of therapeutic agents 
with tissue engineering for 
biomedical applications 
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the burst release of the drug and be led to sustained release. Notably, the release rate 
was highly dependent on the degradation rate of the outer fiber, the shell. 

Emulsion electrospinning also is known as a new technique that can create core– 
shell fibers via stable polymeric emulsion. Yang et al. indicated that the use of the 
emulsion electrospinning method plays a crucial role in using core–shell-based ultra-
fine fibers as the carrier for therapeutic agents, such as proteins [206]. This technique 
leads to the creation of porous fibrous mats with bead-free, integrally core–shell 
structures. 

The core–shell electrospun fibrous also can provide a composite carrier by forming 
a polymeric core and an inorganic shell. In this matter, Cui et al. demonstrated that 
the incubation of PDLLA electrospun fibers containing calcium nitrate in phosphate 
solution form calcium phosphate with a good dispersion on the fibers [207]. They 
stated that this core–shell nano-composite fibrous as a scaffold or filler possesses 
potential applications in tissue engineering and biomedical. 

Grafting the amino groups on the mentioned fibers is another sample in this matter, 
performed by Cui et al. via an optimized aminolysis process [208]. The authors found 
that the incubation of PDLLA fibers and gelatin containing hydroxyapatite into the 
simulated body fluid can provide the core–shell composites with hydroxyapatite 
nucleation and growth. They also indicated that the core–shell composite of calcium 
phosphate is created through layer-by-layer self-assembly of polymer fibers and 
gelatin. It seems that such composites can be effective in bone regeneration and 
mineralization [209, 210]. 

Nowadays, there are many polymers (degradable and non-degradable) in this field 
that can act as carriers for local or systemic delivery of drugs by electrospinning 
process. Indeed, the advantage of this technique is in maintaining the bioactivities 
and molecular structures of the incorporated drugs or biomolecules that can be due 
to process conditions. 

Hence, it seems that a combination of both tissue engineering and drug delivery 
techniques can be a promising approach to treat diseases or damaged tissues through 
local, systemic, or implant treatments. 

4 Optimization of Biomaterials Properties 

The physiological and biomechanical similarities of the biomaterials-based scaf-
folds/substrates to the native ECMs are the most important factors governing their 
ability to achieve tissue functions. Accordingly, native ECM of damaged tissue 
provokes a more natural healing response compared to synthetic scaffolds [211]. 
Moreover, biomaterials can promote cellular infiltration, proliferation, differentia-
tion, and migration into targeted tissues and provide the mimicking substrates of the 
ECM structure and function [8, 12]. 

Given that many biomaterials can be used for the design of hydrogels, scaf-
folds, or substitutes of tissue, the preservation of the physical structure and their
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Fig. 4 The methods for modification of polymer matrices/structures 

strength is paramount [211] because one of the problems of naturally derived bioma-
terials is rapid biodegradation rate and low stability in an aqueous and physiological 
environment. 

In this field crosslinking method of the materials as the most common approach 
plays a key role in achieving the modified polymeric matrices/structures (Fig. 4). 
[212]. Glutaraldehyde is one of these crosslinkers that although led to cytotoxicity 
or undesirable changes in some of the biomaterial functions, however, can create 
permanent crosslinks between proteins, decrease the antigenicity activity of ECM 
biomaterials, and result in the non-biodegradable matrix [211, 213–216]. Hence, 
before seeding the cell, synthesized matrices with this crosslinker should be washed. 
Notably, such matrices are usually used for permanent implants in the body. 

In this regard, the use of other chemical crosslinkers like sodium metaphosphates, 
epichlorohydrins, carbodiimides, polyepoxy, and carboxylic acids such as citric acid 
can provide suitable mechanical strength and stiffness along with the decrease of 
cytotoxic effect, as well as improvement of cell attachment and stability of matrix 
[211, 214, 217]. Although, in-vivo responses to such chemically altered matrice are 
much different compared to native ECM. 

Physical crosslinking is another method for modifying matrice properties and 
comprises several steps of heating or compression. Although the advantage of this 
method is the absence of chemical residue in the matrix structure, however, physical 
crosslinks are not as stable as ones made with other methods [211]. 

Enzymatic crosslinking also is a natural method to create crosslinks between 
polymers. In this matter, transglutaminase (TGase) is known as one of the crosslinkers 
used by many organisms [211].



Plant-Based Biomaterials in Tissue Engineering and Drug Delivery … 179

Ta
bl
e 
4 

T
he
 d
es
ig
n 
of
 n
ew

 b
io
m
at
er
ia
ls
 b
y 
cr
os
sl
in
ki
ng

 

C
ro
ss
lin

ki
ng
 

bi
om

at
er
ia
ls
 to

 f
or
m
 

va
ri
ou
s 
st
ru
ct
ur
es
 

D
es
cr
ip
tio

n/
R
ea
so
n 
fo
r 
us
in
g 
th
e 

cr
os
sl
in
ki
ng
 te
ch
ni
qu
e 

M
os
t w

id
el
y 
us
ed
 

bi
op
ol
ym

er
s 
an
d 
re
la
te
d 

cr
os
sl
in
ke
rs
 

E
ff
ec
ts

R
ef
s.
 

Fi
lm

s 
an
d 
m
em

br
an
es
 
T
he
 e
as
ie
st
 b
io
m
at
er
ia
l s
tr
uc
tu
re
s 
fo
r 

ap
pl
ic
at
io
n 
of
 ti
ss
ue
 e
ng

in
ee
ri
ng

 a
nd

 
co
nt
ro
lle

d 
re
le
as
e/
T
he
 im

pr
ov
em

en
t o

f 
m
ec
ha
ni
ca
l p

ro
pe
rt
y 
of
 s
ub
st
ra
te
 a
nd
 

de
cr
ea
se
 o
f 
de
gr
ad
at
io
n 
ra
te
 

B
io
m
at
er
ia
ls
: c
ol
la
ge
n 

C
ro
ss
lin

ke
rs
: E

D
C
/N
H
S,
 

ac
id
 c
hl
or
id
es
 

T
he
 in

cr
ea
se
 in

 te
ns
ile

 s
tr
en
gt
h 

(5
7%

) 
an
d 
m
od
ul
us
 (
~1

7-
fo
ld
),
 

as
 w
el
l a
s 
a 
de
cr
ea
se
 in

 s
w
el
lin

g 
of
 th

e 
st
ru
ct
ur
es
 v
ia
 c
on

tr
ol
lin

g 
cr
os
sl
in
ki
ng
 c
on
di
tio

ns
 

[2
18
, 2

20
, 2

21
] 

Po
ro
us
 a
nd
 

sp
on

ge
-l
ik
ed
 s
tr
uc
tu
re
 
T
he
se
 s
tr
uc
tu
re
s 
ar
e 
kn
ow

n 
as
 c
om

po
si
te
/ 

hy
br
id
 s
ub

st
ra
te
s 
an
d 
ar
e 
us
ed
 in

 th
e 

ap
pl
ic
at
io
ns
 o
f 
ha
rd
 ti
ss
ue
 e
ng
in
ee
ri
ng
, a
s 

w
el
l a
s 
th
e 
de
si
gn
 o
f 
w
ou
nd
 d
re
ss
in
gs
 a
nd
 

pe
ri
od

on
ta
l m

at
ri
ce
s/
To

 im
pr
ov
e 
th
er
m
al
 

st
ab
ili
ty
 a
nd

 in
cr
ea
se
 th

e 
ra
te
 o
f 

bi
od
eg
ra
da
tio

n 

B
io
m
at
er
ia
ls
: c
ol
la
ge
n,
 

hy
al
ur
on

ic
 a
ci
d 

C
ro
ss
lin

ke
rs
: 

gl
ut
ar
al
de
hy
de
, E

D
C
/N
H
S 

T
he
 in

te
rc
on
ne
ct
ed
 3
D
 

st
ru
ct
ur
es
, a
 d
ec
re
as
e 
in
 

sw
el
lin

g 
an
d 
en
zy
m
at
ic
 

de
gr
ad
at
io
n 
w
ith

ou
t a
ff
ec
tin

g 
th
e 
ce
ll 
vi
ab
ili
ty
 

[2
22
–2
25
] 

B
io
po

ly
m
er
ic
 

hy
dr
og
el
s 

T
he
 s
tr
uc
tu
re
s 
w
ith

 a
 h
ig
h 
ca
pa
ci
ty
 to

 r
et
ai
n 

w
at
er
 a
nd

 a
pp

ly
 in

 b
io
m
ed
ic
in
e/
To

 a
vo
id
 

th
e 
di
ss
ol
ut
io
n 
of
 h
yd
ro
ge
ls
 

B
io
m
at
er
ia
ls
: g

el
at
in
, 

co
lla

ge
n,
 c
hi
to
sa
n 

C
ro
ss
lin

ke
rs
: 

gl
ut
ar
al
de
hy
de
, c
ar
bo

xy
lic

 
ac
id
, d
ex
tr
an
 a
ld
eh
yd
e 
E
D
C
/ 

N
H
S 

T
he
 d
ec
re
as
e 
of
 e
nz
ym

at
ic
 

de
gr
ad
at
io
n,
 a
n 
in
cr
ea
se
 o
f 
th
e 

vi
sc
oe
la
st
ic
 p
ro
pe
rt
ie
s 
an
d 
th
e 

br
ea
ki
ng
 m

od
ul
us
 o
f 
th
e 
ge
l, 

an
d 
pr
om

ot
io
n 
of
 a
dh
es
io
n 
an
d 

gr
ow

th
 o
f 
ce
ll 

[2
14
, 2

26
–2
29
] 

R
eg
ul
ar
 fi
be
rs
 v
ia
 

w
et
/m

el
t s
pi
nn

in
g 

T
he
 fi
be
rs
 w
ith

 d
if
fe
re
nt
 d
ia
m
et
er
s 
fo
r 

bi
om

ed
ic
al
 a
pp

lic
at
io
ns
 a
nd

 ti
ss
ue
 

en
gi
ne
er
in
g 

B
io
m
at
er
ia
ls
: c
ol
la
ge
n,
 

he
rb
al
 p
ro
te
in
s 
lik

e 
an
d 
so
y 
pr
ot
ei
ns
, g

el
at
in
, 

si
lk
 fi
br
oi
n 

C
ro
ss
lin

ke
rs
: E

D
C
/N
H
S,
 

ca
rb
ox

yl
ic
 a
ci
ds
 

T
he
 im

pr
ov
em

en
t o

f 
m
ec
ha
ni
ca
l p

ro
pe
rt
ie
s 
an
d 
ce
ll 

ad
he
si
on
 

[2
30
–2
32
]

(c
on
tin

ue
d)



180 A. Izadyari Aghmiuni et al.

Ta
bl
e
4

(c
on
tin

ue
d)

C
ro
ss
lin

ki
ng

bi
om

at
er
ia
ls
to

fo
rm

va
ri
ou
s
st
ru
ct
ur
es

D
es
cr
ip
tio

n/
R
ea
so
n
fo
r
us
in
g
th
e

cr
os
sl
in
ki
ng

te
ch
ni
qu
e

M
os
tw

id
el
y
us
ed

bi
op
ol
ym

er
s
an
d
re
la
te
d

cr
os
sl
in
ke
rs

E
ff
ec
ts

R
ef
s.

U
ltr
afi
ne
 fi
be
rs

T
he
se
 fi
be
rs
 p
os
se
ss
 u
ni
qu
e 
pr
op
er
tie
s 
fo
r 

bi
om

ed
ic
al
 a
pp

lic
at
io
ns
 a
nd

 a
re
 v
er
y 

si
m
ila

r 
to
 E
C
M
 n
et
w
or
ks
/T
o 
m
im

ic
 th

e 
st
ru
ct
ur
e 
an
d 
fa
br
ic
at
io
ns
 o
f 
E
C
M
s,
 a
s 
w
el
l 

as
 in

cr
ea
se
 te
ns
ile

 s
tr
en
gt
h 

B
io
m
at
er
ia
ls
: p

ro
te
in
s 
an
d 

po
ly
sa
cc
ha
ri
de
s 
(l
ik
e 
st
ar
ch
, 

pu
lla
n,
 d
ex
tr
an
) 

C
ro
ss
lin

ke
rs
: E

D
C
/N
H
S,
 

gl
ut
ar
al
de
hy
de
, c
itr
ic
 a
ci
d,
 

gl
yc
er
ol
, g

ly
ce
ro
l 

ph
os
ph
at
e,
 tr
ip
ol
yp
ho
sp
ha
te
, 

ta
nn

ic
 a
ci
d,
 a
ce
tic

 a
ci
d,
 

tr
is
od
iu
m
 m

et
ap
ho
sp
hi
te
 

Pr
om

ot
io
n 
of
 c
el
lu
la
r 

at
ta
ch
m
en
t a
nd

 p
ro
lif
er
at
io
n,
 a
 

de
cr
ea
se
 o
f 
de
gr
ad
at
io
n 
ra
te
 

[2
16
, 2

18
, 2

33
–2
37
] 

M
ic
ro
/n
an
op

ar
tic

le
s

T
he
se
 p
ar
tic

le
s 
de
ri
ve
d 
fr
om

 b
io
m
at
er
ia
ls
 

ar
e 
us
ed
 f
or
 in

-v
iv
o 
ph

ar
m
ac
eu
tic

al
 d
el
iv
er
y 

an
d 
ot
he
r 
th
er
ap
eu
tic

 a
ge
nt
s/
T
he
 

im
pr
ov
em

en
t o

f 
th
e 
pe
rf
or
m
an
ce
 o
f 

na
no

pa
rt
ic
le
s 

B
io
m
at
er
ia
ls
: c
hi
to
sa
n,
 

ca
rb
ox
ym

et
hy
l p

ul
lu
la
n,
 

hy
al
ur
on

ic
 a
ci
d,
 s
ta
rc
h,
 

al
gi
na
te
, c
ol
la
ge
n,
 g
el
at
in
 

C
ro
ss
lin

ke
rs
: 

gl
ut
ar
al
de
hy
de
, s
ul
fa
te
 

an
io
ns
, s
od
iu
m
 

m
et
ap
ho
sp
ha
te
, 

tr
ip
ol
yp
ho
sp
ha
te
, 

ep
ic
hl
or
oh
yd
ri
n,
 

ca
rb
od
iim

id
e 

T
he
 in

cr
ea
se
 in

 s
ta
bi
lit
y,
 a
 

de
cr
ea
se
 o
f 
pa
rt
ic
le
 s
iz
e 
an
d 

de
gr
ad
at
io
n 
ra
te
, m

od
ifi
ca
tio

n 
of
 p
hy
si
co
ch
em

ic
al
 p
ro
pe
rt
ie
s 

of
 p
ar
tic

le
s 
lik

e 
lo
w
 v
is
co
si
ty
, 

sw
el
lin

g,
 c
on

tr
ol
le
d 
re
le
as
e 
of
 

dr
ug
s 

[2
38
–2
42
]



Plant-Based Biomaterials in Tissue Engineering and Drug Delivery … 181

Generally, crosslinking methods are used for loading drugs, nutraceuticals, genes, 
growth factors, etc., as well as designing electrospun structures, fibers, films, hydro-
gels, 2D/3D scaffolds or substrates, and micro/nano-particles from biomaterials for 
in-vitro/in-vivo applications [214, 218, 219]. Table 4 indicates the chemicals and 
techniques used for crosslinking biomaterials and medical applications.

Generally, the design of ideal matrices (scaffolds, substrates, substitutes, carriers, 
etc.) for applications of tissue engineering or drug delivery systems can play a key 
role in the regeneration of damaged tissues and the treatment of diseases. These 
matrices should be able to facilitate cell attachment, induce cell proliferation and 
differentiation, as well as form extracellular matrix (ECM) deposition, as well as 
lead to a controlled release of therapeutic agents in drug delivery systems [243]. 
In this matter, mechanical stability, modification of function and structure of nano/ 
micro-carriers, as well as delivering and localizing the biomolecules (cells, growth 
factors, and bio-actives into damaged tissue) are the main properties of the designed 
matrices. 

Some of the design criteria of such matrices for biomedical applications involve 
the following: 

4.1 Biocompatibility. 
4.2 Ability to adhere, differentiate, proliferate, and deliver cells. 
4.3 Biodegradability. 
4.4 Controlled release. 
4.5 Mechanical properties depended on the biomaterial properties. 
4.6 Porosity of matrix [the creation of porous structures (>90% along with a 

pore size of 300–500 μm) to penetrate and grow cells, and deliver nutrients 
for applications of tissue engineering, and nano/micro-size for drug delivery 
systems. 

4.7 Fabrication capability (easy formation of biomaterials). 

Table 5 indicates some of these parameters that can be effective in the design of 
matrices.

5 Conclusion and Future Perspective 

Nowadays, biomedical sciences have excitingly led to excellent results in repairing 
and treating diseases. Such methods can overcome the limitations of some techniques 
such as grafts of autologous, allograft, or xenograft tissue, surgeries, and cell trans-
plantation. In this regard, naturally derived biomaterials can play a crucial role in the 
process of regenerative medicine or the treatment of diseases; so that, if protocols 
or methods can be created via the use of these materials to proliferate and differen-
tiate cells into targeted cells in damaged tissues or control the drug release, it will 
offer hope to cure many incurable diseases. Hence, it seems that a combination of 
modern and traditional medicine (the use of biomaterials along with herbal bioactive 
compounds) can lead to new developments in the field of therapeutic techniques. This
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Table 5 Important parameters in the design of matrices 

Bio-matrices Pore size, porosity Mechanical 
properties 

Morphology Refs. 

Chitosan– 
gelatin/β-tricalcium 
phosphate 

Pore size: 323 to 
355 μm with a 
porosity of 
92–98% 

Yield compressive 
strength in the range 
of 0.3–0.88 MPa 
and modulus of 
3.94–10.88 MPa 

Macro-porous 
scaffolds 

[244] 

PLLA-polydopamine 
and quercetin 

The mesh with 
square pores and 
interconnected 
pores (350 μm 
thread diameter, 
460 μm pore 
sizes, and 56.9% 
porosity) 

The dry 
compression 
strengths of 14.52 
MPa and wet 
compression 
strengths of 10.81 
MPa 

3D-printed 
scaffolds with a 
rough surface 

[245] 

Poly (L-lactide) and 
chitosan containing 
quercetin 

Fibers with 410 
μm diameter, 
60–65% 
theoretical 
porosity, 390 μm 
transverse 
distance between 
fibers, along with 
a longitudinal 
distance of 380 
μm and irregular 
nano-fibers with a 
range of 80–600 
nm diameter 

Compressive 
strength (dry and 
wet): 13.09 MPa 
and 12.42 MPa 
respectively. With a 
modulus of 0.112 
GPa 

Micro/nano-fiber 
structures with 
pores of 
square-like 

[246] 

PLGA microspheres and 
calcium phosphate 

Pore size: >100 
μm along with 
75% porosity 

~65 MPa Modulus The porous 3D 
scaffolds 

[247] 

Chitosan/ 
γ-poly(glutamic acid) 
modified by elastin, 
poly-L-lysine, and 
albumin 

The porosity of 
90% with pore 
size ≥ 100 μm 
and 
biodegradation of 
30–60% 

Compressive 
strength and 
Young’s modulus 
>4 MPa 

3D scaffolds [248] 

Nano-hydroxyapatite and 
polyamide 

Pore size: 50–500 
μm and  the  
porosity of 
52–70% 

Compressive 
strength and 
Modulus in the 
ranges of 
13.20–33.90 MPa 
and 0.29–0.85 GPa, 
respectively 

Macro-pores 
composite 
scaffolds 

[249]

(continued)
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Table 5 (continued)

Bio-matrices Pore size, porosity Mechanical
properties

Morphology Refs.

Gelatin-PCL along with 
nanohydroxyapatite 

The average fiber 
diameter of ~615 
nm with a pore 
size of ~4.7 μm 

The increase in 
mechanical 
properties with 
adding PCL and 
nanohydroxyapatite 
to gelatin 

Fibrous scaffolds [250] 

PLAGA-hydroxyapatite Particle size in the 
range of 53 μm to  
150 μm along 
with pore 
diameter of 
~152–183 μm for  
scaffold 

Compressive 
strength: 120 MPa; 
with an elastic 
modulus: 300 MPa 

Microsphere 
matrices 
(cylindrical and 
tubular) 

[251] 

Chitosan/PEG4000-Silk 
fibroin(3%) 

Pore diameters in 
the range of 
2.3–5.9 μm 

Increase in 
mechanical 
properties (4.5 MPa 
elastic modulus 
along with 95% 
elongation at 
break %) 

3D scaffolds [8] 

PCL and hydroxyapatite Group1: 
Pore size: 750 μm 
Porosity: 70% 
Group 2: 
Pore size: 450 μm 
Porosity: 60% 

Group 1: 
compressive 
modulus: 76 MPa 
Group 2: 
compressive 
modulus: 84 MPa 

3D composite 
scaffold with 
internal pores and 
pore 
interconnectivity 
to regenerate 
bones 

[252] 

Chitosan-based scaffold 
containing silk fibroin, 
collagen, and hyaluronan 

Pore diameter 
range of 8–52μm 
and porosity of 
97.5%, 

Water absorption%: 
75.3%; tensile 
strength: 38.1MPa; 
modulus: 0.32 MPa 

3D hybrid 
scaffold 

[12] 

PCL and octa-calcium 
phosphate (OCP) 

Fiber diameter 
distribution: 
0.1–1.7 μm 
Average fiber 
diameter: ~0.52 
μm 

Average ultimate 
tensile strength: 
~4.34 MPa 
Maximum tensile 
strain: ~182.01% 
Young’s modulus: 
~5.59 MPa 

Nano-fibrous 
scaffold 

[253] 

Collagen/chitosan 
modified by PEG/PCL  
composite 

53.7 μm pore 
size, a porosity of 
~92, and water 
absorption of 
fourfold 

Average elastic 
modulus of ~18 
MPa and Average 
tensile 
strength of 13.8 
MPa 

Hybrid scaffold [15]

(continued)
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Table 5 (continued)

Bio-matrices Pore size, porosity Mechanical
properties

Morphology Refs.

Nanohydroxyapatite with 
PCL and 
PCL–Polyethyleneglycol 
(PEG)–PCL 

Average pore 
size: 20 μm; fiber 
diameter: 0.63 
μm; porosity: 
92% 

Tensile strength of 
12 MPa, ~269% 
elongation at 
breaking point, and 
Young’s modulus of 
~17.2 MPa along 
with 10.41 MPa 
storage modulus at 
37 °C 

Composite 
scaffolds 

[254] 

quince seed mucilage 
along with PCL/PEG 
copolymer 

Pore diameter: 
16–57 μm; 
porosity: 92.3% 

22.8 MPa Elastic 
modulus, 13.8 MPa 
Tensile strength, and 
~3 mm Elongation 
at the breakpoint 

3D hybrid 
scaffold 

[16] 

PCL and PLGA along 
with biphasic tricalcium 
phosphate (BCP) 

Pore size: 50–100 
μm 

– Porous scaffolds [255] 

PCL and cuttlefish 
bone-derived 
hydroxyapatite 

Pore dimension: 
200–300 μm; 
porosity: ~85% 

The compressive 
modulus of 0.46 
PMa 

Composite porous 
scaffold 

[256]

not only can develop novel drugs or therapeutic methods with easier availability and 
least/no side effect but also decreases the therapeutic economic burden and health 
care problems. 
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Abstract Nanotechnology has observed an accelerated advancement in metallic 
and nn-metallic nanoparticles due to their unique physiochemical properties and 
biomedical applications as compared to their bulk material. Metallic nanoparticles 
like gold, silver, and platinum have been extensively explored and among them, gold 
nanoparticles (GNPs) not only hold the most ancient evidence of application but 
are also known to be the most stable. GNPs have been reported with applications 
in areas viz., biosensing and imaging, drug and gene delivery, biomaterials, cancer 
therapeutics, antimicrobials, bioremediation, and dye degradation. GNPs are biolog-
ically stable and their easily controllable surface chemistry enables modification with 
desired functionalities in various shapes and structures. GNPs can be prepared on 
large scale by reducing the gold oxidation state from Au+1/Au+3 to Au0 through phys-
ical and chemical methods. Harmful effects associated with these methods, like metal 
toxicity and by-products attached to nanoparticles, limit its use. Biological synthesis 
of GNPs has several advantages over physiochemically derived GNPs, which have 
motivated researchers to adapt to the green synthesis of GNPs. The biological method 
of synthesizing GNPs is rapid, environment-friendly cost-effective, and recognized 
as biocompatible. Green synthesis of GNPs includes the use of biological extracts 
from plants and microbes. Biological extracts act as stabilizers, reducing agents, and 
capping agents to synthesize highly dispersible and stable bioactive GNPs. Microbes 
have been used extensively for various biomolecules, bio-products, and even in the 
synthesis of nanoparticles and thus are also regarded as biofactories. 
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1 Introduction 

Nanotechnology is a known branch of science and technology since the last century. A 
famous lecture “There’s Plenty of Room at the Bottom” presented by Nobel laureate 
Richard P. Feynman, in 1959, first introduced concept of “nanotechnology” [1]. 
Long before this conceptualization, nano-sized particle were in use in ancient times. 
People from ancient Egypt used black hair dye which was believed to be plant based 
product, henna but recent research of Egyptian burial sites revealed the hair dye was 
not henna instead it was paste of lime, leadoxide and water. They used hair dye paste 
in a way that reacts with keratin sulphur to produce lead-sulfide nanoparticles, which 
give an even and steady colour to hair [2]. This field of research generally plays at 
atomic, molecular scale to create and synthesize novel nano-scale structures, products 
and devices. The structures of range 1–100 nm scale are referred to as nanomaterials 
and these nanomaterials have some unique properties as compared to their larger 
dimensions. Surface effect and quantum effect are two major factors that provide 
unique and significant properties to the nanomaterial over their bulk counterparts and 
lead to enhanced mechanical, magnetic, catalytical, optical, electronic properties [3, 
4]. Nanomaterial due to its small size, has high number of particles per mass unit and 
therefore have large surface area as compared to bulk material. Moreover the nano-
materials not only have an increased fraction of atom exposed on the surface but also 
have fewer direct neighbours and these differences impact the physiochemical prop-
erties of nanomaterials to a level that the melting point for gold nanoparticles could be 
brought to a significantly lower level as compared to large scale bulk gold material [3, 
5]. Nanomaterials also display pronounced quantum effect with the decrease in size 
of material and these quantum structures contain all the charge carriers (electrons) 
confined within a specific physical dimension [6]. With this quantum effect, some 
non-magnetic materials in its large dimension would develop magnetic properties 
when brought to nanoscale [5]. The quantum effect of nanomaterial brings significant 
changes in its electron affinity, which in return directly dictates catalytic properties of 
the material. Due to such significant properties of nanomaterials, nanotechnology is 
considered multidisciplinary research area that is being explored for diverse purpose; 
agriculture, health, environment, catalysis, sensing, electronics, photonics [7, 8]. 

2 Dimensions of Nanotechnology 

There are three dimensions of nanotechnology (Fig. 1); wet, dry, and computa-
tional. Wet nanotechnology, involves live organisms or biological components 
like whole cell, secreted enzymes, secreted compounds, to develop nanoproducts. 
Dry nanotechnology unlike wet nanotechnology, is related to the production of 
nanostructures using inorganic compounds like silicon and carbon. In contrast to 
both, computational nanotechnologies do not deal with nanostructure production 
but are associated with a very important aspect of development of nanostructure and
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Fig. 1 Dimensions of nanotechnology 

that is a simulation of nanometre-sized structures that could be helpful in studying 
physiochemical properties of desired design [9, 10]. 

3 Types of Nanomaterial 

Dreaden group demonstrated the importance of size and shape of nanomaterial 
through difference observed among 20 nm particles made of gold, platinum, silver 
and palladium particles [11]. They were found to have characteristic wine colour 
for gold nanoparticle, red for platinum, yellowish grey for silver and black colour 
for palladium particles. It was observed that the nanomaterial shape is very much 
dependent on the size of the nanomaterial. At small size, nanomaterial can take up 
spherical shape but with an increase in size nanorod, nanotube nanosheets can be 
synthesized. 

Based on dimension (size and shape), nanomaterials can be classified into four 
major types, these are zero-dimensional, one dimensional, two dimensional and three 
dimensional nanomaterials [3, 12] (Fig. 2). Zero-dimensional nanomaterials have 
all the dimensions along the three axis in the nanoscale range viz., nanoparticles, 
quantum dots and fullerenes. One-dimensional and two-dimensional are the nanoma-
terials with one or two of its dimensions above the nanoscale respectively. Nanorods, 
nanotubes, nanowires, nanofibers and nanohorns are few examples of one dimen-
sional nanomaterial whereas nanosheets, nanofilms, and nanolayers are few repre-
sentatives of two dimensional nanomaterials. The three dimensional nanomaterials 
are the ones with all three dimensions above nanoscale and this category includes an 
array of nanowires and nanotubes, powder and agglomeration of nanoparticles [3, 13].
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Fig. 2 Dimensions of nanomaterials 

4 Nanoparticles (NPs) 

Nanoparticles (NPs) are nano-objects that have all the three dimensions of the struc-
ture along the three axes, measures in nanoscale range, with no significant differences 
in the measure of the longest axis and the shortest axis. NPs can vary in their shapes, 
sizes, and structures and range from spherical, hollow core, spiral to irregular shape, 
cylindrical, tubular and conical [14]. NPs can measure from 1 to 100 nm in size and 
NPs lower than 1 nm in dimension, is termed as atom clusters. NPs can be crystalline 
or amorphous, uniform or multilayered and either loose or agglomerated [15]. NP is 
not just simple molecules but is formed of three or sometimes two layers. The three 
layered structure is composed of the outermost layer, i.e., surface layer, a middle shell 
layer and the innermost core. Surface layer is generally fabricated with a wide variety 
of molecules viz., metal ions, amino acid, peptides, polymers etc. The shell layer is 
a protective layer of core that is made of different material as compared to the core, 
and the core, which is the central most structure of nanoparticle is referred to as the 
NP itself which dictates the property of nanoparticle and thus the application [16]. 

5 Classification of NPs 

NPs can be classified into three major classes, based on the components involved in 
synthesis of nanoparticles. These are organic, carbon-based, and inorganic (Fig. 3).
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Fig. 3 Types of nanoparticles based on composition 

5.1 Organic Nanoparticles (ONPs) 

Organic nanoparticles are fabricated with organic compounds like, lipids, carbohy-
drates, proteins and peptides, and other organic compounds. They are non-toxic, 
biodegradable and biocompatible in nature and therefore are increasingly being 
used in medicine and food [17]. The main types of ONPs are lipid, protein and 
polysaccharide-based ONPs (Fig. 3). 

5.1.1 Lipid Based NPs 

Lipid-based systems mostly involve the use of phospholipids and are advantageous 
over other encapsulation methods as it uses natural ingredients which can entrap 
compounds of different solubility and can be targeted [17]. They are an attraction 
in pharmaceutical industry due to its favourable properties like biocompatibility 
and biodegradability. Liposomes, lipid nanoparticles, lipid nanotubes and lipid nano 
sphere, are some of the lipid-based nanostructures whereas the main lipid-based nano-
encapsulation system includes nanoliposomes, nanoco-chelates, and archaeosomes 
[17–19].
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5.1.2 Protein Based NPs 

Protein-based organic nanoparticles involve use of protein for formulation and it 
possess unique property of forming gels and emulsions, which makes them a compo-
nent of high choice with ability of encapsulation of bioactive compounds. Produc-
tion of protein-based NPs are simple, reproducible and economically viable. It also 
offers multiple modifications, controlled release of the encapsulated bioactives. Few 
examples of protein-based nanoparticles are ferritin, lipoprotein, albumin, etc [20]. 

5.1.3 Polysaccharide Based 

Polysaccharides are natural polymer made of monosaccharide linked by glycosidic 
bonds. It is present in plants, animal and microorganism few examples are pectin, 
insulin, chitosan, and dextran. These polysaccharides gained attention as they are 
present in abundance and has sustainable availability with easy of processing and 
presence of free functional groups (-OH and –COOH), which offer derivatization. 
Moreover it is a favoured choice for NPs because of its natural origin, non-toxicity, 
biocompatibility and biodegradability. In addition to this, polysaccharide NPs offer 
high drug loading efficiency, target delivery, fast release of drug, etc. Functional group 
derivatizations also allow tuning of its hydrophilicity and solubility and in return 
affects its application [20, 21]. The polysaccharide NPs forms a protective cover that 
helps in shielding the compound which gets cleaved into its unit saccharine by the 
microflora residing in colon. This gives an advantage of targeted delivery and slow 
release of drug entrapped. Chitosan, pectin is among the most used polysaccharide. 
Derivatives of polymers, poly-lactic acid as well as polyglycolic acid are brought 
into application as carrier for controlled drug release and proteins [21, 22]. 

5.2 Carbon-Based CNPs 

CNPs are class of NPs that are made of carbon atoms and it includes carbon 
quantum dots, fullerenes, carbon black NPs, etc. [3]. Fullerenes are symmetrical 
closed-cage structure of carbon molecules and are formed with an arrangement of 
different number of carbon molecules, for instance C60 fullerenes is 60 carbon atoms 
arrangement that looks like soccer ball and few other examples include, C70 and 
C540 fullerenes. On the other hand, carbon black is arranged in grape-like struc-
ture with bunch of spherical particles fused together whereas carbon quantum dots 
are quasi-spherical carbon NPs [3, 23, 24]. Carbon-based NPs is the technology of 
putting together physio-chemical properties of sp2 -hybridized carbon bonds and 
nano-sized material. Carbon NPs have unique properties like electrical conductivity, 
electron affinity, high strength, thermal resistance, and adsorption which lead to its
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usage in a wide range of applications viz., bioimaging, delivery carrier for drugs and 
biomolecules, energy storage, photovoltaic devices and sensors for monitor microbial 
pathogens [25, 26]. 

5.3 Inorganic NPs 

Nanoparticles, synthesized using metal (silver, gold, platinum) and metal oxide 
(oxide of iron and zinc) are known as inorganic nanoparticles. Inorganic nanoparticles 
posses localized surface plasmon resonance, unique thermal, magnetic, optical and 
electrical properties which makes them desirable material for development of nanode-
vices with wide variety of application in field of electronics, biomedicines physics and 
chemistry [3, 14, 16, 27]. In comparison amongst all metal NPs, nanoparticles fabri-
cated with copper, mercury, silver, platinum, and gold, gold nanoparticles have gained 
researchers’ attention all around the globe for its unique optical and physiochemical 
properties to investigate and probe gold NPs for different field applications [28]. 

6 Gold Nanoparticles (GNPs) 

Gold nanoparticles (GNPs) are suspension of colloidal, nanometer dimension gold 
particles that are also referred to as colloidal gold. The first mentions of GNPs can be 
traced back to Roman times, where glass was stained for decorative purposes [29]. 
The ancient roman cup possessed an unusual colour changing property depending 
on the source of light falling on the cup. In presence of natural light, the cup looks 
green whereas when a lit candle placed within, the cup appears red (3, 31). In recent 
investigation of the cup, it was found that the cup was coated with Au and Ag 
nanoparticles in 50–100 nm range that made cup look differently coloured through 
the unique property of plasmon excitation of electrons in NPs [3, 21, 31]. Later 
the scientific report from Michael Faraday’s work confirmed that colloidal gold or 
GNPs have some unique properties from the bulk gold [3]. GNPs have allured most 
attention amongst the other metal nanoparticles as it possesses unique physical, 
thermal, optical, chemical properties and are stable. GNPs can be synthesized in 
different shapes and size and their dimensions are decided by the condition of their 
synthesis and thus also dictate its use in as drug carriers for control release of drugs 
at different sites and other potential applications. It offers multiple modification and 
functionality that also determines its application [30]. GNPs functionalization with 
conjugated DNA, amino acid, protein and different biological molecules and their 
low toxicity and strong absorption spectrum is responsible for its use in biomedicine 
[32]. GNPs optical property is advantageous and widely used for coating to obtain 
high quality SEM images by enhancing the electronic stream [33].
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7 Properties of GNPs 

7.1 Surface Plasmon Resonance 

Plasmon is oscillation of electron cloud under the exposure of light [34]. Plasmon 
resonance (PR) is an absorption phenomenon of material, which occurs with the 
oscillation of electrons produced by metal, on exposure to light [35]. The effect 
of incoming electromagnetic wave on the metal depends on the depth of the metal 
and generally decreases with increase in depth of the metal. This resonance on the 
metal surface is called surface plasmon resonance (SPR) [36]. SPR in small volume of 
nanoparticle leads to phenomenon of Localized Surface Plasmon Resonance (LSPR). 
LSPR is responsible for increased electromagnetic field and extinction coefficient 
and these two effects are further exploited for various biophysical and biochemical 
techniques like FRET, SEF, SERS, colorimetric methods, PTT and PDT [37]. 

7.2 Surface-Enhanced Raman Spectroscopy 

Monochromatic incoming light on particle scatters with the same frequency in the 
same direction as the incident light. But when there is any adsorbed molecule on 
the surface of particles a deviation in the frequency of the scattered light is observed 
because of the additional vibration of the adsorbed molecule. This difference in the 
incident and scattered photon energies is called Raman scattering (RS) [38]. The 
change in energy is due to the energy of the vibrating adsorbed molecule. Raman 
image is known to provide a chemical fingerprint that is highly resolved (≈0.1 nm) 
vibrational information but with the limitation of low signal sensitivity [39, 40]. 
Advancement in RS with surface-enhanced Raman Spectroscopy (SERS) is benefi-
cial, which enhances the Raman signal up to 1015 from 106. This improved signal 
has led to its application in bio-sensing, diagnosis and imaging [41]. GNPs are being 
used as contrast agents of SERS, due to their optical properties for imaging tumors, 
distinguishing tumor cells and normal cells, tumor metabolism and tumor markers. 

7.3 Surface Enhanced Fluorescence 

GNPs due to their local surface Plasmon resonance, show two effects on the signal 
intensity of fluorescent molecules these are fluorescence quenching and amplifica-
tion which in turn is dependent on the distance between the fluorescence molecules 
and GNPs. Fluorescence resonance energy transfer (FRET) is the main cause of the 
GNP’s fluorescence quenching. If the distance is less than 5 nm, the excited fluores-
cent group transfers its energy to the GNPs resulting in fluorescence quenching [42].
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The fluorescence quenching and enhancement can be used to study the interaction 
among the particles and therefore can be exploited in the field of diagnostics. 

7.4 Photothermal Effect 

Illumination of GNPs results in scattered motion of electrons and converts light 
energy into kinetic energy. Some of this kinetic energy is then converted into the 
vibration energy of the lattice. The vibration energy of the lattice then expresses 
itself as heat energy and is called the “photothermal effect”. Since there is an obvious 
distinguish vascular characteristic in normal tissue and tumor tissue, the vascular 
variant of tumor tissue has lost vessel wall integrity and has many holes that cause 
blockage. This in turn affects the ability of tumor tissue to cool and the heat produced 
in the tumor accumulates and its temperature increase up to 46 °C. Since tumor tissue 
is less resistant to heat so the temperature above 42°C can prove lethal to tumor tissue. 
This fact is being used for bioimaging of tumor tissue as it can be distinguished from 
normal tissue. The photothermal effect of GNPs is applied in clinical diagnosis 
through photothermal imaging (PTI) and photoacoustic imaging (PAI) [43]. 

7.5 Photosensitization 

GNPs upon excitation with photons, transfer energy to neighbour photosensitizer 
molecules like molecular oxygen, which leads to the generation of known cytotoxic 
agents like reactive oxygen species (1O2, O2− and OH−, etc.). In Photo Dynamic 
Therapy (PDT) of cancer, these species of oxygen play a very important role [44]. 

7.6 Colorimetric Responses 

GNPs have a high molar absorption coefficient, which enhances their colorimeter 
sensitivity to the nanomole level. GNPs-based colorimetric assays are thus advan-
tageous as it also takes into account the property of induced plasmon resonance 
wherein the change in GNPs- fabricated biomolecules (cytokines, proteins, nucleic 
acids, etc) aggregation corresponds to the change in endpoint colour from red to blue, 
purple or gray [45].
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7.7 Increased X-ray Absorption Coefficient 

Gold (Au, atomic number 79), with higher molecular weight shows an increase in 
the X-ray absorption coefficient and thus creates minimum damage to normal tissue 
with the minimal exposure time for X-ray and thus arose as a promising sensitizer 
for radiotherapy [46]. 

7.8 Functionalization 

GNPs can be linked with S-and N-containing groups with a stable interaction which 
allows them to be fabricated with a wide variety of molecules and thereby bestow 
properties like biocompatibility, target therapy and delivery of drug and biomolecules 
(Fig. 4) [47]. 

8 Shape Size and Functionalization 

The potential application of GNPs is depended upon their size, shape and functional 
groups attached (Fig. 4). There is a dramatic difference in colour observed for rod 
shaped GNPs than that for spheres. It is because the rod-shaped GNPs exhibit the 
plasmon oscillation along two axes of nanorod, one along the short axis and another 
along the long axis. In addition to this the resonance further depends strongly on 
the nanorod length-to-width ratio [48, 49], thus due to their unique optical proper-
ties, GNPs are subjected to research in bio-imaging, diagnosis and materials science

Fig. 4 GNPs morphology and functionalization 
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[50]. To develop GNPs for specific applications, specific methodologies with repro-
ducibility in product formation have been employed and developed in the last couple 
of years [51, 52]. 

9 Synthesis of Nanoparticles 

The two major approaches of synthesis of GNPs are top-down and bottom-up 
approach (Fig. 5). Top down approach is a subtractive process that involves slicing of 
starting bulk material into nanoscale structure. The different strategies of top-down 
approach include bulk laser ablation, UV-irradiation and IR-irradiation, ion sput-
tering and aerosol technology [53]. Large sized matter is subjected to these different 
strategies to form small particles but in contrast to this, bottom-up approach synthe-
sizes GNPs starting from atomic level using gold of small scale. There are three 
distinct ways to synthesizes GNPs in bottom-up approach; physical method, chemical 
method and biological method. 

Fig. 5 Strategies for gold nanoparticles synthesis
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9.1 Physical Method 

The physical method employs strategies like laser ablation, gamma-irradiation, 
microwave irradiation, sputter deposition, ion implantation, lithography, UV 
and Ultrasound irradiation. The physical method generally requires maintaining 
controlled experiment factors with the required reducing and stabilizing agent and 
thus is free of contamination. Laser ablation is one of the most used methods and it 
alters the shape, surface and properties of GNPs [54, 55]. GNPs synthesized through 
Laser ablation are non-toxic and photothermally active but the yield was low and 
the method proved inconvenient for large scale purposes [56]. To improve scale 
up spherical, silica-coated GNPs were synthesized using pulsed laser ablation [57]. 
Another important method is ion implantation, lithography, irradiation etc. which 
involves high energy source thus an alternative method is in demand which lowers 
the demand of energy for synthesis of GNPs. 

9.2 Chemical Methods of GNPs 

This is the commonly used method of synthesis of GNPs and requires the use of chem-
ical entities for gold ions reduction to nanoparticles and for stabilization of nanopar-
ticles. The chemical agents mostly used are sodium citrate, sodium hydroxide, 
hydrogen tetrachloroaurate hydrate (HAuCl4), SDS, sodium borohydride, cetyl-
trimethylammonium bromide, lithium aluminium hydride and ethyl glycol. The first 
report of the chemical synthesis of GNPs by Turkevich et al. [58] showed the synthesis 
of GNPs, on reduction of HAuCl4 by sodium citrate in the single-phase aqueous solu-
tion [58]. GNPs are formed by the reduction of Au+3 ions from HAuCl4 to Au0. It  
is formed in clusters which then aggregate into large, polycrystalline form. In other 
reported methods, surfactant was used at varying concentrations of the gold-to-thiol 
ratio to improve GNPs range of diameters from 1.5 to 20 [59]. Similarly, use of 
NH2OH, ascorbic acid (AA) and CTAB has shown the synthesis of monodisperse 
GNPs [60, 61]. 

Synthesis of GNPs by above-mentioned methods produces a high yield and is 
economically viable, but a few disadvantages associated with these methods, such as 
the use of hazardous chemical agents, and contaminating chemical precursors, with 
high toxicity, limit the use of these methods [62]. Moreover in physical methods, 
a large amount of energy and low stability of GNPs, uncontrolled growth of the 
crystal, and particle aggregation make the physical approach less advantageous as 
well as expenses and thereby impact economic aspects of the production [63]. An 
alternative to the physical and chemical method is the biological method which uses 
non-toxic agents and does not require the additional use of any external stabilizing 
agents and reducing agents. Moreover, it uses renewable materials with minimal 
energy expenditure and thus considered ecologically. To overcome these difficulties 
linked with physical and chemical approaches, enhanced interest in green synthesis 
is observed among researchers and they have investigated the biological production
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of GNPs through various biological means. Great diversity in plants and microorgan-
isms provides not only huge options but also allows the production of specific GNPs 
using both whole organism and their products. The biomolecules not only synthesize 
GNPs but has a positive effect on the application of synthesized GNPs [63]. 

9.3 Biological Method 

The biological method of GNPs is a simple process with no requirement of high 
temperature and pressure. In general, as the name suggests, the method involves 
the addition of biological extract (microorganism, plant, etc.) dropwise to the 
HAuCI4 salt solution to initiate the GNPs synthesis. The change in colour is the 
indicator of the synthesis of GNPs [64]. The biological process of GNPs synthesis 
generally takes place in two steps: firstly, Gold Au3+ is reduced to Au0 state and in 
the second step, GNPs agglomeration followed by stabilization [65, 66]. Biological 
extracts have different constituent molecules viz., enzymes, sugars, etc., which have 
the potential for gold reduction and stabilization and capping of GNPs [64]. 

9.3.1 Biosynthesis by Plants 

There is a wide variety of plant species growing on earth amongst which there are 
a lot of plants that are well known in use for their medicinal value since ancient 
times. Therefore the potential of plants for GNPs has been explored for its econom-
ical as well as environment-friendly methodology. Different parts of plant, leaves, 
stem, root and fruit extract have been used to explore the production and applica-
tion of GNPs [62]. Different constituents of plant extracts can synthesize GNPs like 
phenolic acids, flavonoids, terpenoids, polyphenols, etc., by reducing metal ions to 
corresponding nanoparticles [67]. Flavonoids and gold trivalent ion form an inter-
mediate complex through flavonoid free radical which then results in the oxidization 
of flavonoid to Keto-forms and reducing trivalent gold to GNPs [68–71]. Salicin, 
a phenolic compound through its hydroxyl group and glucoside bonds participates 
in GNP synthesis and the stabilization, terpenoids can also synthesize nanoparticles 
by oxidizing itself (aldehyde group’s oxidization to carboxylic acids) and reducing 
metal ions [71, 72]. The hydroxyl groups in the polyphenolic compound from Mimosa 
tenuiflora extract has been found to transfer an electron to trivalent gold ion, oxidizing 
themselves in the process to synthesize GNPs [73]. The role of tannins, alkaloids, 
polyols and plant extract sugar in reducing metal ions to nanoparticles is also observed 
[74–77]. In addition to the compounds, higher molecular weight proteins can also be 
considered important molecules for the synthesis of GNPs [78, 79]. Citrulline from 
watermelon is one such example [80].
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9.3.2 Biosynthesis by Microorganism 

But the use of microorganisms is advantageous over plants as they are easily cultivable 
and can be produced in large amounts in less time, in addition to this they do not 
require anything more than nutrients to grow at the temperature, pH and pressure 
in which they generally inhabit. The use of bacteria, fungi, yeast and algae has 
been reported in the synthesis of metal nanoparticles [64]. Synthesis of nanomate-
rials using microbial extracts or whole culture is actually the merging of the fields 
of microbiology, biotechnology, nanotechnology and giving rise to a new area of 
research and nano-biotechnology. It is a greener route of synthesis in which varied 
species of bacteria and fungi have been studied by researchers and have been reported 
[81, 82]. Microorganisms can synthesize nanoparticles using either extracellular or 
intracellular mechanisms. Extracellular synthesis basically involves adsorption of the 
metal ions at the microbial cell surface, followed by their direct reduction whereas 
in intracellular synthesis, metal ions are transported into the cell cytoplasmic region 
of the micro-organisms followed by their subsequent reduction of metal ions. The 
synthesized GNPs are then derived into the extract [64, 82]. 

9.3.3 Biosynthesis by Fungi 

Fungi can withstand high metal ion concentrations as compared to bacteria and 
can secrete abundant of extracellular proteins, which can be instrumental in synthe-
size of GNPs. These secreted biomolecules have the ability to reduce soluble metal 
ions to their insoluble form and eventually to nanoparticles. The huge diversity of 
fungi and their potential to produce novel metal reductases for metal detoxifica-
tion and bioreduction are potential enzymes for nanoparticle synthesis [83]. GNPs 
synthesis through fungi can take place in intracellular or extracellular space or by 
using fungal extract containing reducing agents. The extracellular mechanism of 
GNP formation in fungi relies on the entrapment of Au3+ions by cell wall proteins, 
followed by reduction. According to the report on Verticillium sp., the extracel-
lular interaction of AuCl4+on the cell surface enzymes with groups having positive 
charges, (e.g. lysine) leads to reduction of AuCl4+ to Au0 [84, 85]. In either mech-
anism, NADPH-dependent oxidoreductases are the key enzymes in GNPs biosyn-
thesis and NADH acts as a cofactor of the enzyme [86, 87]. In the intracellular GNP 
synthesis mechanism, gold (Au3+) ions get diffused into the cell membrane where 
the ions are reduced by cystolic redox enzymes [86]. In the intracellular mechanism, 
reducing sugars, reductase enzymes such as, glyceraldehyde-3-phosphate dehydro-
genase, ATPase and 3-glucan-binding proteins involved in the energy metabolism of 
fungal cells can catalyze the synthesis of nanoparticles [51, 84]. Au3+ diffuses into 
the cell membrane through transporter protein and is reduced by cytosolic preva-
lent redox enzymes. Aspergillus fumigates and Aspergillus flavus were reported 
to synthesize intracellular GNPs [83]. A glutathione-like compound, phytochelatin 
from Candida albicans, has been shown to directly catalyze the GNPs synthesis [88]. 
Gold ions are reduced to GNP by phytochelatin in the presence of glutathione [88].
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Table 1 Gold nanoparticle synthesized by fungi 

S. no Fungi Shape Size Application References 

1 Pycnoporu 
ssanguineus 

Varied size; spherical„ 
triangular, 
pseudo-spherical, 
pentagonal, and 
hexagonal 

~ 6 Catalytic activity of 
degrading 
Nitroaromatic 
compound 4-NA 

[91] 

2 Pycnoporus 
sanguineus 

Spherical 6–25 Catalytic activity [92] 

3 Magnusiomyces 
ingens 

Spherical, triangular, 
hexagonal 

10–80 Catalytic activities 
for degrading 
nitrophenols 

[93] 

4 Magnusiomyces 
ingensi LH F1 

Spherical, pseudo-
spherical 

28–20 Catalytic activities 
for nitrophenols 

[94] 

5 Magnusiomyces 
ingensi 

Spherical, Colorimetric 
detection of toxic 
heavy metal Hg with 
sensitivity and 
selectivity 

[95] 

6 Trichoderma 
hamatum SU136 

Varied size: spherical, 
pentagonal and 
hexagonal 

5–30 Antimicrobial 
activity 

[96] 

7 Trichoderma sp. ~ 19.7 Anti cancer activity 
against A549 and 
LN229 

[97] 

8 Aspergillus 
flavus 

Spherical 12 Anti-cancer activity 
A549, HepG2 and 
MCF7 

[98] 

9 Fusarium solani Spherical 40–45 Cytotoxicity against 
HeLa, MCF-7 

[99] 

10 Alternaria 28 Anticancer, 
antimicrobial and 
antioxidant activities 

[100] 

GNPs synthesis by phenol oxidases, Mn-peroxidases, laccases, and tyrosinases are 
remarkable examples of xylographic basidiomycetes, which uses both intracellularly 
and extracellularly mechanism [89]. Melanin was also reported in gold ion reduction 
to GNPs by Yarrowia lipolytica [90] (Table 1). 

9.3.4 Synthesis by Bacteria 

Bacteria can be considered a “biofactory” due to their potential for GNPs produc-
tion. The mechanism for the biosynthesis of GNPs reported in bacteria is both 
extracellular and intracellular [82, 101]. The bacterial enzyme, NADH reductase 
and nitrate reductase were found to play a vital role in the gold ions reduction
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[84, 102]. Stenotrophomonas maltophilia, Pseudomonas putida, Rhodopseudomonas 
capsulate and Pseudomonas fluorescence have been shown to synthesize GNPs 
through the enzyme NADPH-dependent reductase using electron transfer mecha-
nism, which converts Au3+ to Au0 [81]. In the intracellular mechanism, gold ions 
(Au3+) can enter the cell via an ion transporter channel or proteins, into the cyto-
plasmic membrane and the cytoplasm, where it is reduced to GNPs enzymatic [105]. 
Metal ions bind to the negatively charged transporter protein, which then transports 
the metal ions inside the cell, passing through the cell wall surface inside the cyto-
plasm and subsequently catalyzing the synthesis of GNPs with the help of reductase 
enzymes in various dimensions [62, 103]. The transport of metal ions can also be 
facilitated through ion pumps, endocytosis, transporter proteins, lipid permeation 
and carrier-mediated transport [104]. GNPs from Deinococcus radiodurans, which 
are reported for their tolerance to radiation and oxidants, have been found to harbor 
antioxidants like carotenoid, pyrroloquinoline-quinone, and phosphoproteins which 
provide a protective shield against oxidative damage to nucleic acids and proteins 
to bacteria and in addition to this forms a potential microenvironment for the reduc-
tion of Au (III) and thereby GNP synthesis [105]. GNPs synthesis by Lactobacillus 
kimchius, showed the involvement of NADH oxidoreductase and sugars moieties 
embedded in the outer membrane of bacteria in Au3+ reduction, and also the proteins 
or amino acid present inside cells for stabilization of nanoparticles [63] (Table 2).

10 Applications 

10.1 Visualization and Bioimaging 

GNPs have high electron density which can be actively used for the identifi-
cation and visualization of biological specimens through Transmission Electron 
microscopy (TEM), and high-resolution transmission electron microscope (HRTEM) 
with advanced systems of digital recording and the processing of images. The prac-
tical uses of GNPs in immune electron spectroscopy are in use for the identifica-
tion of infectious agents and their surface antigens. Scanning probe microscopy, 
scanning electron microscopy, and fluorescence microscopy are also used for the 
same purpose. All types of GNPs ranging from conventional spherical GNPs to non-
spherical particles, such as nanorods, nanoshells, nanocages, nanostars, and other 
types of particles are in use in diagnostics [113]. The biggest challenge to surgeons 
in tumor removal is to locate precise boundaries of tumor among healthy tissue. 
In this scenario, the removal of any less or more tissue can lead to leaving tumor 
tissue behind or removing healthy tissue that can be vital. Magnetic Resonance 
Imaging (MRIs) and Computed Tomography (CT) have a limitation of ability to 
detect tumors in millimeters or approximately 10 million cells. To overcome this 
limitation, photoimaging has emerged as a novel approach where functionalized 
GNPs are injected into the tumor which then binds to the cancer cells only and



Gold Nanoparticles from a Microorganism: A Synthetic Approach 215

Table 2 Gold nanoparticle synthesized by bacteria 

S. no Bacteria Shape Size 
(nm) 

Application References 

1 Pseudomonas putida and 
P. Fluorescences 

Spherical 10–50 Biofilm 
inhibition 

[81] 

2 Stenotrophomonas 
maltophilia (AuRed02) 

Spherical 40 [102] 

3 Deinococcus 
radiodurans 

Varied shape; 
spherical, 
pseudo-spherical, 
truncated 
triangular and 
irregular 

~ 44 Multifuctional; 
Antibacterial 
by cytoplasmic 
membrane 
damaging 

[105] 

4 Marinobacter algicola Varied shape; 
spherical, 
triangular, 
pentagonal and 
hexagonal, 

~ 74 Antibacterial 
activity 

[106] 

5 Marinobactor pelagius Varied 2–6 [107] 

6 Baccilus subtilis 7.6 [108] 

7 Enterococcus sp. Spherical 6–13 Anticancer 
activity against 
HepG2 and 
A549 cells 

[109] 

8 Paracoccus 
haeundaensis BC74171T 

Spherical 20.93 Antioxiant 
Anticancer 
aginstA549 and 
AGS cancer 
cells 

[110] 

9 Enterococcus sp. Spherical 7 Anticancer 
activity against 
HepG2 cancer 
cells 

[111] 

10 Vibrio alginolyticus Irregular 100–150 Anticancer 
activity HCA-7 
cell line 

[115]

shines, thereby distinguishing the tumor and healthy cells [114]. Qian et al., [115], 
reported the enhanced Raman signal and detection by conjugating GNPs to antibodies 
specific to epidermal growth factor receptors (EGFR), present on cancer cells and in 
xenograft tumor models and thereby help in efficient diagnosis [115]. Hossain and 
co-workers also used GNP-conjugated ITO substrate to enhance the Raman signals 
which can be used to differentiate characteristics sub-types of breast cancer cells 
whether from the same organ origin or different organs [116]. Lin et al., used GNP-
based SERS for the diagnosis of colorectal tumor markers with enhanced sensitivity 
and specificity [117].
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10.2 Antibacterial Activity 

High resistance or escape pathogens are one of the serious problems in medicine 
as these microorganisms are ever evolving and thus very efficiently develop mech-
anisms to resistance to even the most advanced antibiotics. To overcome the issue 
newer technology is always employed to tackle such pathogens. Nanoparticles from 
various metals and especially gold are being explored. GNPs have been reported by 
many to show antimicrobial activities but antimicrobial activity depends on GNPs 
dimension and concentration [64, 118]. Any antimicrobial agent with a novel target 
and a broad range of activity both on gram positive and gram negative could be advan-
tageous to tackle a broad range of pathogenic bacteria. The cell wall of bacteria is 
negatively charged which has a high affinity for positively charged GNPs. The differ-
ence in GNPs activity towards Gram negative and Gram positive is because of the 
cell wall structure difference. GNPs show better activity in Gram-negative bacteria 
as they have thinner cell walls which ease GNPs entry into the cell as compared to 
thick rigid layers of peptidoglycan in Gram-positive bacteria. Considerable difference 
in antibacterial effect has been observed between biosynthesized GNPs and chemi-
cally synthesized GNPs. This enhanced activity in biosynthesized antibacterial GNPs 
could be due to the activity of the capping agents, which showed an enhanced syner-
gistic effect [28]. There are many reports showing the antimicrobial activity of GNPs 
against bacteria (E. coli, Enterobacter sp., B. subtilis, etc.) and bacterial biofilms. 
GNPs showed inhibition of virulence factors i.e. exopolysaccharide production and 
thereby weakening the biofilm formation of Proteus sp. [119]. GNPs conjugated with 
tetracycline demonstrated greater antibacterial activity as compared to tetracycline 
alone against both Gram-positive and Gram-negative bacteria [120]. 

10.3 Antifungal Activity 

Like bacteria, pathogenic fungi also pose a serious threat to clinical research, due to 
the emerging antibiotic resistance. This new approach to combat these pathogenic 
fungi and their associated diseases is a need of the time. Nanotechnology is a 
promising area of research that is being explored for antifungal potential against 
pathogenic fungi like Aspergillus spp., C. albicans, Trichoderma spp., Penicil-
lium spp., etc [121]. Nanoparticles of gold are being exploited as a potential as anti-
fungal agent and have been observed as a potent agent. GNPs damage cell wall 
macromolecules and inhibit β-glucan synthase affecting the cell wall structure and 
its integrity and ultimately resulting in cell wall damage. Besides this antifungal 
activity of GNPs is also attributed to increased ROS in C. albicans [122].
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10.4 Antiviral Activity 

Viral diseases have gained a lot more attention these days as these are one of the 
greatest threats to humans and a great challenge to medical research. This is a very 
known fact that for many viral diseases for which there is no cure short drugs or 
vaccines developed. Therefore new approach like the use of metal nanoparticles has 
come up as a promising technology to fight these dangerous viruses [64]. GNPs are 
expected to show antiviral activity as it shows the potential to able to bind a viral 
particle and can block the viral receptors that lead to inhibition of the viral cycle. 
Moreover, GNPs have a charge density that on binding to viral particles’ surface 
brings on a significant change in the membrane potential of the virus particle and 
thereby affects viral penetration into the cell [123]. GNPs have been reported as 
an effective agent against the measles virus (MeV) [124]. El-Sheikh et al. reported 
significant inhibition of Herpes Simplex (HSV-1) using GNPs in a dose-dependent 
manner [125]. 

10.5 Antioxidant Activity 

Inflammation, aging and pathological conditions like atherosclerosis, cancer, and 
neurodegenerative diseases are mainly caused by oxidative stress occurred because 
of Reactive Oxygen Species (ROS) for example superoxide, hydroxyl, and singlet 
oxygen. Antioxidants help to relieve ROS-generated oxidative damage by directly 
reacting with free radicals or by inactivating radical-generating enzymes or increasing 
the expression of intracellular antioxidant enzymes [64, 126, 127]. Antioxidants 
can reduce cell damage, and DNA damage and thereby reduce the risk of various 
ROS-induced diseases. The increasing ROS leads to increased oxidative stress 
in the body which exceeds the antioxidant combat system and affects nucleic 
acid and enzymes in the body [64]. Intake of antioxidants in addition to existing 
intracellular antioxidant enzymes can help efficiently in combating increased 
ROS levels in the body [127]. GNPs synthesized using Acanthopanacis cortex 
extracts were reported to stimulate the expression of iNOS (Inducible nitric oxide 
synthase) and COX-2 (cyclooxygenase-2) protein in RAW 264.7 cells induced 
with LPS (lipopolysaccharides-induced) [128]. GNPs produced using the marine 
bacterium Paracoccus haeundaensis through biological method offers a promising 
antioxidant potential by scavenging free radicals [110]. According to the studies, 
various biomolecules grafted on the surface of GNPs, adds to their antioxidant prop-
erty. GNPs produced using the marine bacterium Vibrio alginolyticus showed potent 
antioxidant activity [112].



218 A. Thakur et al.

10.6 Anticancer Activity 

Cancer is a worldwide problem with an increasing number of cases in recent years. 
Most of the anticancer drugs used have a list of associated side effects, as the drugs 
affect normal cells as well. Therefore, there is continuous effect made by researchers 
to find a novel drug with minimal or no toxicity. The anticancer activity of GNPs has 
been reported in different human cancer cell lines such as MCF-7 (breast adenocarci-
noma), A549 (human lung carcinoma), HCT-11 (colon carcinoma), Hep G2 (human 
liver cancer), ovarian adenocarcinoma (Caov-4), Hela N (Human cervix carcinoma) 
[129–134]. The anticancer activity of GNPs is significantly affected by their dimen-
sion and chemical composition [135–137]. Small sizes GNPs provide a larger surface 
area and have better anticancer activity than large-sized GNPs [110]. In addition to 
this, capping agents of GNPs also contribute to their anticancer activity by either 
modifying cell growth factors or by directly showing anticancer activity [110, 138]. 
Gold atom interaction with intracellular protein, and DNA through their functional 
group could attribute to the anticancer activity and influence the proliferation of cell 
line U87 (human primary glioblastoma cell line) [139, 140]. GNP-treated cells are 
found accumulating in the sub-G1 phase or G0/G1 phase of the cell cycle which 
shows the role of GNPs in cell cycle regulation by inducing apoptosis [141]. GNPs 
showed potential antiproliferative activity in MCF-7 and MDA-MB-231 and cells 
were found arrested in G0/G1 and S phases [140, 142]. Apoptosis is the most impor-
tant mechanism of action of GNPs which are determined by morphological changes 
in cells such as cell shrinkage, extensive blebbing of the plasma membrane, nuclei 
fragmentation, etc [143]. GNPs activate programmed cell death through caspases-
mediated apoptotic pathways [144–148]. GNPs biosynthesized using marine Vibrio 
alginolyticus, a marine bacterium showed anticancer activity against the human colon 
carcinoma cell line (HCA-7) through programme cell death (115). 

10.7 Antidiabetic Activity 

The GNPs have been found to offer antidiabetic activity in diabetic animals that were 
administered with oral GNPs injection and were found to regulate the metabolic 
process in addition to the restoration of cholesterol and triglycerides levels [149]. 
Another study in which GNPs treated rats was found to improve the body weight of 
rats by regulating insulin and glycemic levels [150]. Antidiabetic activity of GNPs 
synthesized from Fritillaria cirrohosa was observed in preclinical models [151]. 
GNPs from Ziziphus jujuba showed a decline in lipid peroxidation and oxidative 
stress which was fruitful in controlling diabetes [152].
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10.8 Leishmanicidal Activity 

GNPs from Jasminum nervosum leaf extract showed potent larvicidal activity against 
filarial and arbovirus vector Culex quinquefasciatus [142, 157]. Larvae and pupae of 
the malaria vector A. stephensi and the dengue vector A. aegypti were also reported 
to be managed by GNPs [154]. 

10.9 Drug Delivery 

GNPs can be functionalized by binding molecules with various functional groups and 
this property provides GNPs with the ability to deliver various therapeutic agents. The 
bound molecules attribute to a wide variety of delivery applications of GNPs. GNPs 
can be linked through covalently and non-covalently linkages with other materials 
[101]. GNPs can be fabricated with compounds that have healing effects, molecules 
like PEG and BSA as a coating to provide a surface for attachment of specific cells 
[14] for instance PEGylated GNPs selectively minimize uptake of macrophages and 
monocytes and thereby prolong their availability of tumor tissue in concentration 
[155]. In addition to this, GNPs also offer delivery of biomolecules like DNA, RNA, 
peptides, and proteins [156]. Anticancer drugs, doxorubicin and 5-Fluorouracil were 
targeted by GNPs for delivery [157, 158]. 

10.9.1 Bone Tissue Engineering 

Tissue Engineering is a field of study that aims to standardize tissue growth and differ-
entiation, mimicking normal environment. Bone Tissue Engineering (BTE) aims at 
providing appropriate conditions for osteoblast differentiation and matrix mineraliza-
tion of osteoblastic precursor cell lines [159–161]. Mesenchymal stem cells (MSCs) 
are precursor cells of bone tissue that further differentiate into multiple lineages 
which are osteoblasts, chondrocytes, and adipocytes [162]. GNPs have been shown 
to induce BTE by stimulating osteogenic differentiation. Yi et al. showed the inter-
action of GNPs with cytosolic protein and extracellular matrix, leading to the activa-
tion of the p38 MAPK signaling pathway [163]. Activation of this pathway causes 
up-regulation of osteogenic genes and simultaneous downregulation of adipogenic 
genes. Zhang et al. showed that GNPs activate the ERK/ MAPK pathway by increased 
ERK phosphorylation which is important for osteoblast differentiation and mineral-
ization [164]. The studies showed the significant ability of GNPs and G / HA-NPs 
for differentiation of osteogenic cells and the ability to induce differentiation is very 
much dependent on the concentration, size and shape of the GNPs [165–167]. GNPs 
have been found to promoting not only cell proliferation and differentiation but also 
add mechanical strength.
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11 Conclusion 

Nanoparticles have attracted all spheres of research due to their unique physical 
and chemical properties. Nanoparticles can be subdivided on the basis of their 
composition into organic nanoparticles, carbon nanoparticles and inorganic nanopar-
ticles. Amongst inorganic nanoparticles, gold is highly chosen metal for nanoparticle 
synthesis and characterization these days. Gold nanoparticles (GNPs) can be synthe-
sized by physical methods, chemical methods and biological methods. These two 
methods are conventionally used methods but these methods have many disadvan-
tages to the environment and health, like the efflux of hazardous chemicals which 
is not only cancer-causing but polluting the environment. Moreover, there is a high 
energy requirement in the physical method that renders it cost ineffective. An alterna-
tive method that could prove advantageous to the environment with minimal energy 
requirement and no risk to health is biological methods. In biological methods, plants, 
and microorganisms can be employed for the synthesis of GNPs. Plant extract from 
different parts can be used for synthesis whereas in microorganisms there are two 
different ways in which GNPs are synthesized; internal and external. Externally 
the gold ions (Au+) are trapped by the membrane protein followed by membrane-
reducing enzymes while in the internal method, the gold ions are firstly transported 
inside the cell through transported protein and then the cytosolic proteins reduced the 
gold ion into GNPs. There is a wide range of microorganisms employed to synthesize 
GNPs and researchers have explored a variety of applications of biogenic GNPs. 
GNPs have been reported to exhibit antimicrobial, anticancer, antioxidant, calori-
metric detection of Hg, bioimaging and diagnosis, degradation of contaminants, 
etc. 
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Abstract In recent years, there has been a significant advancement in the manu-
facturing of biomaterial-based nanoagents with distinctive characteristics such as 
biodegradability, biocompatibility, high efficacy, safety, and physicochemical prop-
erties. In particular, research on the performance and drug delivery mechanisms based 
on polymeric nanostructures is gaining interest in the field of health nanotechnolo-
gies. This chapter discusses all aspects of biomaterials-based nanoagent preparation 
methods, characterizations, and drug delivery mechanisms. Furthermore, there has 
been great attention to the preparation and performance of thermo-sensitive nanogels, 
biopolymeric nanofibers, green nanoparticles, and nanocomposites for health care 
systems. The unique advantages, present constraints, and potential future of green 
nanocarriers and target delivery of chemotherapeutic nanodrugs were highlighted, 
along with some novel approaches for nanoplatforms. 
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1 Bio-Based Nanostructures 

A recently popular method for producing nanopharmaceuticals involves utilizing 
environmentally friendly technologies. Currently, the majority of pharmaceuticals are 
produced using traditional methods that are not environmentally friendly. However, 
the importance of utilizing green alternatives is growing significantly. The goal of 
the green pharmaceutical sector is to create products and procedures that completely 
eliminate or dramatically minimize the consumption and production of dangerous 
compounds, while also preventing any environmental or health-related consequences 
from the very beginning of the process. While there is a growing interest in exploring 
innovative environmental technologies and strategies in the pharmaceutical industry, 
the primary objective is to promote and optimize the utilization of new nanomaterials 
that are both environmentally friendly, sustainable, and economically advanced. 

Nanomaterials that have at least one dimension in the range of 1–100 nm are 
considered to be in the nanoscale size range. Due to their small size, large surface 
area and excellent surface/volume ratio, these materials often demonstrate unique 
properties and performances, including significant physicochemical, optical, biolog-
ical, morphological, structural, thermal, and mechanical characteristics that distin-
guish them from conventional materials. In addition to the particle size and material 
composition, the morphology and shape of nanostructures also play crucial roles 
in determining their characteristics and potential applications. Various materials, 
such as clays, metals, polymers, ceramics, and plant extracts, can be utilized to 
synthesize nanostructures. These nanomaterials may include components such as 
nanowires, nanotubes, nanoparticles (NPs), nanofibers, and other types of nanostruc-
tures that can be fabricated through either bottom-up or top-down processes during 
preparation (Fig. 1). Furthermore, the strategies used for developing such nanoma-
terials vary depending on the application and may include methods including sol– 
gel, hydrothermal, spray drying, and microfluidics [1]. Nanostructures are popular 
choices for a wide range of purposes with their special chemical and physical char-
acteristics. Nanomaterials have been used to biosensor applications, imaging, and 
therapeutic agents in the discipline of biology. Nanomaterials’ unique optical and 
electrical characteristics have been employed in electronics to improve the func-
tioning of devices including electronics, monitors, and solar panels. Cells, battery 
storage, and photovoltaic arrays are just a few examples of the energy generating and 
storage solutions where materials may find use. Nanomaterials can also be applied 
as efficient adsorbent materials to purify the environment of pollutants. Their various 
uses highlight the adaptability of nanostructures and show how significant they are
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as an interesting subject for research and development. “Bio-based nanostructures” 
are nanoscale materials made from natural substances such polypeptides, polysac-
charides, oils, and polynucleotides. These nanostructures have distinctive biochem-
ical, structural, and physical characteristics that render them suited for a range of 
uses in sectors such as medicine, environmental sciences, and biotechnology. One 
of the applications of bio-based nanostructures is in products derived from renew-
able resources like wood/cotton, polymeric materials, and leaf extracts. Due to their 
extensive surface area, exceptional aspect ratio, and excellent mechanical proper-
ties, these bio-based nanostructures are well-suited for various applications, such as 
stabilizing fillers in nanocomposites, pharmaceutical drug carriers, and packaging 
materials. Alternative bio-nanomaterials encompass polypeptides, biopolymers, and 
extracts, among others, which possess unique biocompatible and biodegradable prop-
erties that render them suitable for a wide range of applications, such as green 
remediation applications, tissue engineering, cell therapy, bioengineering, biomed-
ical sensors, agriculture, food packaging systems, renewable energy applications, 
bio-electrochemical platforms, point-of-care biosensing systems, diagnostics, treat-
ments, and drug release systems. Lipid membranes, which are self-assembled films 
of biomembranes, are extensively used in pharmaceutical agents due to their ability 
to encapsulate and deliver therapeutics to specific targeted areas, such as living 
cells, organs or tissues. Bio-nanostructures are often preferred over synthetic ones 
due to their biocompatibility, renewability, sustainability, and recyclability, making 
this research area attractive for future applications in a wide range of disciplines. 
For usage in various fields of nanotechnology, a number of bio-based structures 
have been recommended, including polymeric nanoparticles (PNPs), nanostructured 
lipid carriers, protein-polysaccharide complexes, microemulsions, nanoemulsions, 
nanocapsules, and nano-hydrogels. In their 2016 work, Rashidinejad and colleagues 
proved that by encapsulating catechin and polyphenolic compounds in liposomes, 
the antioxidant activities of hard cheese with lower fat content can be effectively 
improved. In the in vitro gastrointestinal digestion, the antioxidants were released 
and recovered. The low-fat hard cheese exhibited improved antioxidant activity and 
total phenolics when epigallocatechin-3-gallate (EGCG) and liposome-encapsulated 
catechin were added at a dosage of 250 ppm, while maintaining its main structure 
and pH [2].

Given their distinctive characteristics and abilities, bio-based nanostructures are 
perfect for a variety of water filters and detoxification operations. These nanos-
tructures have the capacity to function as adsorbent agents, collecting and reacting 
to contaminants in the environment and removing them from the mixture. More-
over, certain bio-based nanomaterials contain catalytic properties that enable them to 
decompose or degrade impurities through chemical changes. They can also be modi-
fied or synthesized and characterized to modify an impurity’s behavior or improve its 
efficacy in applications that require treated wastewater. By utilizing bio-based nanos-
tructures, it is possible to create more durable and cost-effective alternatives to current 
water and wastewater filtration strategies. Additionally, the development of bio-based 
nanostructures highlights their potential applications in addressing agricultural and 
environmental issues, such as the removal of pollutants and the enhancement of soil
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Fig. 1 Structures of nano drugs

efficiency in crop production fields. This is especially important in the case of heavy 
metal pollution, which can cause harm to both the ecosystem and crop production 
[3, 4]. 

Biopolymers are utilized in bio-nanostructures due to the fact that they are natu-
rally occurring macromolecules that originate from renewable sources such as lignin, 
flowers, plants, leaves, cellulose, animals, shells, algeas, and microorganisms. The 
functional characteristics of the polysaccharide vary depending on its composition, 
structure, and type. For instance, carbohydrates are made up of simple glucose 
molecules and can have a wide range of shapes, such as linear, branching, or cyclical, 
but proteins are formed up of amino acids with a complicated three-dimensional 
architecture that affects their functionality. Moreover, biopolymers’ characteristics 
can be altered chemically or by processing techniques to improve their compatibility 
for a number of different uses. Recently, there has been growing interest among 
researchers in these biostructures, mainly due to their abundant availability from 
natural resources. For example, lignin is a byproduct of paper production and is one 
of the polymeric materials found in plants. These materials, which make up approx-
imately 70–80% of a plant’s cell walls, are ubiquitous in the environment and are 
integral components of biomaterials. Lignin has been the subject of numerous studies 
investigating its potential benefits in bioscience. In a 2020 study, Lee et al. demon-
strated the pharmaceutical applications of lignin by creating nanomaterials with a 
size of approximately 225 nm from rice-derived lignin. The study also identified for 
the first time lignin’s inherent ability to provide UV protection, resulting in it being 
a viable option for usage as sunscreen [5]. In another study, Adil et al. demonstrated
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the antibacterial effect of the proposed nanostructure by mixing lignin with inor-
ganic additives to produce silver nanoparticles with a diameter ranging from 100 to 
300 nm [6]. Cellulose, the most abundant material in nature, has many -OH groups 
that make it a promising source for the production of beneficial nanomaterials. In 
their study, Zhang et al. [7] synthesized nanostructures using cellulose fibers from 
economically bleached wood cellulose pulp. The resulting spherical shapes were 50– 
150 nm in particle size and were evaluated for temperature changes and in vitro drug 
(5-fluorouracil, 5-FU) release effectivenes. The researchers found that the nanos-
tructures exhibited a rapid 5-FU release pattern, with up to 60% of the drug released 
within the first hour [7]. An organic linear biopolymer consisting of 1,4-glycosidic 
linkages connecting N-acetylglucosamine units is termed chitin. It is typically found 
in the skeletons of insects, and fungus and also in their cell membranes. Chitin 
has a broad spectrum of potential benefits in a number of sectors, including health-
care, agricultural, and environmental engineering because of its special qualities, 
including biological compatibility and biodegradability. In their research, Maskur 
et al. [8] reinforced chitin derived from crab shells using polylactic acid to develop 
nanomaterials with a size distribution of 90 nm. They carried out the experiment using 
varying chitin ratios to determine durability and revealed that the durability reduced 
with increasing chitin concentration [8]. Because of chitin-chitin aggregating, which 
results in poor distribution of the nanostructures within the matrix phase, additional 
chitin nanofiber adding reduces the structural rigidity performance of the nanos-
tructure. Chitin derived from shrimp shells is a polymer with antibacterial and anti-
oxidant capabilities that are consistent with epithelial cells, suggesting potential 
therapeutic potential, according to Coltelli et al. [9]. A natural, renewable alkaline 
carbohydrate with high hydrating and adsorb characteristics is chitosan, a deacety-
lated derivative of chitin. Chitin is a naturally occurring substance that is plentiful but 
has less favorable best possible way than cellulose. Chitosan is also non-toxic, has 
really no known negative impacts, and is thought to be acceptable for use in a wide 
range of fields. Because to its advantageous characteristics, including bioavailability, 
nontoxicity, and chemical stability, chitosan has received considerable attention in 
a number of sectors. Chitosan’s usage in both food and drugs has been authorized 
by the United States Food and Drug Administration (FDA), which has confirmed 
the nano/micromaterial’s safety. Its certification enables the use of chitosan as a 
thickening agent, food stabilizer, component of nutritional supplements, and phar-
maceutical delivery mechanism. Chitosan has the potential to be a major potential 
in a multitude of sectors, including agriculture, drugs, and nanotechnology, thanks 
to its broad application possibilities [10]. While chitosan offers numerous benefits, 
its ability to mitigate environmental contaminants is particularly noteworthy and has 
garnered significant research attention. 

In 2022, Ansari et al. synthesized novel chitosan/Fe2O3/NiFe2O4 nanostructures 
and investigated their antibacterial effects. Their results showed that the adsorbent 
effectively eliminated 96.8% of the methylene green (MG) after 120 min of stirring 
the solution, which decreased to 77.22% after 240 min. These findings highlight 
the impressive ability of these nanoparticles to remove pollutants using methylene 
green adsorption [11]. Since the initially developed polymers were developed for
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drug release, chitosan has demonstrated exceptional biological and physicochemical 
characteristics for a variety of healthcare and manufacturing applications. Chitosan’s 
cationic behavior, which originates from of the existence of amino groups, is its 
predominant component. Besides that, these amino groups provide chitosan unique 
aspects including transfection, enhanced permeation, and controlled administration 
of drugs [12]. In 2021, Gao and colleagues conducted a study on the use of nano 
delivery systems as immune active ingredients to improve vaccinations. Squalene, 
which is the functional unit of the authorized complement MF59, has the poten-
tial to trigger immunological reactions. The researchers developed a functionalized 
and cationic nanoparticulate delivery system by encapsulating the modeling antigen 
ovalbumin (OVA) in squalene-based nanostructured lipid carrier molecules (NLCs) 
and modifying the nanomaterials with the cationic polymer chitosan (OVA-csNLCs). 
Initially, the optimal csNLC composition was efficiently determined, and the nanos-
tructures of 235.80 ± 5.99 nm were found. Furthermore, the mouse immunization 
experiment revealed that OVA-csNLCs have excellent compatibility and promote 
spleen lymphocyte proliferation [13]. The studies mentioned previously highlight 
the various disciplines in which bio-based nanomaterials could find applications. 
Technological improvements and solutions have enabled the development of bio-
based nanostructures with a wide range of sizes, geometries, shapes, dimensions, 
physical and chemical characteristics. These low-cost synthesis methods and simple 
application methodologies offer these sustainable and environment nanomaterials an 
alternative current to conventional methods. The findings indicate the tremendous 
potential of bio-based nanoparticles across such a variety of industry sectors. 

2 Synthesis of Nanostructured Biomaterials 

The two most used methods for delivering pharmaceuticals specifically targeted 
to cancer patients are systemic chemotherapy administered in nanoagents and the 
designed release of treatment drugs to the patient’s tissues and organs. Although 
chemotherapy drugs are an effective approach to cancer treatment, they can also be 
potentially dangerous to healthy cells in the body. Encapsulation is a method used to 
modify how these drugs are absorbed and employed by the human body. Surrounding 
them in nanocarriers can improve the bio-distribution, permeability, toxic effects, 
tolerability, and acceptance of the pharmaceuticals, increasing their therapeutic value 
and reducing any adverse reactions that may occur. By minimizing damage to healthy 
tissues, this strategy can make it easier to provide greater doses of chemotherapy treat-
ments directly to cancerous cells. The structural affinities of nanostructures to organs 
and pathogens are crucial for effective interactions between nanomaterials and living 
organisms. When nanomaterials mimic the morphology and form of cellular organ-
isms, they are more likely to be recognized and interacted with, leading to enhanced 
effectiveness and personalized solutions. The targeted administration and combina-
tion of pharmaceuticals within a person’s cells and tissues, as well as the monitoring of 
illness concentrations in problematic fluids such as blood, saliva, and organs like the
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kidneys and liver, can all be accomplished through the application of nanomaterials. 
Pharmaceuticals efficiency can be improved while generating fewer risks to health 
when they are encapsulated in nano-based compounds. Furthermore, the application 
of nanotechnology can facilitate the development of pharmaceutical nanoformula-
tions that function as local analgesics by evading the human body’s immune system, 
including the phagocytic system, due to their unique morphology. This prevents 
potential side effects that could diminish positive health outcomes and results in 
a long-lasting effect. Various factors, such as poor colloidal stability, unfavorable 
hydrodynamic and pharmacodynamic properties, slow dissolution rate, and inade-
quate distribution, along with concerns about toxicity and stability, can contribute to 
an inadequate pharmacological response and minimal drug release at the receptor site. 
Despite the numerous neurobiological, pharmacological, and therapeutic challenges 
associated with intravenous administration, healthcare professionals and scientists 
are turning to nano-based carriers as a viable solution. Currently, various methods 
are utilized for manufacturing nanostructured biomaterials, including chemical vapor 
deposition (CVD), biological method, physical/mechanical method, self-assembly 
method, sol–gel method, ultrasound waves-based method, sono-solvo method, and 
hydrothermal method. These methods use different approaches to produce the desired 
nanomaterials, which can vary in terms of effectiveness, complexity, and cost. The 
synthesis of nanostructured biomaterials cannot be accomplished with a single tech-
nique. The optimum strategy is chosen by filtering the alternatives according to 
factors such as the final product, the starting raw material, the cost of the procedure, 
the application, and the quantity being manufactured. The procedures for nanopar-
ticle synthesis are constantly evolving as new tactics and raw materials are discovered 
due to the advancement of innovation. 

2.1 Hydrothermal Method 

The hydrothermal methodology employs a great deal of pressure and temperature 
in a liquid media, usually water, to introduce a variety, in particular nanomaterials. 
In order to facilitate the manufacturing of the final products, the precursor compo-
nents are put into a sealed vessel and heated at a specific pressure and temperature. 
Metallic nanostructures like metal oxides and sulfur compounds as well as natural 
nanostructures including polymeric material and carbon-based materials are also 
extensively fabricated to use this approach. The manufacturing of bio-nanomaterials 
from waste plant, animals, and microbiological sources also use the hydrothermal 
methodology. In a study published in 2019, Satiskumar and colleagues used the 
hydrothermal method for producing nanosized hydroxyapatite crystals from the 
scales of Cirrhinus mrigala fish. Having followed a step of protein removal, the 
dried fish scales were crushed and mixed for two hours at 100 °C and 500 rpm in 
an aqueous NaOH solution to synthesize nano-hydroxyapatite crystals. The nanos-
tructures’ biocompatibility was examined in vitro after they were characterized by 
Transmission Electron Microscopy (TEM), X-ray Diffraction (XRD), and Fourier
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Transform Infrared Spectroscopy (FTIR) techniques. For nanomaterials in espe-
cially, whose characteristics are mainly controlled by their crystal structure, XRD is 
employed to analyze the crystalline structure of materials. High-resolution images 
of nanomaterials are given by TEM, allowing the analysis of their shape, scale, 
and structure. By determining the absorption and transmission of ultraviolet light, 
which can provide details about functional groups and chemical bonds, FTIR is 
used to examine the chemical composition of nanomaterials. These approaches used 
together can support researchers in understanding the properties of nanosystems and 
in developing them for various application. In their study, Satiskumar and colleagues 
demonstrated that the hydrothermal method yielded hydroxyapatite nanorods with a 
diameter range of 30–50 nm, which exhibited exceptional biocompatibility [14]. 

2.2 Ultrasonic Method 

The ultrasonic method is a technique that uses high-frequency sound waves to create 
mechanical vibrations in a liquid solution. These vibrations can induce a range of 
physical and chemical effects, such as generating cavitation microstreaming, acoustic 
cavitation, and acoustic flowing which can lead to the formation of nanostructures 
of various shapes and sizes. The ultrasonic method uses a high-frequency ultra-
sonic instrument to generate sound waves that propagate through a liquid solu-
tion. The sound waves create alternating high/low pressure regions, causing liquid 
molecules to vibrate and collide with each other. This leads to the creation of cavita-
tion bubbles, that can collapse violently, generating high temperatures and pressures. 
These extreme conditions can trigger a range of chemical reactions, including the 
formation of, nanowires, nanospheres, nanotubes, metal/metal oxide nanoparticles, 
polymeric nanoparticles, quantum dots, and nanocomposites. The ultrasonic sound 
methodology has been used for many kinds of applications, including cleaning, food 
processing, agriculture, medical imaging nanosystems, nanomaterial processing, 
nanoelectronic, nanocatalysis, nanodrug, chemical synthesis of nanostructures. It is 
an adaptable and effective way to produce nanomaterials. The acoustic method gener-
ates localized hot spots in the liquid, facilitating chemical reactions that would other-
wise be difficult to perform under normal conditions due to the extreme temperatures 
and pressures within these hot spots. The hotspots produced by the method affect 
extremely high-pressure air bubbles, which rapidly reach temperatures of around 
5000 K in nanoseconds. The size and shape of the final materials generated through 
the ultrasound process are significantly affected by the process’s duration duration, 
ambient temperature, concentration, and other parameters [15]. In 2021, Dai et al. 
synthesized novel nanocarbon structures by modifying the conditions of ultrasonic 
irradiation on a KOH/ethanol mixture. By subjecting a KOH/ethanol medium with 
an amount of 210 mg mL−1 to ultrasonic irradiation for an hour at room tempera-
ture, followed by allowing it to rest at the same temperature for five days, they were 
able to generate carbon nanotubes, nano-sized graphene polyhedra, and single/core 
nanoonions. The ultrasonic synthesis method was used to synthesize different carbon
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structures under varying conditions. A multicore carbon nano-onion was produced 
by subjecting a KOH/ethanol medium with an amount of 105 mg mL−1 to ultrasonic 
irradiation for an hour, followed by allowing it to sit at room temperature for eight 
days. N-diamond nanocrystals were generated when solutions with concentrations of 
210, 105, and 52.5 mg mL−1 were kept at room temperature for seven to fourteen days 
without ultrasonic irradiation. However, when the same process was applied after an 
hour of ultrasonic irradiation, graphene was synthesized. These results demonstrate 
how changing the conditions of sono-based synthesis can significantly impact the 
resulting products [16]. 

2.3 Pyrolysis Method 

Pyrolysis is a process that involves heating precursor materials to high tempera-
tures without the presence of air to create nanostructures. Typically, the precursor 
compounds undergo heat treatment in a vacuum within an oven or reactor, with 
temperatures ranging from a few hundred to over a thousand degrees Celsius. During 
combustion, the precursor compounds undergo chemical processes such as polymer-
ization, cross-linking, and dehydrogenation, leading to the formation of solid mate-
rials that are carbon-rich. With further processing, these materials can be converted 
into various types of nanomaterials, such as carbon nanotubes, graphene, and metal 
oxide nanostructures. The primary benefit of the pyrolysis approach is that it enables 
exact control of the form, composition, and size of the resultant nanostructures by 
modifying a variety of processing factors such as temperature, pressure, and compo-
sition of the precursor materials. The process is also relatively simple to apply, adapt-
able, and has the potential of yielding huge quantities of nanostructures. The pyrolysis 
method involves applying heat energy to the material in order to produce and modify 
it. For the synthesis of nanomaterials, direct or microwave-assisted decomposition 
processes are commonly employed. This method is widely used in the production of 
quantum dots (QDs) due to its ability to produce QDs in large quantities. While there 
are more efficient methods for producing small-diameter QDs, their effectiveness 
decreases in large-scale applications [17]. In a study published in 2021, Agnol and 
colleagues used the pyrolysis method to synthesize quantum dots from microalgae 
called Spirulina. They applied the pyrolysis process to the microalgae at a temper-
ature of 300 °C for a duration of 2 h. The average size of the synthesized QDs was 
10 nm, and a quantum yield of 23% was calculated with regard to the synthesized 
QDs. The research presented here shows that pyrolysis may serve as a beneficial 
method to generate high-quality QDs from renewable resources, such as micro algae, 
with prospective applications in a variety of industries, including medical treatment, 
electronic devices, and energy [18].
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2.4 Chemical Vapor Deposition (CVD) Method 

CVD is a technique used to produce a variety of nanoscale components, including 
carbon structures. In CVD, several precursor gases are vaporized and injected into 
a reaction chamber, where they interact and settle onto a substrate to form a thin 
coating or nanostructure. To speed up the deposition process, the substrate may 
be heated or maintained at certain temperatures. Depending on the precursor gases 
and deposition conditions selected, the deposited material can have a wide range of 
forms and characteristics. For example, carbon nanotubes, diamond, quantum dot, 
and graphene are a few examples of the carbon-based materials that can be produced 
with CVD. The resulting structure, functionality and size of the carbon nanostruc-
ture can be influenced by the precursor gases and deposition conditions used. For 
instance, hydrocarbons and a metal-based catalyst, such as Ni, Fe, and Cu can be 
used to prepare carbon nanotubes, while high quality graphene can be produced using 
hydrocarbon gas and a substrate with a specific crystalline structure. Overall, CVD 
is a versatile method for producing various kinds of nano-sized materials, including 
carbon structures [19]. In a study published in 2019, Irfan et al. used a method known 
as Chemical Vapor Deposition to generate small particles that were composed of iron 
(Fe), cobalt (Co), and a mixture of both (Fe–Co). The method consisted of heating the 
gas to 1000 °C, which formed small nanoparticles covered in a covering of carbon. 
From 51 to 165 nm, the researchers were able to synthesize nanostructures and exam-
ined how the reaction temperature changed the size of the particles. It was observed 
that the size of the nanomaterials enhanced together with the reaction temperature. 
Overall, their investigation suggests that synthesizing nanostructures using CO2 gas 
and CVD is successful and highlights the significance of reaction temperature control 
to achieve ideal size of the particles [20]. 

3 Drug Delivery Systems 

Based on biologically physico-chemical, and mathematical theories, various methods 
have been used to deliver medicinal products to humans or animals in a way that 
is controlled. With this approach, the product is healthier, the patient has a more 
comfortable qualifications, and the therapy is a greater success. Maintaining drug 
levels in the circulatory system within the limits of optimal concentration and least 
toxic level is one of the fundamental objectives for controlling the release of medica-
tion since it is vital to gaining the intended beneficial effects. Nano-drug therapy is 
an advanced treatment strategy for many different diseases. It involves using drugs 
to treat a specific illness. The amount of the drug present at the site of the medical 
condition or damage is an essential factor in determining the effectiveness of the 
therapy. When drugs are administered, they enter the bloodstream and can circulate 
throughout the body. The goal of drug therapy is to maximize the release of the 
active ingredient at the site of the tumor or affected area where it is most needed
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while minimizing its release in other areas of the body. This is important because it 
can help to maximize the drug’s therapeutic effects while minimizing potential side 
effects. Targeted drug delivery can be achieved through various strategies, including 
encapsulation or coating of drugs with nanomaterials, use of nanoparticles or lipo-
somes, localized injection of the drug, or drug implantation. By controlling the release 
and distribution of drugs within the body, nanodrugs can be tailored to effectively 
manage a range of conditions. In recent years, the field of bio-nanostructured drug 
delivery systems has become increasingly fascinating. Compared to conventional 
biofilms, these systems have the potential to significantly improve the therapeutic 
effect of drugs by delivering them directly to the targeted region. Various nanoma-
terials, such as thermo-sensitive nanogels, biopolymeric nanofibers, nanocompos-
ites, green-synthesized nanoparticles, nanotubes, and multilayered structures such 
as MXenes, have been extensively researched as drug delivery systems. Scientists 
aim to develop safer and more effective treatments for a wide range of diseases using 
these innovative approaches to drug delivery, ultimately improving patient health 
[21]. It is possible to deliver numerous dosages of drugs in a short amount of time 
without changing the amount of the pharmaceuticals in the bloodstream. Patients 
may fail to adhere to their drug plan as a result, though. To deal with this problem, it 
is necessary for researchers to create small vehicles (nanocarriers) that provide drugs 
continuously over an extended period, hence requiring minimal dosages. To achieve 
this, the drug should be released at a constant rate, which is called a zero-order drug 
release kinetic model. If a drug delivery system doesn’t release the drug effectively, 
its potency may be reduced. Depending on the intended use of the system, drugs 
can be delivered in various ways. These delivery mechanisms can occur simultane-
ously or at different stages. To develop controlled-release systems, it’s important to 
understand these kinetic mechanisms. Table 1 displays various kinetic models. 

Table 1 Different kinetic models 

Model Formula References 

Zero-order Mt 
M∞ 

= ktn [22] 

Ritger-Peppas Mt 
M∞ 

= K0t [22] 

First-order ln(1 − Mt 
M∞ 

) = −K1t [23] 

Higuchi Mt 
M∞ 

= KH t0.5 [23] 

Korsmeyer-Peppas Mt 
M∞ 

= KK tn [23] 

Hixson-Crowell (
1 − Mt 

M∞

) 1 
3 = −KHC t 

[24] 

Baker-Lonsdale 3 
2

[
1 −

(
1 − Mt 

M∞

) 2 
3
]

− Mt 
M∞ 

= KBL  t 
[24] 

where t: time,  Mt: cumulative release of the drug in time t, and M∞: the theoretical maximum 
release of the drug. K: model release constant, and n: the diffusion exponent
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Some of these mechanisms include erosion, swelling, partitioning, dissolution, 
and diffusion. Erosion and diffusion, which are commonly referred to as sustained 
release, are two of the most common mechanisms. The sustained release profile is 
particularly important for drugs that are rapidly metabolized and eliminated from 
the body, as it allows the drug to be administered at the determined optimum dose 
over an extended period. This controlled drug release mechanism helps to maintain 
a constant release rate and drug concentration in the bloodstream, which is crucial 
for effective cancer treatment. In contrast, immediate-release drugs cannot control 
the dose, leading to potential differences in drug concentration in both plasma and 
tissue. However, in some cases, drug-laden transporters may be released rapidly 
initially, which can cause potential problems. The targeting mechanism occurs as a 
pharmacological event across several biological regions, such as cancer cells, when 
targeted drugs are delivered with internal stimulus. Depending on how cancerous 
cells and the surrounding tissue react and respond during their interactions with 
suitable nanocarriers that many different types of pathways can be formed. 

3.1 PH-Responsive Delivery Mechanisms 

pH-responsive drug delivery mechanisms refer to the ability of certain nanocar-
riers to release pharmaceuticals in response to changes in pH levels. For example, 
when exposed to the acid environment of a cancer cell, a pH-sensitive nanocarrier 
can release its payload of drugs. This pH-responsive behavior is particularly useful 
in cancer treatment, as it enables targeted drug delivery to cancerous cells while 
minimizing damage to normal tissue. Different strategies can be used to achieve 
pH-responsiveness, such as incorporating pH-sensitive groups into the bio-based 
nanocarriers or designing the nanocarrier to respond to the pH gradient between the 
cancerous area and healthy tissue. The broad application of pH-responsive nanos-
tructures in cancer treatment is a consequence of the distinctive acidic properties that 
tumors exhibit, which are not typically found in other drug delivery systems. pH-
responsive nanostructures release drugs in response to changes in pH levels, making 
them particularly effective in targeting cancerous cells while minimizing damage to 
normal cells. These small particles react to the acidic environment by undergoing 
changes in their structure and releasing the drug payload. The ability to control the 
release of drugs in response to pH changes is what makes these nanostructures so 
useful in cancer therapy. By specifically targeting cancer cells and avoiding healthy 
tissue, pH-responsive nanostructures offer a promising strategy for drug delivery in 
cancer treatment. Pharmaceutical substances have been delivered to a target biolog-
ical organ or cellular area more quickly by taking advantage of the changing pH 
levels shown in illnesses such as cancer or inflammatory. Use of endosomes or lyso-
somes is required in order to achieve this. Tumor cells and other disease-affected 
tissues, such as inflammatory areas, typically exhibit a low pH level (acidic) of 
about 6.5, which is nearly one pH unit less than the pH of normal blood (7.4). 
Furthermore, a decrease in pH levels between 5.5 and 5.0 is observed in intracellular
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vesicles, including lysosomes and endosomes. pH variations enable the develop-
ment of delivery systems for drugs that maintain stability at biological pH levels, 
decreasing pharmaceutical loss during bloodstream circulation. The release of anti-
cancer medicines at the site of action and the achievement of focused antitumor 
activity can occur as a result of these systems becoming much more disturbed in 
acid conditions, such as cancerous tissue. To target the acidic microenvironments in 
tumors, biopolymeric nanocarriers have been developed using two primary design 
approaches. The first method involves the use of pH-responsive biopolymers with 
chemical groups capable of donating or accepting ions. These polymers are typically 
deprotonated under normal physiological conditions but become protonated in acid 
environments, leading to morphological changes, modifications in hydrophobicity, 
and subsequently, the release of the pharmacological cargo. During the development 
of pH-responsive biobased nanocarriers, it is common to use biopolymers containing 
electroactive groups (such as weak acids or bases) to break down the biopoly-
meric structures. Microspheres are formed inside healthy cells or on the surface of 
cancerous cells in an acidic environment. pH-responsive biopolymeric nanocarriers 
are created using a variety of biopolymers. Some common examples of such biopoly-
mers include poly(lactic acid-co-glycolic acid) (PLGA), starch, modified starch, 
poly(acrylic acid) (PAA), poly(methacrylic acid) (PMAA), polycaprolactone (PCL), 
sodium caseinate, poly (propylene fumarate) (PPF), xanthan gum, whey protein 
isolate, poly(glutamic acid) (PGA), poly(propylene oxide) (PPO), carboxymethylcel-
lulose (CMC), gelatine, alginate, pectin, polylactic acid (PLA), poly (pentadecalac-
tone) (PPDL), chitosan, cellulose acetate phthalate (CAP), hydroxypropyl methyl-
cellulose (HPMC hydroxypropyl cellulose (HPC), hydroxyethyl cellulose (HEC), 
poly(glycerol sebacate) (PGS), polyamidoamine (PAMAM), polyethylene glycol 
(PEG), polyethyleneimine (PEI), poly(N-isopropylacrylamide) (PNIPAM), sulfated 
polysaccharides, poly(propylene glycol) (PPG), polyvinyl alcohol (PVA), polysor-
bate 80, poly(butylene succinate) (PBS), poly(N-isopropylacrylamide-acrylic acid) 
(PNA), poly(sebacic anhydride) (PSA), Hyaluronic acid (HA), polyaspartamide, 
phosphatidylcholine, dextran sulfate, carrageenan, cashew gum, guar gum, gellan 
gum, zein, pullulan, cyclodextrin, tea polyphenols, and green tea components. In 
Table 2, some examples of some bio-based delivery systems are given.

By protonating the carboxylate groups, the attractive forces between a drug 
(cationic) and an biopolymer (anionic) can be reduced, thereby enabling the release 
of the cargo at acidic pH values. The second design approach for pH-responsive 
nanostructures involves incorporating bifunctional acid-sensitive bonds into their 
composition. These bonds can be broken at acidic pH levels, causing the selective 
release of drug cargoes that are either enclosed within or attached to the nanos-
tructures, through the disruption of interactions between the polymer and the drug 
or within amphiphilic block copolymers. In 2017, Bardajee et al. developed a novel 
thermo- and pH-sensitive nanogel that incorporated branched N-isopropylacrylamide 
(NIPAM), salep-modified graphene oxide (SMGO), and acrylic acid (AA). They 
investigated the consequences of loading Doxorubicin (DOX) onto the manufactured 
nanoformulations and discovered that in a low-temperature, pH-7.0 environment, 
drug (DOX) release was delayed. Yet, it was shown that a pH 7 environment and



Nanostructured Biomaterials in Drug Delivery 247

Table 2 Examples of some bio-based delivery systems 

Bio-based nanostructure Delivery system 

Cashew gum nanocarrier Drug delivery system 

Xanthan gum-based nanocarrier Drug delivery system 

Collagen/nano-hydroxyapatite gel Drug delivery system 

Alginate/chitosan-coated 
cellulose nanocrystal 

Oral antigen delivery system/mucosal immune 
responses 

Hyaluronic acid-magnetic nanocomposites Gene delivery system 

Gum polysaccharides based nano-composite Drug delivery system 

Propolis extract loaded nanoformulation Drug delivery system 

Gum arabic/nanomagnetite-Dunaliella 
salina extract 

Oral drug delivery system 

Chitosan-based nanodrug Drug delivery system 

PAA-CMC-halloysite nanotubes Controlled drug delivery system 

PEG- PAA Drug delivery system 

PVA/ PAA electrospun nanofiber Drug delivery system 

Guar gum/PAA-silver nanofilm Drug delivery system 

Zein-xanthan gum nanodrug Drug delivery system 

Graphene oxide-based nanodrug Drug delivery system 

Ti3C2Tx MXene-PEG-cystamine Drug delivery system 

Chitosan/hyaluronic acid-MXene/gold 
nanorods 

Near infrared responsive drug delivery system 

Hydroxyapatite-Ti3C2 MXene/gold nanorods Triggered drug delivery system 

ZnO 
nanoparticles-polyethyleneglycoldiacrylate 
cross-linked carboxymethyl tamarind kernel 
gum/polysodiumacrylate composite 

Drug delivery system 

Graphene oxide-gelatin-polyvinylpyrrolidone 
almond oil nanoemulsion 

Drug delivery system

higher temperature dramatically improved drug release. Up to a dosage of 410 g/mL, 
the DOX-loaded nanomedicine had no negative effects on cell viability, according 
to the study. Furthermore, the nanomedicine had higher effectiveness when tested 
against HeLa cells than the equal amount of DOX. These results imply that the novel 
nanomedicine have a great potentiality for use as an effective drug delivery system 
for the fight against cancer [25]. In a work published in 2022, Gao et al. produced a 
novel kind of nanogel termed PTX/Bio-NG with the intention of selectively targeting 
breast cancer cell lines. Paclitaxel, a chemotherapeutic drug, was embedded in this 
hyaluronic acid-based nanogel. The spherical nanogel was developed to have dual 
targeting characteristics by incorporating CD44 and biotin receptors in order to 
improve the targeting performance. The scientists found that the amount of drug
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that was effectively captured within the spherical nanostructure (encapsulation effi-
ciency), was extremely high for the PTX-loaded nanostructure. The PTX-loaded 
nanostructure exhibited an encapsulation efficiency of 90.17 ± 0.52%. Moreover, 
the capacity of the nanostructure for drug loading, was also found to be high at 
15.28 ± 0.10%. These findings indicate that the PTX-loaded nanostructure has a 
high drug loading capacity, high entrapment efficiency, and dual targeting, making it 
a potential therapeutic delivery system for chemotherapy in breast cancer. The scien-
tists discovered that in the presence of hyaluronidase and/or lipase, the PTX-loaded 
nanostructure they created rapidly released the drug. Based on research conducted 
on cell lines, they found that 4T1 cells absorbed the nanostructure through the CD44 
receptor and bio-specific proteins. Additionally, they observed that the PTX-loaded 
nanostructure was more cytotoxic to 4T1 cells than PTX-loaded biotin-free nanos-
tructure. During their in vivo studies using mice with 4T1 tumors, they observed 
a remarkable therapeutic efficacy of the PTX-loaded nanostructure. They claimed 
that the nanostructure exhibited better pharmacological properties than Taxol and the 
combined action of hyaluronic acid and biotin in the nanostructure produced an excel-
lent tumor targeting effect. Based on these findings, the researchers concluded that 
PTX-loaded nanostructure could be an excellent candidate for breast cancer treat-
ment [26]. To encourage healing process in skin problems, Zhang and colleagues 
designed a biocompatible nanomaterial with redox-sensitive functionalities. The 
radical emulsion polymerization strategy was employed by the researchers to synthe-
size redox-sensitive PNA-based nanostructure. Scientists found that the biocompat-
ible membranes containing PNA enhanced cell adhesion as well as proliferation in 
compared to the natural PLLA membrane through in vitro biological assessments. 
They showed that the PNA-loaded nanomembranes’ bonds are formed controlled 
the redox potential and adjusted the Reactive Oxygen Species (ROS) level in the 
damaged epidermis, speeding the process of healing in in vivo experiments using 
a mouse skin injury model. Consequently, the research showed that PNA-loaded 
nanomembranes could be an effective treatment for skin diseases by balancing ROS 
levels and promoting skin regeneration [27]. In 2017, Wang et al. synthesized novel 
hyaluronic acid-coated chitosan nanoparticles (NPs) to enhance the chemothera-
peutic efficacy of the cancer drug 5-FU. The goal was to target therapeutic agents 
to cancerous cells using CD44. The researchers observed a stable release profile of 
5-FU from the nanoformulation with 75% of the total 5-FU released in the first 48 
h. They found that the interaction between HA and CD44 facilitated more effective 
drug delivery to cancerous cells when CD44 was overexpressed, resulting in greater 
drug accumulation in these cells compared to free pharmaceuticals and uncoated 
NPs. Based on these findings, the researchers concluded that HA-coated chitosan 
NPs could represent a promising approach for inducing apoptosis in tumor cells 
and treating cancer effectively. Finally, the study demonstrated the potential of HA-
coated chitosan NPs for CD44-mediated drug delivery to cancer and improving the 
therapeutic efficacy of 5-FU and other anticancer agents [28]. In their 2022 study, Tak 
et al. developed a synthesis way to produce graphene quantum dots from of Polygala 
tenuifolia extracts for the inhibition of acetylcholine esterase. They then functional-
ized the graphene quantum dots with donepezil hydrochloride to create DO-loaded
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graphene quantum dots, which were compared to the conventional Alzheimer’s drug. 
The scientists found that the novel DO-loaded graphene quantum dots demonstrated 
greater inhibitory activity on acetylcholine esterase compared to graphene quantum 
dots alone or the conventional medicine. Moreover, the study revealed a synergistic 
effect between the pharmaceutical delivery mechanism and the Polygala tenuifolia 
root extract in the Alzheimer’s disease treatment process. The research concluded 
that the prepared DO-loaded graphene quantum dots represent a safe and effective 
drug delivery system for Alzheimer’s treatment, with potential for future medical 
applications [29]. Reddy et al. developed a novel drug delivery system in 2019 
by incorporating acetyl curcumin (AC) into PLGA liposome nanostructures. The 
researchers found that at its highest rate, 48% of the drug was released from the 
nanocarriers within approximately 4 days. The study also showed that the prepared 
nanostructure released more AC than the free drug due to functional group interac-
tions between the lipid head groups and AC. Importantly, the researchers observed 
no cytotoxicity on the HDFa cell line, suggesting that the nanostructures are safe for 
normal tissues. Based on these results, the researchers suggested that the proposed 
nanostructure could serve as a promising drug delivery system for clinical applica-
tions [30]. In order to look into the possibility of employing exosomes loaded with 
lapatinib as a drug delivery vehicle, Deirmenci et al. conducted an investigation in 
2022. Exosomes were extracted from normal breast epithelial cells, and it was found 
that their good biocompatibility, and low toxicity make them more appropriate as 
carriers than synthesized nanostructures. In HER2 (+) SKBR 3 cell line, and MCF10 
cell line, the pharmacological effects of Lapatinib/exosomes, free Lapatinib, and 
uncharged exosomes were tested. In contrast to free Lapatinib, they observed that 
exosomes carrying Lapatinib were more effective at preventing division of cells and 
maintaining apoptosis in different types of cancer cells. The researchers hypothe-
sized that using nanocarriers loaded with lapatinib would allow the use of drugs at 
smaller doses. Overall, the study suggests that exosomes loaded with Lapatinib have 
the potential to be used as a drug delivery tool in cancer treatment [31]. 

3.2 ROS-Responsive Delivery Mechanisms 

Highly reactive chemicals known as ROS have the potential to harm cells if improp-
erly controlled. Cells have created a number of pathways that can react to variations 
in ROS levels in order to protect themselves against damage that ROS causes. Super-
oxide dismutase, glutathione peroxidase, and catalase are a few antioxidant enzymes 
that cells contain that can reduce ROS by converting them into less dangerous 
molecules. Heat shock proteins (HSPs): HSPs have a role in preventing oxidative 
cellular damage and can be generated in response to ROS and other cellular stres-
sors. HSP70, for instance, can inhibit particle agglomeration brought on by ROS. 
A few transcription factors, such NRF2, can activate the production of enzymatic 
antioxidants and other chemoprotective proteins in response to ROS. During the
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process of autophagy, cells can recycle undesirable or damaged parts of their struc-
ture, including ROS-affected parts. Together, these processes defend cell lines from 
ROS-caused harm and preserve cell balance. In 2023, Gandomi et al. developed a 
novel nano-sonosensitizer by coating metal/metal oxide hybrid-based nanocarriers 
with l-cysteine and graphene quantum dots. When exposed to internal and external 
factors such as sonic and pH modifications, the bio-nanoformulation was able to 
alter its surface characteristics in tumor cells and enhance its sonocatalytic prop-
erties. In contrast to the free form of curcumin, they observed that using the bio-
nanoformulation as a drug delivery vehicle for curcumin in chemo-sonodynamic 
treatment resulted in a significant suppression of A549 cells. The l-cysteine/hybrid-
based nanocarriers and bio-nanoformulation demonstrated high drug loading effi-
ciencies of 61.3% and 72.2%, respectively [32]. Overall, the research indicates that 
the novel bio-nanoformulation is an effective and safe approach to treating cancer. 

4 Target Delivery of Chemotherapeutic Nanodrugs 

Cancer has complicated pathophysiological effects. Uncontrolled cell growth, the 
method by which cancer cells function, is currently incompletely defined. The 
copying of genomic DNA and the segregation of new cells, which takes place in 
multicellular organisms, are the two fundamental regions that are under the control 
of the cell cycle. Typically, cancerous cells move through cell cycle checkpoints, 
which is one of the precursors to the cancer process. Proliferative growth, apoptosis 
release, tumor growth, and angiography are the four main aspects that set cancerous 
cells apart from healthy cells (Fig. 2). 

Fig. 2 Characteristics of cancer cells
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It is essential to provide anticancer bio-based nanodrugs in a way that maximizes 
their bioavailability to cancerous cells and minimizes their side effects on normal 
tissues. Drug delivery techniques must be used for this to operate. These nanoparti-
cles’ shape, size, and morphology have a crucial role in how rapidly the therapeutics 
are delivered to the target cells. It is possible to boost therapeutic potential, lessen 
cytotoxicity to normal tissues, and enhance patient outcomes by applying suitable 
and selecting these properties. Because of this, researchers focus on developing 
nanodrug distribution strategies that can increase the bioavailability of anticancer 
drugs while reducing their adverse effects on immune tissues. Nanomaterials are 
currently being used in drug delivery systems for chemotherapy due to their favor-
able properties such as penetration and stability in target tissues (Fig. 3). Typically, 
bio-nanostructures ranging from 10 to 200 nm in size are selected for this purpose. As 
a result, nanotechnology has emerged as a promising area for cancer chemotherapy 
[33, 34]. The dimensions, shapes, and surface characteristics of nanoparticles play a 
role in drug delivery systems for biomedicine. Various techniques have been devel-
oped to target specific regions using nanomaterials. To enhance the effectiveness of 
bio-based nanodrug release, scientists are concentrating on antibodies or ligands that 
match the surfaces of abnormal increases on the endothelial cells of cancerous cells, 
which are targeted when aiming for tumor blood vessels. In contrast, normal cells 
show minimal increases in these surfaces. To increase of bio-based nanodrug release, 
an alternative method is to focus on tumor cell membranes that possess receptors 
that differ greatly from those present in normal cells. This is achieved by employing 
cell-binding ligands such as hyaluronic acid and folic acid, which can attach to these 
receptors. As a result, nanocarriers can bind to these areas and augment drug release. 
Further methods for subcellular organelle delivery involve targeting mitochondrial 
and nucleus in addition to cancerous cells. To induce death in cancer cells using the 
mitochondrial method, tri-Phenyl-Phosphonium (TPP) is absorbed into the cellular 
membrane during nanodrug trials, triggering Caspase9 and Caspase 3 pathways. In 
contrast, the goal of anticancer drugs in the core-targeted approach is to target the 
DNA and core-based enzymes. Yet, very small pores must be crossed in order for 
agents to go from the cell’s cytoplasm to its nucleus. The advantage of nanoparticle 
drugs in this regard derives from their small dimensions. Furthermore, gene therapy 
strategies can also involve modifying the properties. By reducing the expression of 
gene mutations during treatments, regenerative medicine methods including plasmid 
DNA and miRNA can induce the elimination of cancerous cells [35]. New chemother-
apeutic drug development is regarded as a top priority by pharmaceutical companies 
and researchers worldwide. Chemotherapy may be substantially more successful by 
novel therapeutic strategies that highlight bio-based chemotherapeutic nanodrugs. 
Hundreds more pharmaceuticals that bio-based chemotherapeutic nanodrugs are 
currently in preclinical or scientific research, and dozens have successfully entered 
various phases of clinical testing, which highlights the ongoing efforts of drug compa-
nies and researchers to develop novel chemotherapeutic drugs. Ivosidenib, Napabu-
casin, Venetoclax, and Vismodegib are the four targeting drugs whose commercial
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use has been authorized. By preventing the STAT3 protein from functioning, napabu-
casin is used to treat pancreatic and stomach cancer. Advanced basal cell carci-
noma is treated with vismodegib, an inhibitor of the Hedgehog signaling system. 
Relapsed acute myelocytic leukemia is treated with the IDH1 inhibitor ivosidenib. 
Small lymphocytic lymphoma and chronic lymphocytic leukemia are both treated 
with venetoclax, a Bcl-2 inhibitor [36]. With the development of nanomedicine, 
studies on improving cancer chemotherapy are increasing day by day [37]. Table 3 
lists some nanodrugs and cancer treatment. 

By conjugating nano-drugs with ligands that target tumors and encourage their 
intracellular uptake, anti-cancer medications can be enhanced in their efficacy. More-
over, negatively charged nano-drugs often stay in the bloodstream for longer periods 
of time and are less likely to be metabolized by cancerous cells, which decreases 
intracellular concentration of the drug. For this reason, researchers are focused on 
overcoming the limitations associated with negatively charged surfaces to improve 
the efficacy of nano-drugs. To increase the amount of drug inside cancer cells, posi-
tively charged nano-drugs are preferred, as they have a higher chance of being taken 
up by these cells. There are several methods of producing positively charged nano-
drugs, including conjugating them with ligands that target specific receptors. In 2022, 
Huang et al. developed a positively charged nanodrug to improve cancer intracellular 
uptake. They used carbodiimide, hydroxysuccinimide, and platinum. They synthe-
sized metal-polymer-chlorin by reacting polyethyleneimine. In order to obtain the 
bio-nanostructure, with an average size of 160 nm and a spherical structure, the 
resulting polymer was dissolved in deionized water and filtered. Hyaluronic acid 
was used to coat the bio-nanostructure in order to give them a negatively charged 
surface potential and enhance the targeted delivery of bio-nanostructure to melanoma

Fig. 3 Schematic presentation of targeted drug delivery systems
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Table 3 The use of nanomedicine-based commercial formulations in cancer treatment 

Name Nanodrug-nanosystem type Cancer type-approval date 

Lipoplatin™ Cisplatin-Liposome Nonsmall cell lung, head and neck, 
ovaria, gastric cancer-2005-Chinese 

Lipusu® Paclitaxel-Liposome Nonsmall cell lung, breast, gastric 
cancer-2013-FDA 

Myocet® Doxorubicin-Liposome Breast cancer-2000-EMA 

Cornell dots Silica NPs-cRGDY peptide Brain cancer-clinical stage ongoing 

AZD2811 Nanomicelles-Aurora kinase inhibitor Solid tumors-clinical stage ongoing 

NC-6004 Nanomicelles-cisplatin Lung cancer, bladder, pancreatic 
cancer-clinical stage ongoing 

Abraxane® Paclitaxel-Albumin nanoparticle Breast cancer-2005-FDA 

AGuIX Gadolinium based nanoparticle Lung and pancreas cancer-clinical 
stage ongoing 

Genexol-PM® Paclitaxel-Micelle Breast cancer-2007-FDA 

Nano-QUT Quercetin-PLGA-PEG nanoparticles Oral cancer-clinical stage ongoing

cells that overexpress CD44. The hyaluronic acid was degraded by the positively 
charged bio-nanostructure which increased the absorption into tumor cells. In their 
in vivo study, they showed that bio-nanostructure has anti-cancer properties against 
melanoma cells in mice [38]. In another study, Mo et al. designed a nano drug 
system that combines drug delivery with cooperative chemo-photothermal anticancer 
potential. They used a hydrothermal method to produce molybdenum disulfide nano-
layers and dispersed 50 mg of lipoic acid functionalized polymer (PEG) in 20 mL 
of molybdenum disulfide dispersion. They produced the molybdenum disulfide/PEG 
composite after 24 h of continuous stirring. To develop the nanocomposite, they added 
3 integrin binding peptide to the composite. The anticancer drug (DOX) was used to 
manufacture the nano-drug in the final stage after the required centrifugation proce-
dures. The resulting 200–300 nm-sized flower-like nanomaterials. Using the MTT 
assay, the produced nanocarrier MPRS’s cytotoxicity against MCF-7 cells, VSMC 
cells, Hela cells, and H9c2 cells was assessed. The produced nano drug’s release 
in the tumor microenvironment was boosted, increasing its ability to destroy tumor 
cells while decreasing its toxicity against healthy cells [39]. In another study, Skoll 
et al. investigated into the development of proteinaceous serum albumin nanocar-
riers with plant oil that do not contain hazardous cross-linkers or potentially harmful 
non-aqueous solutions. They used a sonochemical method with different plant oils 
to produce these nanomaterials, which produced particles with limited size distri-
bution and stable suspensions that can be frozen to keep for a long period. Using 
bio-nanocarriers (molar ratio: 7/1), they were also succeeded in integrating wheat 
germ agglutinin as a target molecule into the shell. Researchers found that nanocar-
riers had up to a 55% higher cell binding potential than those without a targeter after 
conducting urothelial cell binding assays [40]. It shows that targeted protein nanocar-
riers could be an innovative pharmaceutical delivery approach. Recent studies have
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shown promising results in the field of nanomedicine for treating difficult condi-
tions, particularly in the area of neurodegenerative diseases such as Parkinson’s, 
Alzheimer’s, and Huntington’s. These problems are often challenging to treat effec-
tively, and nanomedicine offers new approaches to combat them. Central nervous 
system disorders (CNS) are a group of diseases that also lack effective treatment 
options. Among these, gliomas and glioblastomas, two types of brain cancer, are the 
most common tumors in the central nervous system of adults. Systems for treating 
these disorders with nanomedicine should have no trouble crossing the blood–brain 
barrier. Peng et al. conducted a study in 2018 to assess the effectiveness of a combi-
nation therapy approach on glioma apoptosis and cancer progression inhibition. The 
therapy consisted of temozolomide and a folate-targeted nanocarrier that delivered 
anti-BCL-2 siRNA. The nanocarrier was designed to improve the permeability of the 
blood–brain barrier. In their in vitro cell study, the researchers observed a significant 
apoptotic response in cancer cells, which was attributed to the suppression of the 
BCL-2 gene and activation of the proapoptotic Bax gene [41]. In the last few years, 
the advancement of intelligent nano-drugs has led to a rise in research on reducing 
the insufficiency and toxic impacts of drugs used in tumor cells with a complex 
structure. As nano-based drugs advance to clinical trial stages, it is expected that 
more efficient mechanisms will be uncovered in the following years. The escalation 
in productive in vitro and in vivo studies demonstrates these outcomes. 

5 Challenges and Prospects 

Bio-based materials are now used in the development of delivery nanosystems 
because of the growing fascination with developing environmentally and biologi-
cally safe nano delivery systems. Drugs for both treating and diagnosing a wide 
range of illnesses and conditions can be carried by these bio-based systems. Bio-
based nanomaterials are recommended since they often come from plants or animals 
and are less likely to have adverse effects on the body. Extensively biobased struc-
tures are frequently employed in tissue engineering. They are now being used more 
frequently in nanodelivery systems because of their biocompatibility and minimal 
cytotoxicity. It is suggested to investigate the effects of this nanodrug system on 
several kinds of cancer cells, including triple-negative and non-hormone sensitive 
breast cancer cell lines. Focusing the nanodrug conjugate on the location of the tumor 
and delivering it directly to the tumor tissue will help to reduce adverse effects. Bio-
based nanomaterials can therefore be altered by an antibody to enhance its ability to 
target tumor cells. Based on the research that is currently available, it would seem that 
bio-nanocarriers are a good choice for encapsulation techniques because they can 
provide stable capture and can be customized for food packaging and drug applica-
tions. The development of bio-nanocarriers still faces some difficulties, nevertheless. 
Studies are being done to suggest low-cost, straightforward manufacturing methods 
that can be scaled up to satisfy market demand, notably in the pharmaceutical indus-
tries, in order to address these problems. To enhance the functionality of produced
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bio-nanocarriers, more research is required on the biomedical research of biopolymer 
derivatives in vivo as well as on enhanced combinatorial bio-nanocarriers. 
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Nanostructured Biomaterials in Drug 
Delivery: Current Trends and Upcoming 
Possibilities 

Pankaj Sharma 

Abstract Materials in the nanoscale category are used for diagnostic purpose or to 
administer therapeutic material to specialized targeted places in a regulated manner in 
the relatively young but rapidly emerging field of nano-biomedicine. In the treatment 
of chronic human illnesses, nanotechnology has a number of advantages, including 
the targeted and site-specific administration of precise medications. The use of nano-
biomedicine (chemotherapeutic substances, biologic substances, immunotherapeutic 
substances, etc.) in the therapy of many illnesses has recently resulted in an array of 
notable developments. By doing careful examination of the development and appli-
cation of nano-biomaterials to enhance the effectiveness of both new and old drugs 
(such as natural therapeutics) and particular detection by means of illness marker 
molecules, this chapter gives a revised overview of current developments in the 
discipline of nano-biomedicines and nano centred systems for drug delivery. The 
benefits and drawbacks of employing nanomedicines for the therapeutic administra-
tion of pharmaceuticals derived from synthetic or natural sources are also discussed. 
Additionally, we provided details on the developments and aspirations in the field of 
nanomedicine. 

Keywords Nano-biomaterials · Drug carriers · Biomaterials · Drug delivery ·
Nano-biomedicine 
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EPR Enhanced permeability and retention 

1 Introduction 

Humans have long employed natural remedies derived from plants to treat a variety 
of illnesses. The majority of modern medications are made from herbs using conven-
tional wisdom and methods. On the market today, the most significant pharmaceutical 
compounds and their derivatives make up around 25% of the total [1, 2]. A starting 
point for the creation of novel pharmaceuticals is natural compounds with varied 
molecular ancestries. Designing lead compounds that are synthetically accessible 
and resemble their counterparts’ chemistry is the latest fad in natural product-based 
pharmaceutical research [3]. Only a few of the astounding properties that biomate-
rials exhibit include remarkable chemical variation, biological and chemical potential 
including macromolecular accuracy, and decreased noxiousness. They do so because 
they see them as good prospects for developing new drugs [4]. Additionally, target-
based drug deliveries, drug prediction at the cellular level, and other next-generation 
pharmaceutical breakthroughs have all been made possible thanks to computational 
techniques. 

Despite the benefits, healthcare industries [5] are disinclined to pay-out additional 
funds on biomaterial-based medicaments development and medicaments delivery 
setup, attempt to uncover new medicines by searching over databases of chem-
ical substances. However, natural moieties are now being used to treat a number 
of grave diseases, such as cancer, inflammatory, microbiological, and cardiovas-
cular issues. The specific advantages that natural medicines offer like less toxicity and 
side responses, cheap cost, and potent therapeutic value are largely to blame for this. 
Nevertheless, it is more challenging to use natural compounds as medications because 
of concerns regarding their bioactivity and security. Numerous natural compounds are 
stalling in the clinical study stages as a result of these problems [6–8]. It is extremely 
difficult to use large-scale biomaterials for drug delivery because of their in vivo 
instability, poor body absorption, decreased solubility and bioavailability, difficulties 
with site-specific delivery, problems with tonic performance, and possibly even nega-
tive pharmacological effects. Therefore, a different approach to solving these urgent 
issues may be to employ cutting-edge drug delivery techniques to target treatments 
at specific body regions [9, 10]. Therefore, nanotechnology has a significant influ-
ence on the formulations of contemporary medications, as well as their successful 
delivery and regulated disintegration. In a diversity of medical domains, involving 
nano-medicaments and nano-scaled drug delivery networks, where such substances 
are of particular significance, the use of nanomaterials and nanophases has shown the 
ability of nanotechnology to establish a connection between the physical and biolog-
ical sciences. Nano-biomaterials, which may be defined as substances with a diameter 
of 1–100 nm, have a tremendous influence on the future of nanomedicine, impacting 
everything from tissue engineering to microfluidics to drug delivery and biosensors
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[11]. Therapeutic compounds are created at the nano-criterion to develop nanotech-
nology and nanomedicine. The advancement of nano-biotechnology, biosensors, 
medicaments delivery, and tissue engineering in the field of biomedicine has all 
been facilitated by nanoparticles. Because they are composed of substances that are 
formed at the atomic or subatomic level, nanoparticles frequently take the form of 
small nanospheres [11]. As a result, they can move through the body more freely 
than heavier things can. Nanoscale particles exhibit unique magnetic, biological, 
mechanical, chemical, and structural properties. Past developments have seen a rise 
in interest in nanomedicines as a result of the potential of nanostructures to work 
as delivery medium for pharmaceuticals by encasing them or adhering to them, 
allowing for more regulated distribution of the therapeutics to the intended tissues 
[10, 11]. In the developing nanomedicine discipline, clinical biology, preventative 
medicine, and treatment are all addressed using the expertise and techniques of nano-
biomaterials. It suggests using nanodimensional substances to actuate components 
in living cells as well as nanosensors, nanorobots, and sensors for delivery, diag-
nostic, and receptive applications (Fig. 1). As instance, a nanoparticulate derived 
approach that included both cancer therapy and cancer detection imaging techniques 
has been established [12]. Micelles and liposomes, that has recently received FDA 
approval, were members of the initial phase of nanoparticle-based therapies. These 
vesicles may incorporate inorganic or magnetic nanoparticles, such as gold [13]. The 
use of inorganic nanoparticles has increased as a result of these properties, which 
are mostly focused on drug delivery, scanning, and therapeutic applications. Addi-
tionally, it is claimed that nanomaterials can help medicines that are only weakly 
water-soluble reach their intended areas and prevent gastrointestinal contamination 
of medications. Nanodrugs include a higher oral bioavailability because of their 
typical assimilative endocytotic uptake techniques.

Nanostructures allow the absorption of combination medications at the required 
dose since they rest in the blood circulation system for a lengthy time. As a result, 
they have less of a detrimental impact and produce fewer plasma oscillations. Due to 
their nanoscale, these structures may readily penetrate the tissue system, enhancing 
the effectiveness of pharmaceutical delivery and ensuring that the medication oper-
ates as intended. Compared to big materials between one and ten metres in size, 
nanostructures are significantly simpler for cells to absorb [14]. As a result, they 
collaborate immediately to heal the diseased cells more successfully and with little 
to no side effects. 

Nanotechnology has been discovered to be helpful in gathering information at all 
phases of clinical procedures due to their application in several innovative tests to 
cure and diagnose illnesses. The major advantages of these nanomaterials are linked 
to unique surface characteristics because different proteins can attach to the surface. 
As example, gold nanoparticles are utilized for tumour tags and biomarkers in a 
variety of biomaterials monitoring procedures. 

The choice of the nanoparticles is made and deployed on the physicochemical 
parameters of the medications when using nan-biomaterials for drug delivery. The 
utilization of bioactive natural chemicals in conjunction with nanotechnologies is 
highly appealing and has grown significantly in recent years. Whenever it refers to the
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Fig. 1 Examples of nano-biomaterials and their delivery methods for usage in humans

delivery of organic remedies for the treatment of malignancy along with numerous 
other diseases, it offers a number of interests. In light of their numerous unique 
properties, including their ability to induce tumor-suppressing senescence and func-
tion as antimicrobials, biomaterials have been extensively explored in the context 
of treating illnesses. Caffeine and curcumin and have been linked to apoptosis [15], 
whilst cinnamaldehyde, curcumin, carvacrol, and eugenol have been linked to antimi-
crobial properties. Using nanotechnology allowed for the enhancement of various 
qualities, including targeting, bioavailability, and controlled release. For example, the 
bioactive ingredient in Nigella sativa called thymoquinone is examined after already 
being enclosed in a lipid nanomaterial. Its bioavailability increased six fold following 
encapsulation compared to free thymoquinone, protecting the gastrointestinal tract
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[16]. Also, it improved the natural product’s pharmacokinetic properties, improving 
medicinal value. 

Gold/silver, inorganic, organic, and polymeric nanotechnology, including lipid 
vesicles are frequently taken into consideration when developing target-reach drug 
delivery systems. Certain drugs that have reduced solubility and uptake are combined 
with these nanoparticles [14]. However, these nanotechnologies’ efficacies as drug 
delivery vehicles vary depending on their morphological and additional fundamental 
chemical and biophysical properties. As an instance, these nanomaterials between 
10 and 1000 nm in size possess properties that render them efficient delivery systems 
[7]. A combination of their excellent biological action and being biodegradable many 
synthetic polymers, including poly(lactic-co-glycolic acid), polyethylene glycol, 
poly-l-lactic acid, and polyvinyl alcohol, as well as biopolymers like chitosan and 
alginates, are frequently used for the nanotechnology of biological substances [8]. 
Nanostructures and nanocapsules, two subtypes of biopolymeric nanomaterials that 
provide efficient drug delivery vehicles, can be distinguished. The delivery of targeted 
drugs can also benefit greatly from the usage of small phospholipids and lipid 
nanostructures like liposomes and micelles. 

The biochemical and biophysical properties of the targeted drugs used for therapy 
are the main determinants of the choice of the best delivery based on nanotech-
nology [8]. However, issues like the toxicity displayed by nanoparticles can really 
be disregarded when thinking about the utilization of nanomedicine. To reduce toxi-
city risks, nanoparticles are now routinely employed in conjunction with natural 
goods. A widely regarded green chemistry strategy is the creation of drug-loaded 
nanoparticles since it lowers the quantity of potentially dangerous substances used 
in biosynthetic activity. Thus, using emerald nanoparticles to carry medications can 
lessen their side effects [12]. Further enhancing the biocompatibility of such nano-
biomaterials are modifications to the nanostructures’ shape, size, wettability, and 
surface properties. Hence, the targeted and site-specific administration of medica-
tions made possible by nanotechnology has several advantages in the treatment of 
chronic human illnesses. However, the lack of knowledge surrounding the toxicity 
of nanomaterials is a serious worry and clearly needs additional research in order 
to enhance safety while increasing the efficacy of these drugs. Therefore, careful 
design may be beneficial in overcoming the problems associated with the use of 
these nanoparticles. 

Taking into account the aforementioned information, the review’s objectives are 
to discuss various nano-based systems for drug delivery, notable implementations 
of nanomedicines based on biomaterials, and the specific sites, bioavailability, and 
regulated release of nanomedicine, as well as additional difficulties related to the use 
of nano-biomaterials in pharmaceuticals.



266 P. Sharma

2 A Clinical Necessity of Nano-Biomaterials for Controlled 
Drug Delivery 

The inherent issues with traditional dosage distribution techniques lead to the require-
ment of substances for controlled medication release. Administration of drugs often 
requires numerous, repetitive dosages, resulting in highly variable medication levels 
in the body during the treatment course. After delivery, medication levels rise to 
therapeutic doses, but occasionally hazardous side effects develop whenever the 
quantity exceeds the upper limit of what is safe [17]. As a consequence of degrada-
tion, metabolism, and transportation far from the targeted therapy, these approaches 
also quickly reduce drug levels to levels that are no more helpful [17]. Together, 
this causes materials and medicine waste and raises patient risk owing to probable 
serious adverse reactions and decreased treatment efficacy. Strategies for reducing 
the rate of release were created to solve these problems. These “sustained release” 
methods included the required treatment in capsule form that was typically taken 
orally, however some of them were also designed for parenteral use [18]. Drug 
release was slowed down by using cellulose coverings that slowly dissolve, adding 
chemicals that make drugs less soluble, compressing tablets, and using emulsion and 
suspensions [18] that are all contained in capsules. Nevertheless patient to patient 
variation, environmental influences, and the need for repeated dosing continued to 
have a significant impact on controlled release preparations [18]. 

The optimum controlled medication release method offers a number of bene-
fits over extended release. These delivery substances preserve drug release within 
the therapeutic range and prevent the inefficiency of the drug concentration fluctua-
tions of conventional formulations by releasing pharmaceuticals at rates that do not 
fluctuate over duration (zero-order release). Controlled release substances have the 
advantage of lowering the total quantity of medication required to attain treatment 
effectiveness since they prevent “peaks and valleys” and stay within the therapeutic 
range. These substances would help increase patient compliance, which would in 
developed countries is just 50%, by lowering the total amount of dosages neces-
sary [19]. Such substances can also be administered or implanted precisely into a 
particular sick tissue, decreasing off-target adverse effects and boosting efficacy. 
Release of drugs can be regulated across extended therapeutic windows (i.e., days to 
years). In order to prevent off-target consequences, sustained release methods must 
improve the delivery of medications to particular tissues and cells inside the system 
[20]. Targeted delivery techniques are used for precise preservation and absorption 
by sick tissues and cells in order to increase tissue specificity [21]. In this method, 
delivery components are coupled to ligands which attach to surface proteins or recep-
tors that are abundantly expressed in sick tissues and cells. Optimal controlled release 
polymers should also shield pharmaceuticals against quick bodily clearance and/or 
deterioration. 

Engineering, physical science, biology, and clinical professionals must all work 
together in a comprehensive approach to create suitable nano-biomaterials for 
controlled drug release [22]. Design criteria involve: I including enough drug in
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the host matrix to accomplish extended-release characteristics necessary for efficacy 
of treatment; (ii) shielding therapies from degradation in vivo whilst also preserving 
bioactivity; and (iii) ensuring dependable release over the course of the medication 
regime, tend to range from days to years [23]. In order to prevent unpleasantness 
for the patient before and after administration, the substances themselves and asso-
ciated decomposition products ought to be nontoxic and biodegradable inside the 
body. During the design process, it is also necessary to consider the cost of a certain 
material-drug composition because of the expense for synthesis and/or manufacturing 
of material. 

3 Basic Principles for Creating Drugs Using 
Nanotechnology 

Nanomaterials, such as biocompatible nanorobots and nanoparticles, are used for a 
number of purposes in the field of medicine known as nanomedicine, including diag-
nostic tests, medication administration, actuation, and sensing in a living cell [24]. 
Particularly less solubility materials including different problems with medicaments 
delivery, similarly poor oral bioaccessibility, decreased quantity to diffuse through 
surface, required higher injectable dosages, and noxious effects prior to standard 
vaccination technique. But what if you could enhance the medication delivery system 
while getting rid of all of these drawbacks by using nanotechnology techniques? 

Drug creation at the nanoscale scale is the most futuristic method in the realm of 
nano-medicine applications since it allows for the modification of properties such 
solubility, diffusivity, drug release patterns, bioavailability, and immunogenicity. 
With reduced toxicity, less negative effects, enhanced drug distribution, and a higher 
pharmaceutical life lifetime, more efficient and simple administration techniques may 
also be developed. The methods created for medication delivery are either aimed at a 
targeted location or built for a regulated release of medicinal compounds there. Self-
assembly, in which specified patterns or themes organically arise from constructing 
components, is a component of its evolution [25]. Additionally, they must over-
come challenges such being opsonized or contained by the mononuclear phagocyte 
network. 

Nanostructures have the ability to actively or passively transport drugs. In the 
latter, medications are predominantly integrated into the internal line of the compo-
sition via the hydrophobic impact. Every time the different parts of the nanomaterials 
are guided to specific regions, the proper quantity of the medicaments is released since 
it is contained at a low concentration in a hydrophobic environment [25]. Contrarily, 
the drugs that are to be released are already connected to the transporter nanostruc-
ture material in the later, allowing for straightforward dispersion. The time of release 
is critical in this technique because, if done improperly, if done correctly, the drug’s 
biological action and effectiveness will increase but it won’t reach the intended spot 
and will swiftly dissociate by the carrier [25]. Tailored drug delivery, whether can be
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active or passive and uses nanostructures as the drug delivery networks, is another 
crucial aspect of medicine administration. In targeted delivery, drugs are delivered by 
means of peptides, antibodies, and other compounds that bind to receptor sites made 
in the target area. Through preferences, which are influenced by alterable similar as 
pH, molecular site, temperature, and structure as they circulate through the circula-
tion, the generated drug delivery vehicle molecule is carried to the target region in 
passive targeting. The organism’s main targets are receptors on cellular membranes, 
lipids in cellular membranes, and proteins or antigens on certain substrates [26]. 
Today, the bulk of drug delivery methods made available by nanotechnology are 
focused on curing and treating cancer. 

4 Nano-Biomaterials Delivery Parameters in Biological 
Systems 

A number of considerations must be made when developing a system for deliv-
ering pharmaceuticals using nanoparticles, including the size, surface chemistry, 
and surface charge of the particulate matter, which will obviously vary based on 
the medications being administered and the kind of cancer being treated [27]. The 
biological interactions that take place within a person’s or animal’s body from the 
moment the nanobiomaterial is injected until it reaches the region of drug delivery 
must be thoroughly understood in order to design the nanoparticles for effective drug 
delivery. Once nanomaterials have made their way into the system of the body, the 
two crucial processes in drug delivery are the development of the nanobiomaterials 
system at the tumour site and entry into malignant cells to allow the medicine to 
escape into the appropriate cellular compartment. 

The immune system of the human being, including the opsonization, mononu-
clear phagocytes, and complement activation, as well as elimination through the liver 
and kidneys, will regard the nano-biomaterials as a foreign entity upon introduction 
into the systemic circulation [28]. One benefit of adopting a nanoparticulate tech-
nology is that it can ultimately be eliminated by the host; however, the particles must 
circulate for a sufficient amount of time to recognize the tumour site and aggregate 
there in order to deliver the medicine. Hence, efficient drug administration requires 
striking a compromise between the host’s speed of nano-biomaterials clearance and 
the system’s characteristics that lead to tumor-specific retention. Size, surface char-
acteristics, and the functions on the drug-encapsulating nano-biomaterial’s surface 
are only a few of the variables that affect this preferred deposition [29]. 

Nanoparticles naturally have the capacity to collect at tumour locations. The 
increased permeation and persistence phenomenon, a physiological consequence 
of the tumour microenvironment, is the cause of this targeted delivery. As opposed 
to the strong endothelial connections found in healthy vasculature, the blood arteries 
that surround the tumour microenvironment typically have more leaks, allowing 
the nanoparticles to penetrate and aggregate at the tumour site. The build-up is made
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worse by inadequate lymph drainage in the vicinity of the tumour [30]. The distances 
among blood vessels vary depending on the kind of tumour and are typically around 
100 and 800 nm. Nano-biomaterials of a diameter range of 30–200 nm had the highest 
tumour survival potential, according to experimental studies using several tumour 
models [31]. Also, it was shown that round nano-biomaterilas, as opposed to rod- or 
bar-shaped ones, might conformance into the tumour interstitium better successfully 
due to their ability to retain laminar flow characteristics [32]. 

Active targeting, particularly includes the nano-biomaterials molecularly recog-
nizing the tumour, can solve passive targeting’s several disadvantages, including 
unequal distribution throughout the solid tumour and trapping within the tumour 
[33]. It is possible to attach tumor-specific ligands to an exterior of the nanomaterial, 
allowing them to establish highly-affine interactions with receptors expressed on the 
tumour surface. These ligands can include antibodies or other compounds. In order to 
effectively internalize the nanomaterial into the cell and deliver the medicine, this also 
promotes receptor-mediated cellular uptake. Multipurpose nano-biomaterials are 
defined as nano-biomaterial that possess certain chemical identification signals; this 
topic will be covered in more detail in subsequent chapters [34]. 

Therefore, active and passive targeting cooperate to deliver the drug to the cancer. 
Therefore, active targeting increases the drug’s retention and absorption by the cancer 
cells, whilst passive targeting ensures the concentration of the nano-particles from 
the bloodstream into the tumour milieu. 

5 Nano-Biomaterials in Drug Delivery System 

5.1 Alginate 

Alginate is a different biopolymeric substance that is utilized for medication delivery. 
As an anionic bioadhesion polymer containing terminal carboxyl groups, such 
biopolymer has stronger mucoadhesive characteristics in comparison to cationic 
and neutrality polymers [35]. In order to reduce blood glucose levels and increase 
insulin levels in the blood, Patil and Devarajan [36] produced insulin-containing algi-
nate nanoparticulates using nicotinamide as a penetration agent, resulting in a hypo-
glycemic effect. In the case of nicotinamide, sublingually administered nanoparticles 
(5 IU/kg) showed excellent pharmacological accessibility (> 100%) and bioavail-
ability (>80%). NPs were shown to be potential transporters of insulin via the sublin-
gual pathway in the streptozotocin-agravated diabetes-induced mouse by getting 
a pharmacologic significant power of 20.2% with a bio-accessibility of 24.1% in 
comparison to the subcutaneously at 1 IU/kg [36]. 

To specifically regulate the macro cell lung carcinomas, Roman et al. [37] created 
alginate microcapsules with the epidermal growth factor attached to its external 
portion. The nanomaterials also included a load of the cancer-causing chemical 
cisplatin. EGF considerably improved carrier system sensitivity and accelerated the
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rate of cell mortality in the H460-lung tumor cell when compared to the unbound 
drug. 

5.2 Chitosan 

Chitosan can be utilized to function at the constrictive epithelial connections since it 
has muco-adhesive qualities. As a result, sustained drug delivery systems targeting 
a range of epithelia, having the oral, nasal, intestinal, and pulmonary epithelia, 
are routinely made using chitosan-based nanoparticles. By administering chitosan 
nanoparticles covered with hyaluronic acid orally, Jain and Jain [38] looked at the 
5-fluorouracil (5-FU) release pattern. In tests simulating the passage from either 
the gastro to the colonic, the release kinetics of 5-FU were found to be guarded 
from release in the small intestine and gastro. Also, the relative high active ingre-
dient would’ve been capable of prolonging the duration of exposure, improving the 
antitumor activity and reducing cytotoxic effects in colon cancer therapy. 

5.3 Cellulose 

The main purpose of using cellulose and its variants in pharmaceutical drug admin-
istration is to vary the medications’ gelation and solubility, which in turn affects how 
quickly they are released from the body [39]. By conjugating calcium alginate pellets 
with 5-fluoroacyl (5-FU) enriched carboxymethylcellulose (CMC), Agarwal et al. 
[40] successfully created a medication-targeted method that is specific to the colon. 
In the setting that mimicked a colonic milieu, the pellets with reduced CMC ratios 
displayed more edema and muco-adhesiveness. The 5-FU contained in the beads was 
released by the intestinal enzymes to 90% of its original concentration. 

5.4 Xanthan Gum 

The bacterium Xanthomonas campestris produces xanthan gum (XG), a high-
molecular-mass heteropolysaccharide. A potent bioadhesive, it is a polyanionic 
polysaccharide. Since xanthan gum is believed to be non-irritating and non-toxic, 
it is commonly used as a medicinal addition [41]. Huang et al. [42] developed 
intravenous hydrogels with potent angiogenic activity made of aldehyde-ragulated 
xanthan and carboxymethyl-regulated chitosan to improve abdominal wall regenera-
tion. The digestive system and open sores were among the tissues where the hydrogel 
showed releasing properties the most. The VEGF-containing hydrogel increased both 
angiogenesis activity and abdominal wall regeneration.
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Fig. 2 An example of the nanocarriers utilised in sophisticated drug delivery systems 

6 Nanotechnology-Based Medication Delivery Methods 

6.1 Polymeric Micelles 

Amphiphilic block copolymers are used to create polymeric micelles, which coalesce 
into a centred-shell configuration in watery solutions. The aquaphillic shell may stabi-
lize the hydrophobic core, which may be loaded with hydrophobic medicines (such as 
docetaxel, camptothecin, and paclitaxel), making the entire system soluble in water. 
The Enhanced permeability and retention (EPR) effect allows polymeric micelles, 
which typically involve a size of less than 100 nm and a limited dissemination to 
slow rapid renal clearance, to accumulate in cancer tissues. Their polymeric shell 
also protects them from accidental interaction with biological components. Since 
their inner core design allows for the absorption of this type of medication, these 
nanostructures (Fig. 2) hold great potential for the delivery of hydrophobic drugs, 
which will boost durability and bioavailability [43, 44]. 

6.2 Liposomes 

Alec Bangham discovered them for the first time in 1960. Liposomes, one of the 
most thoroughly researched medicament delivery carrier systems, are employed in 
the health and beauty industries to transport a range of chemicals. Drug delivery
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has long been enhanced by the creation of liposomes. They typically consist of 
phospholipids and steroids and are spherical vesicles between 50 and 450 nm in 
diameter [45]. They are considered as superior vehicles for drug administration since 
it is easy to put drugs into them and because their membrane topology identical to 
that of membranes of cells [45]. They have also demonstrated the ability to stabilize 
therapeutic molecules, enhance biodistribution, and permit the use of both aqueous 
and hydrophobic pharmaceuticals. They are also biodegradable and biocompatible. 

For liposomes, there are four groups: (1) Ordinary liposomes: they feature a 
water-containing core wrapped in a cholesterol/phospholipid which can be neutral, 
cationic/anionic. In that condition, the lipid bilayer or the water-filled gap can be 
filled, respectively, with hydrophilic or hydrophobic molecules. (2) PEGylated types: 
The surfaces of the liposomes are coated with polyethylene glycol (PEG) to create 
a steric equilibrium. (3) Type of ligands that are intended for attachment to the 
outermost layer of the liposome or to the ends of already connected PEG chains 
include proteins, carbohydrates, and antibodies and (4) theranostic liposome form: 
this type of liposome combines the preceding three and frequently consists of a 
nanoparticle as well as elements for treatment, imaging, and targeting [46]. 

6.3 Dendrimers 

Dendrimers are three-dimensional, established, monodisperse formations that are 
strongly branched. These molecular structures would be great drug delivery vehicles 
because of their globular form and ease because the outside may be customized 
in a regulated manner. There are two ways to create dendrimers synthetically: 
The initial one is a separate path, where the dendrimer forms in its centre before 
expanding outward, while the subsequent one is a converging path that begins on 
the dendrimer’s exterior [47]. Drug is mostly transported by dendrimers using one 
of two methods: either the in vivo breakdown of the medication’s dendrimer’s cova-
lent attachment due to the presence of appropriate enzymes or favourable conditions 
that could break down the bonds, or the discharge of the pharmaceutical as a result 
of environmental changes such as temperature, pH, etc. [48]. For transdermal, oral, 
pulmonary, ophthalmic, and selective administration of medicines, dendrimers have 
been created [49]. It was demonstrated that doxorubicin-folate linked poly-l-lysine 
dendrimers raised the amount of doxorubicin in the tumour by 121.5-fold following 
24 h when compared to permitted doxorubicin, according to Jain et al.’s [50] descrip-
tion of the pharmaceutical carrier system for preventing cancer drug release, pH 
reliant pharmaceutical release, antiangiogenic, target particularity, and anticancer 
prospective.



Nanostructured Biomaterials in Drug Delivery: Current Trends … 273

6.4 Nanocrystals 

Pure solid pharmaceutical nanocrystals have a size between 1000 and 2000 nm. The 
majority of the time, they are stabilized by polymeric steric stabilizers or surfac-
tants and are entirely medication lacking any carriers molecules connected to it. 
Typically, adding a surfactant agent referred to as nano-suspension will improve a 
nanocrystals dispersion in a problematic liquid media. The predominant medium 
for dispersion in this scenario is water, but it might also be any other aquatic or 
non-aqueous medium-sized, such as liquefied polyethylene glycol and oils [51]. 
Nanocrystals display unique properties by overcoming problems such as increased 
maximum solubility, increased dissolving rate, and enhanced glueyness to surface/ 
cell membranes. Chitosan microparticles and cinaciguat nanocrystals were combined 
by Ni et al. [52] to transport the hydrophobic medication to the lungs. The swelling 
and muco-adhesive properties of the polymer were used in the creation of the nanopar-
ticles to maintain the release of drugs. They found that inhalation efficiency could 
be diminished in illness-related conditions, thus more study is needed to show the 
technique’s more substantial advantages. 

6.5 Nanoparticles 

These essential pharmacological chemicals can be adsorbed or bonded to surfaces 
and are found in submicron-sized polymer colloidal particles. Nanoparticles can be 
guided to precise locations thanks to surface modifications that enable biochemical 
contact with certain receptors on cells of interest [53]. The capacity of nanoparti-
cles to deliver medications to the intended region despite navigating a variety of 
physiological barriers, including the blood–brain barrier, is an additional essential 
function of nanoparticles. This intravenous injection approach coats the drug-loaded 
nanoparticles using polysorbates to help them cross the blood–brain barrier [54]. This 
makes brain scapegoating conceivable. In order to create the needed nanoparticles 
coupled to epithelial growth factor antibodies, Acharya et al. [55] created immuno-
nanoparticles with improved efficacy compared to MCF-7 breast malignant cell line 
by adding a centre localization pattern to the surfaces of the nanoparticles, which 
precisely directs the medication to the centre of breast tumour cells. 

6.6 Metallic Nanoparticles 

The use of nanoparticles of metal in several fields of medicine, including biosen-
sors, bioimaging, hyperthermia, target/sustained delivery of drugs, and photoabla-
tion treatment, has gained popularity recently [56]. Additionally, these nanoparti-
cles have been altered and functionalized with certain functional groups that enable
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them to link to antibodies, medicines, and additional ligands, giving these structures 
enhanced viability for use in healthcare research [57]. While gold, iron, silver, and 
copper are the most commonly investigated metallic nanoparticles, growing curiosity 
has been shown in other types of metallic nanoparticles, including, gadolinium, tita-
nium oxide, platinum, zinc oxide, selenium, cerium dioxide, and palladium as well 
[57]. 

6.7 Quantum Dots (QDs) 

Luminescent inorganic nanoparticles of semiconductors with dimensions of 2–10 nm 
are known as quantum dots [58]. They can precisely manipulate their absorption 
and emission properties because of their superb size and shape management. They 
have been widely investigated for photographic use in real-world environments [58] 
and are robust for months without degradation or modification. To facilitate preci-
sion targeting, particular ligands have been introduced to QDs with the intention of 
identifying cancer cells [59]. They will thus undoubtedly be chosen as long-term, 
extremely sensitive, and multiple contrasting testing methods employed for in vivo 
cancer identification and evaluation [60]. According to Li et al.’s [61] investigation 
into the glutathione-carried release of vital plasmid DNA using energy from prag-
mative CdTe quantum dots, similar QDs may be employed to specifically and clearly 
discharge load in living cells [61]. 

7 Future of Medication Delivery and Biomedicine Using 
Nanostructures 

One of the most fascinating fields of research nowadays is nano-biomedicine. In the 
past 20 years, 1500 applications for patents are currently pending in this subject, and 
multiple clinical investigations have also been finished [62]. As mentioned in the 
various sections above, cancer seems to be the most prominent example of an illness 
that’s where non-medical innovation has benefited in both detection and therapy. The 
application of nano-biomedicine and nano-drug techniques for delivery is unques-
tionably an expanding area that is going to be the coming field of investigation and 
advancement for a while in the years to come. This is because it delivers the right 
amount of drugs to the influenced cells, including the cancer/tumor cells, without 
hindering the bodily processes of cells that are healthy. 

The sizes of the many nanoparticle examples shown in this message range from 
those that are correctly expressed by nanometers to those that have measurements in 
sub-micrometers (more than 100 nm). The next phase of research would concentrate 
on biomaterials with enhanced uniformity medicaments loading, and release capabil-
ities. The use of metal-based nanoparticles for medicinal applications has advanced
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significantly in the years addressed by the present research. Future research into the 
utilization of such metals, having gold and silver, for both therapeutics and diag-
nostics may increase the usage of nano-biomedicines. Gold nanoparticles, which 
seem to be readily absorbed in delicate cancer cells and render the tumour suscep-
tible to radiation-carried thermal treatment (for instance, in the near-infrared range), 
are among the primary sources of fascination in this research. The true influence of 
nano-biomedicine and nano-drug methods of administration on the medical field, 
especially in the treatment and detection of cancer, is still quite limited, notwith-
standing the widespread knowledge of their future potential. This is due to the topic 
being a young one in scientific findings, with just two decades of actual study, and 
the fact that many important, basic characteristics are still unexplained. The primary 
focus of the upcoming study will be on the fundamental molecular indicators of 
diseased tissues, especially the ones that allow for precision targeting despite compro-
mising regular functioning of cells. Eventually, the utilization of nano-biomedicine 
will proceed alongside our growing comprehension of illness at the atomic level or 
those that represent a nanomaterial-subcellular scale corresponding biomarker detec-
tion thereby opening up new avenues for therapy and diagnosis. Therefore, devel-
oping nanomedicine uses in the years to come will require knowledge of the molec-
ular fingerprints of illness. For more widespread applications of nano-biomedicine 
beyond the ones we have discussed in this chapter using popular nanostructures, 
more research would be required. 

Pharmaceutical activity in tissues/cellular erect, technical advancements for 
analysing these events, and the idea of regulated administration of specific medi-
cations at the afflicted regions are still distant from its full potential. The majority 
of investigation in the subject of nano-biomedicine is concentrated on biomaterial 
and compositional studies, which appear to represent the infancy of biomedicine 
applications. Valuable knowledge that might be employed in medical treatment and 
diagnostic studies will be obtained through time- and money-consuming transdis-
ciplinary research and experiments on animals. A growing worldwide movement is 
the pursuit of more precise medical diagnosis and therapies, and the potential of 
nano-biomedicine and nano-drug delivery systems seems bright. 

The creation of nanostructures that serve as tissue diagnostic and repair mecha-
nisms with complete control from outside characteristics has garnered a lot of atten-
tion. This is still hypothetical research that hasn’t yet materialized but that humans 
could accomplish in a few years. However, just as for their benefits, any drawbacks 
of nanomedicine need to be carefully examined for both people and the environment 
in its entirety. As a result, a careful analysis of the possible short-term or long-term 
negative impacts of new nanomaterials on humans and the natural world is necessary. 
Nano-biomedicines’ affordable cost adds another area for research that needs more 
contributions as they gain in popularity. The regulation of nano-biomedicines, which 
was covered in greater detail in the chapter above, will advance along with novel 
applications for these substances.
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8 Conclusion 

The most recent advances in nano-biomedicine are highlighted in the present chapter, 
including innovative methods for diagnosis as well as technological advances in the 
delivery of both new and old drugs. There are several reported nano-dimensional enti-
ties, particularly nanostructures. These molecules can be utilized in practical systems 
for pharmacological activation, sensing, precise delivery to targets, and diagnostics. 
Initially, the main application of nanotechnology was to enhance the bioavailability, 
controlled administration, and dissolution of pharmaceuticals. The application of 
nanotechnology to boost the therapeutic value of by now-known natural bioactive 
chemicals has become common practise, yet the creation of nanopharmaceuticals is 
plagued in ambiguity and searching for compounds with pharmacological activity 
naturally occurring is not as common compared to it had been fifty years ago. The 
medical efficacy of these organic compounds has been greatly enhanced by the 
use of nanocarriers created with solid lipid nanoparticles, micelles, liposomes as 
crystal nanoparticles, and dendrimers along with gold, cadmium sulphide, silver, 
and titanium dioxide polymeric nanoparticles. 

Natural, new biomaterials continue to be in demand due to their biodegradability, 
biocompatibility, accessibility, potential to regenerate, and low toxicity. Beyond 
merely acknowledging such proteins and polysaccharides as organic biopolymers, 
one of the most cutting-edge research topics at the moment is on enhancing their 
resilience in their presence of an alive platform and production circumstances. Also 
widely used are polymer nanoparticles (nanocapsules and nanospheres) produced 
via emulsion polymerization, solvent evaporation, and surfactant-free emulsion poly-
merization. In the past several years, as nano-biomedicine has expanded, a lot of focus 
has been placed on the interconnected of therapy and identification (theranostic), that 
employs tumours as a disease model. 

Examples include the employing of cathepsin B to identify propagate, fluorogenic 
protein devices connected to glycol-based chitosan the nanoparticles, photodynamic 
colon cancer recognition via folic and alginate acid-mixed chitosan nanoparticles, the 
use of iron oxide covered biopolymeric (hyaluronic acid) substances in carcinoma 
treatment, and dextran. Since the 1990s, a staggering number of nanotechnology-
based products after approval of FDA as study projects have been developed, which 
include polymer synthetic particles, liposome compositions, nanocrystals, micellar 
particles, protein’s nanostructures, and many more. When paired with medications or 
biological agents, these things are frequently used. Even though nano-biomedicine 
has already significantly changed how we locate and use medications in biological 
systems, the main focus of subsequent studies will be on evaluating the safety/ 
toxicity of nano-biomedicines and their approval procedures. We can now identify 
illnesses and, in certain cases, connect a diagnosis to a treatment. Advances in nano-
biomedicine are to blame for this. 
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Advancement in Biomaterials 
in the Form of Implants 
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Abstract Biomaterials are materials utilized to replace a human body part that 
serves the same function as the original or restore the function of damaged or degen-
erated tissues and organs. Implants such as sutures, bone plates, joint replacements, 
ligaments, vascular grafts, heart valves, intraocular lenses, and dental implants have 
overtaken alternative therapy approaches and entered the mainstream of dental care 
over the past ten years. One of the primary requirements for a biomaterial to be suit-
able for medical applications or implantation is that it should be nontoxic, not cause 
any immune response, and be chemically stable, biocompatible, and well-tolerated 
by the human body. Different materials like metals, ceramics, and polymers, are used 
for the manufacturing of implants, depending on whether a permanent or temporary 
implant is needed. However, they exhibit a number of disadvantages, including toxi-
city, a lack of mechanical stability, and processing complexity. Numerous bioma-
terials have been discovered, but most implanted biomaterials now in use cause 
either acute or chronic inflammatory reactions inside the body. Nanotechnology has 
aided in developing an entirely novel implant material with enhanced efficacy, low 
cost, and a significant surface-to-volume ratio. Modifying the surfaces of present 
implants to reduce the body’s reaction and enhance the natural healing of wounds is 
also one strategy for developing such healing biomaterials. This chapter covers the 
advancements in biomaterials used for implants, including various techniques for 
physically and chemically modifying the surfaces, as well as the use of 3D printing 
and nanotechnology. 
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1 Introduction 

Contributions from scientists and engineers are resulting in significant new solutions 
for critical medical issues in a scientific world that is changing rapidly. Diabetes, 
osteoporosis, asthma, cardiac issues, cancer, and other critical disorders are no longer 
solely treated with conventional pharmaceutical formulations [1]. Novel possibilities 
for treating and curing disease are constantly being opened up and it is now under-
stood that a drug’s therapeutic value and potency are not directly linked together; 
rather, they are linked with the process of developing drug formulation and absorp-
tion into the body. As the biotechnology sector advances with the emergence of 
novel categories of biopharmaceuticals, there is a crucial need to enhance our funda-
mental understanding of the influence of drug delivery methods on safety and effi-
cacy. Additionally, exploring innovative delivery methods is essential to address the 
unique challenges presented by these new biopharmaceuticals. Despite advances in 
the field, delivering drugs effectively still presents a significant challenge, owing to 
our incomplete knowledge of the biological obstacles that impede the delivery of 
drugs. Because of these unresolved necessities and constraints, significant research 
efforts have been directed toward designing, implementing, and translating biomate-
rials for drug delivery [2]. The utility and significance of metallic materials and their 
composites have been considered since the early nineteenth century. Over the last 2–3 
centuries, a lot of advancement has been made in the synthetic materials field to gain 
insight into how biomaterial interacts with the human body and their effective use 
[3]. Surgical repair is frequently required as a consequence of trauma, degradation, 
and diseases. Biomaterials are synthetic substitutes that can replace various skeletal 
components, including the joints of the knees, hips, fingers, and elbows, vertebrae, 
teeth. These substances are designed to perform the same functions as the living 
materials they replace [4]. 

A biomaterial is generally defined as “a nonviable material used in a medical 
device, intended to interact with biological systems.” If we remove the phrase “used 
in a medical device,” this definition becomes more comprehensive of the extensive 
range of applications that involve the integration of biology with synthetic and altered 
natural materials. The different biological functions of human tissue are replaced or 
repaired using biomaterials, developed by humans and constantly exposed to bodily 
fluids that facilitate daily human activities [3]. Biomaterials are materials, whether 
natural or synthetic, that come into contact with biological fluids, blood, and tissue. 
Their design aims to ensure that they do not have any negative impact on the living 
organism or its components while serving various purposes such as prosthetic, ther-
apeutic, and diagnostic applications. Distinguishing between the terms “Biomate-
rial” and “Biological material” is crucial. A biological material refers to a material 
that has been created by a biological system, such as the epidermis or an artery. 
In contrast, biomaterials are materials that have been engineered to interact with 
biological systems, often used in medical or scientific applications [5]. 

The term “bioimplants” refers to engineered medical devices developed to replace 
biological structural human body parts that are malfunctioning or damaged and
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support the given host [6]. In the past ten years, biomaterials have attracted greater 
attention as an option for improving and even saving the lives of numerous patients. In 
the United States alone, over 13 million medical devices are implanted each year [7]. 
The need for mechanical implantable devices is growing daily as a result of abrupt 
shifts in the global population’s age distribution. The proportion of people over the 
age of 60 in the population is dramatically growing, which has increased consumer 
interest in artificial implants. By 2050, there is expected to be a 39% increase in the 
demand for medical implants [4]. The medical industry has extensively explored and 
created a diverse range of implants and devices for numerous applications within the 
human body. The main objective of these devices is to safeguard human lives. This 
encompasses both the technologies that augment the performance of natural human 
organs, like pacemakers, as well as artificial devices that offer physical assistance, 
such as knee replacements and synthetic blood vessels [8]. Figure 1 depicts the ideal 
properties of the biomaterials that biomaterials should possess for their effective use 
in various medical implant applications within the human body. 

Considering all the progress made so far in material and biological research, we 
have come a long way since the early Egyptians and South-Central American cultures 
made use of implants. In the modern era, the quality and as well as availability of 
implantable material have significantly improved, leading to the development and 
widespread use of this promising therapeutic modality. Tooth implants have a long

Fig. 1 Desirable properties of biomaterials for effective use in medical implants within the human 
body 
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history, dating back to ancient China and Egypt where they were made of stone and 
ivory. During the sixteenth and seventeenth centuries, dental implants frequently 
utilized gold and ivory as their primary materials. In the early twentieth century, 
implants made up of metals such as gold, lead, tantalum, stainless steel, and cobalt 
alloy were introduced as options for dental implant materials [9]. 

Biomedical implants, in general, involve a wide range of medical therapies for 
various health issues, such as medical devices that can be implanted in the cardiovas-
cular system including stents, vascular grafts, heart valves, defibrillators, pacemakers, 
and other related devices. Neural implants are another type of implantable medical 
device, which can be used in different parts of the nervous system [10]. The “foreign-
ness” of these biomaterials is a major obstacle for the current implant technology 
which should be overcome to enhance host tolerance, achieve the required release 
of drugs either in a specific location or over a particular time period, and minimize 
reactivity to foreign bodies [11]. As immunologists continue to gain insight into 
immune and foreign body reactions, the production of biocompatible materials with 
excellent performance will become progressively significant for the manufacturing of 
devices that are implanted for the controlled release of drugs, cell-based treatments, 
implantable detectors, and tissue engineering [2]. 

In this chapter, the biological characteristics of different biomaterials utilized in 
implant manufacturing—which involves metals, polymeric materials, and titanium 
alloys—are reviewed. With the objective to enhance the properties of metal implants, 
the chapter also discusses the essential novel advancement in techniques like 
surface modifications, 3D printing, and nanotechnology, utilized in their fabrication. 
Applications of medical implants in daily life have also been discussed. 

2 Implant Biomaterial Properties 

To create a biomaterial that is both safe and dependable for use in implants, it is 
necessary to identify an appropriate blend of mechanical, chemical, physical, and 
biological features that can withstand the rigors of long-term use without requiring 
further revision surgeries. Table 1 outlines key properties that a biomaterial must 
possess in order to function effectively within the human body [9, 12, 13].

3 Classification of Implantable Medical Material 

The material utilized to produce implants possesses distinctive characteristics that 
make them the most suitable choice for the intended use. The three main criteria 
regarding selecting materials are (a) biocompatibility with the human body or the 
ability to integrate with the body without having an adverse effect, (b) mechanical 
properties comparable with the bones and skull of a human, and (c) affordability.
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Table 1 Key properties to consider for selecting biomaterials in implant applications 

Bulk properties 

Modulus of elasticity The modulus of elasticity is a term used to describe the stiffness or 
ability of a material to resist deformation when subjected to stress. 
High Young’s modulus materials are less ductile and more rigid. It 
is important to select implants made from materials that have an 
elastic modulus similar to bone (18 GPa) in order to produce a 
consistent load distribution across the implant and reduce relative 
motion at the implant-bone contact 

Biocompatibility The material’s capability to not elicit a significant adverse reaction 
or immune response upon implantation in the body 

Radiopacity The material’s ability to show up on X-rays or other imaging 
modalities is important for postoperative monitoring and 
assessment 

Compressive, shear, and 
tensile strength 

For applications involving bearing loads, it is crucial for the 
material to possess the capacity to endure mechanical stresses and 
loads without experiencing deformation or breakage 

Yield strength, fatigue 
strength 

Yield strength denotes the amount of stress a material can endure 
before it begins to deform plastically, while fatigue strength refers 
to the amount of cyclic loading a material can withstand before it 
fails due to fatigue crack propagation 

Hardness and toughness Hardness refers to the determination of a material’s ability to 
withstand scratching or indentation. A harder material will be 
more resistant to deformation or wear, which is important for 
load-bearing applications. However, materials that are too hard can 
also be brittle and prone to fracture. Toughness is an estimation of 
a material’s capacity to resist cracking or breaking under stress. 
However, materials that are too tough may be more difficult to 
machine or shape 

Ductility Ductility refers to a material’s capability to undergo deformation 
under tensile stress without fracturing. This characteristic is 
particularly crucial to consider for biomaterials utilized in 
implants, especially in load-bearing scenarios like orthopedic 
implants 

Surface properties 

Surface tension and surface 
energy 

When considering biomaterials used in implants, surface tension 
plays a role in determining the material’s wettability, which refers 
to its capacity to form a uniform and stable interface with liquids 
such as blood or other bodily fluids. Higher surface tensions result 
in lower wettability and decreased ability to interact with liquids 
Surface energy can influence the material’s ability to adhere to 
tissues or to be recognized by the body’s immune system. 
Materials with higher surface energies tend to be more 
biocompatible and promote better tissue integration

(continued)
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Table 1 (continued)

Bulk properties

Surface roughness The surface roughness of a biomaterial can impact its 
biocompatibility, osseointegration, and wear resistance, among 
other factors. By enlarging the implant’s surface area in contact 
with the bone and modifying the surface’s roughness, the 
adherence of cells to the bone is improved, thereby influencing the 
reaction of cells and tissues. Different elements, including 
roughness, texture, and the orientation of abnormalities, have been 
used to categorize implant surfaces 

Chemical properties 

Pitting corrosion When an implant containing small holes or pits on the material’s 
surface makes contact with a solution, the metal ions in the area 
dissolve, eliminating their positive charges in combination with 
chlorine ions resulting in pitting corrosion causing tiny pits or holes 
to develop on the material’s surface., which can compromise its 
mechanical characteristics and increase the risk of implant failure 

Crevices Corrosion This happens at the junction connecting an implant screw with the 
bone. Crevice corrosion takes place by the positively charged 
environment produced when metallic ions dissolve 

Galvanic corrosion When two metals that are not compatible with one another come 
into touch with an electrolyte, such as physiological fluids, 
galvanic corrosion occurs 

Electrochemical corrosion It occurs when a material is exposed to an electrolyte (such as 
body fluids) and undergoes oxidation and reduction reactions that 
result in the discharge of metal ions and the deterioration of the 
material over a period of time

Additionally, it must be resistant to wear and corrosion in the human body’s environ-
ment. The efficiency of materials employed for implants will be determined by these 
characteristics [9]. Several materials that can be employed as biomaterials for implant 
applications have been produced over the past few years considering the criteria 
outlined above. However, it might be hard for a single metallic substance to have all 
the required characteristics. The three main categories of biomaterials employed in 
biomedical purposes are ceramics, polymers, and metallic systems (Fig. 2) [6].

3.1 Ceramics 

Among the materials used to design biomaterials, ceramics are one of the types. 
Examples of such materials include zirconium oxide, aluminum oxide, and bioac-
tive glass which have higher yield strength, greater bioactivity, and osteointegration 
with bone, hydroxyapatite (HAp), along with different ceramics consisting of silica 
and calcium [5]. The inertness of ceramics within the body, their effortless molding 
into a range of forms and porosities, significant strength during compression, and
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Fig. 2 A schematic representation of different types of biomaterials used in biomedical implants

superior wear properties all served as the rationale for their usage. Because of their 
superior robustness, resistance against biodegradation, and low electrical and thermal 
conductivity with a variety of diverse elastic properties, ceramics were first used for 
surgical implant devices [9]. Ceramics are also utilized for orbital and middle ear 
implants, bone grafts, dental and orthopedic implants, heart valves, coatings to make 
metallic implants more biocompatible, artificial knees, hip prostheses, bone trans-
plants, and parts of the musculoskeletal system. For instance, higher Ca/P ratios in 
hydroxyapatite-based ceramics are preferred because of their chemical similarities 
between the hard tissues of teeth and bone. Ceramics are being used for bioim-
plant applications more frequently as a result of these desirable characteristics [6]. 
Ceramics are chemically inert, but because of their poor ductility and underlying brit-
tleness, they must be handled carefully and replaced and their use has been restricted 
as a result [14]. 

3.1.1 Bioceramics 

Ceramics are used to formulate biomaterials but are less frequently used than either 
metals or polymers. But because of their ideal biocompatibility and ability to integrate 
with bone, in addition to the fact that these materials are highly comparable to the 
mineral constituents of bones, bioceramics of phosphates are frequently employed 
for developing optimal biomaterials [5]. Bio-ceramics are biomaterials utilized as
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a cementing agent, supportive layer, and implant for repairing and replacing weak-
ened skeletal system components. Bioceramics comprise about 50% of all biomate-
rial implants currently in use [15]. Bio-ceramics are a filler material used in orthopedic 
surgery to detect bone abnormalities. According to reports, “around 2 million bone 
grafting procedures, 280000 fractures of the hips, 700000 spinal tissues, and 250000 
wrist fractures bone replacements have been performed throughout all over the world 
every year.” Consequently, the demand for bio-ceramics is rising. Depending on 
the way they interact with the host bone, bio-ceramics may be divided into three 
groups: bio-inert ceramics, like alumina and zirconia, bioactive ceramics, including 
hydroxyapatite, and bioresorbable or biodegradable ceramics [16]. 

Bioinert Ceramics 

Bioinert ceramics are a type of bioceramic materials that are characterized by their 
inertness and biocompatibility with living tissues. These ceramics are composed of 
materials such as alumina, zirconia, and other metal oxides, which do not react with 
biological systems and are not easily degraded by the body. Bioinert ceramics have 
numerous potential uses in the medical field because of their biocompatibility along 
with their ability to resist corrosion and wear and are commonly used in orthopedic 
implants as well as in bone grafts and other medical devices [17]. 

Aluminum oxide, commonly referred to as alumina, is a bioinert ceramic mate-
rial extensively used for the production of orthopedic implants including hip and 
knee replacements [18]. Alumina is the best suitable material that can be used for 
implants that will be exposed to continuous stress and movement because of its 
superior mechanical properties, biocompatibility, and exceptionally high level of 
toughness and hardness. The ability of alumina to facilitate bone growth and attach-
ment, which plays a crucial role in the implant’s persistent efficacy, is the material’s 
primary advantages when used in implants. Alumina implants also have a low rate 
of wear, which reduces the number of debris discharged into the body and lowers the 
chance of inflammation, implant loosening, and other challenges [6, 19]. Zirconia, 
commonly called zirconium oxide, is the other bioinert ceramic material widely 
employed in orthopedic implants, particularly dental implants. it can tolerate both 
higher stresses and high temperatures. Zirconia ceramics offer several advantages, 
such as high mechanical durability, biocompatibility, aesthetic appeal, and resistance 
to wear and chemical degradation. However, there are also some limitations associ-
ated with zirconia implants. They may be more prone to fractures since they are more 
brittle than conventional metal implants. Zirconia implants are also more expensive 
and require a more sophisticated manufacturing procedure in comparison to metal 
implants [17, 20]. Carbon in various forms, including diamond, glass oil, and graphite 
is biocompatible and does not trigger an immunological reaction. Regarding dura-
bility and elastic modulus, carbon is fragile and very similar to bones. As a result, 
it is biocompatible and appropriate to be used in coating medical equipment. Inves-
tigations and reports have been made on the usage of carbon in the manufacture of 
orthopedic and cardiovascular implants. As a bone covering for implants, pyrolyzed



Advancement in Biomaterials in the Form of Implants 289

carbons are employed. Although it was initially employed for dental implants, the 
material’s inadequate strength eventually led to its discontinuation. To enhance the 
rigidity and longevity of implants of knee joints, they tend to be reinforced with 
carbon fibers, while the implants that are subjected to bear heavy loads may utilize 
coatings of diamond to improve their lubricating properties [17, 21]. 

Bio-active Ceramics 

Ceramics that are capable of interacting with living tissues and contribute to the 
process of healing and regeneration are referred to as bioactive ceramics. Because 
of their biocompatibility and capacity to adhere to bone tissue, these ceramics are 
frequently employed in medical applications such as bone grafts and dental implants. 
Materials like Hap, tricalcium phosphate, and bioactive glass are examples of bioac-
tive ceramics. Bioactive ceramics may promote new bone formation and integra-
tion when used in medical implants, improving results and lowering the chance of 
implant failure [17]. Due to its remarkable Osseointegration and biocompatibility, 
HA attracted considerable amounts of interest [22]. Bioactive glass is composed 
of a silicone oxide network, along with certain network-modifying oxides such 
as magnesium oxide, and potassium oxides. The behavior of bio-glass ceramics, 
which contain approximately 60% silica is similar to that of inert ceramics [23]. It is 
possible to develop bioactive glasses in a variety of shapes, including microspheres 
and porous implants. Animals with bioactive glass have been found to have various 
bone formations. These possess advantageous properties, such as the tendency to 
chemically connect to the tissue, promote osseointegration, and exhibit resistance 
to bio-fouling. In maxillofacial surgery, dentistry, and orthopedics, bioactive sili-
cate glasses are frequently utilized. While such materials are unsuitable for implants 
that are exposed to heavy loads due to their poor mechanical strength, they are 
often utilized to coat such implants for added benefits [24]. Glass ceramics possess 
acceptable thermal, mechanical, scratch, and abrasion resistance qualities. which 
makes them well-suited for use in orthopedic applications. The production process 
involves the use of metal alkoxides gel, which is heated at high temperatures to 
create amorphous glass. This glass is then subjected to further heating to induce 
crystal formation, and the resulting crystals are used in implants [6, 17]. 

Bioresorbable Ceramics 

Bioresorbable ceramics are a type of material that can be absorbed by the body 
over time, eventually breaking down into natural components that can be safely 
metabolized or excreted. Bioresorbable ceramics demonstrate minimal reactivity 
with the tissues of the host body. Owing to their superior biocompatibility and chem-
ical interactions, bioresorbable ceramics are frequently utilized in the fields of dental 
and orthopedic applications. Compared to conventional non-bioresorbable materials, 
these types of materials provide various advantages, including lower risk of long-term
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issues, better healing results, and the opportunity to avoid the need to have another 
surgery to remove the implant. However, bioresorbable ceramics have drawbacks as 
well, including decreased mechanical strength when compared to non-bioresorbable 
materials and possible health issues brought on by their degradation products [25]. 

3.2 Metals and Alloys 

In the nineteenth century, during the Industrial Revolution, metal implants became 
very popular. There was an enormous demand for body tissue and bone regeneration 
during World War 1, which triggered a surge in the utilization of metal implants 
[26]. Several polymers along with composites are now been developed in order 
to meet the need for implants and advancements in technology, several different 
polymers and composites have now been created. need for implants and technological 
advancement. Due to their mechanical strength and biocompatibility, metals are still 
predominantly used as implantable materials. The inherent properties of these metals 
have been further enhanced via alloys. Only a few metals and metal alloys have been 
used in medical implants, including stainless steel (316L), titanium and alloys (Cp-
Ti, Ti6Al4V), aluminum alloys, zirconium-niobium, and tungsten heavy alloys [5, 
27]. Despite the development of several metals and alloys, some of them are harmful 
to humans and do have not much strength, making them incompatible with their 
use. Metal implants are used most frequently in the medical industry and are often 
employed as substitutes for hip, knee, plate, and dental implants as well as pins, dental 
materials, and screws. Also, numerous medical products made from metal, including 
craniofacial plates, and screws, components for artificial hearts, pacemakers, clips, 
valves, balloon catheters, bone fixation devices, and dental implants have been made 
possible by the field of biomaterials’ rapid growth and development [28]. 

Biological conditions and implant functions determine the kind of metal that 
is employed in biomedical implants. The majority of implants, from cardiovas-
cular to otorhinology, are composed of 316L-type stainless steel. Cobalt-Chromium-
Molybdenum alloys are employed when the implant necessitates a high level of resis-
tance to wear, such as in prosthetic joints [5]. Compared to ceramics and polymeric 
materials, the superior tensile strength and degradation limit of metals give manufac-
turers the ability for developing implants that can withstand high mechanical stress. 
Metals, however, possess weaker strengths and modulus of elasticity than ceramics 
and are more susceptible to failure with strain [13]. 

When a biomaterial of metal-based gets implanted in the biological medium, 
the biomaterial’s surface may alter and disintegrate, generating certain by-products 
like ions and debris. Interactions within the surface of the metallic implant and 
cells/tissues take place as a result of this releasing process. The majority of alloys 
allow metal ions to enter the plasma. The chance of ion accumulation in organs like 
the liver and spleen, which subsequently form particulates and interfere with these 
organs’ normal function, is increased when there is an excessive discharge of ions 
in the blood [29]. When this condition continues to occur, it causes cytotoxicity
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and eventually organ failure. Also, the human body does not fully accept metal-
based materials, and inadequate implant attachment hinders tissue growth, leading 
to discomfort or significant pain at the implant location. Metallic implants have a 
larger risk of infection than ceramic implants, and they heal more slowly as well. 
These properties have encouraged current researchers to place the greatest emphasis 
on recognizing the characteristics of metallic surfaces with the objective to produce 
materials that are biocompatible [5]. Despite several shortcomings, metallic implants 
should be preferred because of their superior mechanical durability, low cost, and 
corrosion resistance. Platinum and gold, which are chemically inert, can be utilized as 
bioimplants and do not show corrosion in situ but they are very costly. Consequently, 
owing to their superior mechanical strength and improved biocompatibility, Titanium 
and Magnesium-based alloys are now frequently utilized in biomedical industries 
[30, 31]. 

3.2.1 Magnesium and Its Alloys 

Magnesium (Mg) is a highly abundant element in nature, constituting 2.7% of the 
Earth’s crust. Additionally, minerals such as dolomite and magnesite also contain 
magnesium [32]. Human cortical bone and magnesium have remarkably similar 
mechanical characteristics. Due to its remarkable characteristics including lower 
density, a modulus of elasticity that is comparable with bones, a low weight, biocom-
patibility, and superior mechanical characteristics, Mg along with its alloys are 
attracting a lot of interest in the domain of biodegradable alloys. Mg-based implants 
dissolve in the body since Mg corrodes more quickly in physiological environments 
that contain chloride. It has become a biocompatible and biodegradable material for 
use in implants which also reduces the need for additional surgery [33]. Addition-
ally, it demonstrates minimized toxicity to the human body and also a stress-shielding 
effect. 

In an in vivo analysis using rats, Kraus et al. [34] evaluated the impact of Mg-
based implants made of Mg on the growth plates. In the right femoral bone of rats, an 
Mg implant was inserted. After that, the contralateral femoral bones had been then 
inserted inside their bodies. Using 5% Zinc (Zn), 0.25% Calcium (Ca), and 0.15% 
Manganese (Mn), an Mg implant was alloyed. The findings demonstrated that the 
chosen alloy had superior mechanical and yield strength as well as homogeneous, 
moderate deterioration, and minor gas leakage It, therefore meets the requirements 
to support application in orthopedics whereby attachment near the growth plate is 
needed. By means of an in vivo pig study, Naujokat et al. [35] evaluated the process 
of osteosynthesis of biodegradable magnesium plates. Pig bones were substituted by 
magnesium implants during the experiment. According to the outcomes, implants 
have no impact on the process of how bones heal and are not associated with any 
adverse effects on adjoining bones. As a result, it had been determined that implants 
based on Mg are permissible for internal bone fixation due to their biocompatibility 
with pig body tissues.
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The major disadvantage of Mg and Mg-based alloys was the speed at which they 
corrode under physiological conditions. Since it has a high electrode potential (2.3 V), 
and because of this Mg is extremely prone to corrosion in both aqueous environments 
and bodily fluids. The reason for the high rate of erosion is that certain impurities, 
such as iron, copper, and nickel, accumulate in Mg during casting along with refining 
and speed up corrosion while they exist in concentrations over the permissible level. 
For Iron, Nickel, and Copper in Mg, the impurity standards were 35–50 ppm, 20– 
50 ppm, and 100–300 ppm, respectively. No electrochemically active cathodic sites 
have developed If the above elements exist within these limits, which would accel-
erate corrosion [36]. Because of the rapid in vivo deterioration, speedy corrosion 
leads to the frequent emission of byproducts like as hydrogen gases which indicates 
that there is a need for surface modifications [6]. It has been explored to alloy with 
different elements to combat rapid corrosion. The corrosion-resistant and mechan-
ical characteristics of Mg, for instance, have been improved by the inclusion of 
elements like calcium, zinc, silver, aluminum, zirconium, yttrium, and neodymium. 
Ca–Mg, Zn–Mg, and Ca–Zn–Mg are common examples and because of this, they 
become perfect for replacing bone. The microstructure can be modified in accor-
dance with mechanical properties similar to the types of bone, by carefully selecting 
an appropriate element and its composition [37]. 

3.2.2 Titanium 

As a result of its high biocompatibility, resistance to corrosion, and physical and 
mechanical qualities, its growth as an emerging biomaterial for application in dental 
and medical applications has significantly accelerated in recent years [14]. Wilhelm 
Gregor made the first known discovery of titanium (Ti) in 1789. The aerospace and 
defense sectors were the first to employ Ti industrially, but this was only about 
60 years ago. However, toward the end of the 1970s, the recognition of their biocom-
patibility resulted in the overwhelming need for Ti and Ti-based alloys in applications 
in biology and medicine [14, 38]. Due to its low electrical conductivity, resulting in 
the development of a thin passive oxide layer, it can be considered biocompatible. The 
implant is shielded from corrosion via this oxide layer. Comparing Ti’s (around 110 
GPa) young modulus to stainless steels and cobalt-chrome alloys (approximately 180 
GPa and 210 GPa respectively), Ti’s young modulus is closer to the bone. Exceptional 
tensile strength, excellent resistance to corrosion, significant rigidity, resistance to 
fractures, and biocompatibility are just some of the characteristics of Ti-based alloys 
that make them a good choice for developing bone plates, knee and hip joints, screws 
for fixing fractures, cardiovascular, orthopedic and dental implants [6, 39, 40]. 

Because pure Ti is susceptible to abrasive and adhesive wear, its usage in implanted 
devices is limited, as Olmedo et al. [41] reported in one of their studies. In this 
research, they examined the local effects of corrosion using Ti-based implants in 
rats. To get confirmation of pitting corrosion, they retain the implant for one minute 
first in a cell of NaCl electrolyte. These were then cleaned before being inserted into 
rats’ bodies. According to the results, bone apposition was decreased by artificial
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pitting corrosion. It was determined that corrosion leads Ti to have an adverse impact 
on the body as hazardous metal ions were discharged into the rat’s bodies, hence 
pure titanium shouldn’t be used when developing durable medical implants. Wear 
debris that accumulates between implant surfaces can lead to bone degeneration in 
addition to the compromise stability of implants in long term. Because of this, it 
is used primarily as femoral stems and tibial trays in hip joint replacements, not as 
an articulating component [42]. Thus, Titanium represents one of those commonly 
utilized metals for the fabrication of medical implants used in the medical field, 
although extensive investigations are required to improve its durability against wear 
and tear. Further investigations may concentrate to enhance Ti’s wear resistance via 
metal coupling. Considering metals can be hazardous, polymeric coating material is 
a more effective solution in order to enhancing their properties [4]. 

The most common titanium alloy types used in biomedicine are alpha (Ti– 
6Al–4V), near-α, α–β, and metastable β (Ti–6Al–7Nb). As a consequence of their 
exceptionally high modulus of elasticity values, these alloys, despite being widely 
employed as biometallic implants, have issues with shielding stress across the 
implant-tissue junction. Vanadium and aluminum compounds present in the phys-
iological environment induce the release of poisonous aluminum and vanadium, 
which can have detrimental effects on health. In order to substitute Vanadium and 
aluminum in the alloy, a lot of attention has been given to alloys that comprise 
Zirconium, Niobium, Tantalum, or Molybdenum [6]. 

3.2.3 Stainless Steels 

The group of ferrous alloys referred to as stainless steel (SS) is composed of iron 
(70%), nickel (10–14%), chromium (16–18%), and carbon (1%) [4]. Stainless steel 
is typically used for the medical implant used to replace hips, knees, or shoulders 
temporarily. After cardiac surgery, SS is typically used to make guidewires and 
sensor wires implanted into our bodies [43]. Chromium provides a thin, passive oxide 
coating that shields the implant surface from corrosion. Its mechanical characteris-
tics are enhanced by the inclusion of carbon, primarily the toughness for fractures, 
corrosion resistance toward the corrosion, and implants’ tribological function [44, 
45]. In India, SS grades 304 and 316L are the most preferred implantable mate-
rials for the medical field because they are more affordable, have a wider range of 
resources available to them, are reliable, and are simpler to fabricate than Ti- and 
Cobalt-based alloys. AISI type 316L stainless steel is the most prevalent SS grade 
that is suitable for implant applications. They are a suitable material for orthopedic 
implants due to their load-bearing potential. However, because of a pitting corrosion 
attack with the ejection of ions (nickel and chromium), resulting in allergic reactions 
near the implant area, about 90% of SS implants of 316L grade lose their properties. 
As a result, adding a small percentage of molybdenum (2–4 weight %) increases the 
316L stainless steel grade’s ability to resist corrosion and also strengthens it [6, 46]. 

Due to its better characteristics and reduced toxicity, nickel (Ni)-based SS proved 
to be a superior alloy. Implants made of SS are transparent to X-rays; therefore,



294 R. Shivgotra et al.

noble metals (gold or platinum) coatings, are used to augment their radiopacity. 
The mechanical properties of the implant shouldn’t be compromised throughout this 
procedure, though [47]. Salahinejad et al. [48] evaluated and developed SS free of 
Ni considering it is hazardous to humans. With nitrogen in place of Ni, he increased 
steel strength and structural stability. In comparison to conventional Ni-based steel, 
the results showed excellent strength, superior wear, corrosion, and biocompatibility 
resistance. 

Regardless of possessing numerous advantages, SS is less frequently used in 
biomedical implants because of the reason of corrosion in an environment that 
contains chloride, which can lead to metal ions like Ni and chromium to be released 
that are hazardous to humans. Furthermore, because it is prone to deformation, its 
ductility (flexibility) is restricted. Researchers in the future can therefore concentrate 
on boosting the corrosion resistance against corrosion while simultaneously working 
to increase the ductility of stainless steel. 

3.2.4 Cobalt-Chrome Alloys 

In the first decade of the twentieth century, this alloy was first utilized as a hip replace-
ment implant material [26, 49]. Cobalt (Co) based alloys with chromium (Cr) (27– 
30%), molybdenum (Mo) (5–7%), and a small amount of manganese, silicon (1%), 
iron (0.75%), and Ni (0.5%) are regarded as among the best materials for implant 
applications. The other components include nitrogen, carbon, tungsten, phosphorus, 
and sulfur boron [50]. Co-based alloys are employed in applications for bioimplants, 
especially for developing surgical implants for the hip, knee, shoulder, and broken 
bone surfaces, in accordance with in vivo as well as in vitro studies because they 
exhibit greater biocompatibility, excellent mechanical, corrosion, and wear proper-
ties [51]. Due to their remarkable combination of strength and flexibility, Co–Cr–Mo 
alloys are among the most prevalent types of Co alloy. The alloy mentioned above 
has better elastic modulus, density, and hardness when compared to other metallic 
implants, making it an optimal choice for the implant process. Also, as these alloys 
retain their original qualities for a relatively long period after implantation, this alloy 
is typically employed in permanent implant fixation operations. Artificial ankles and 
knees are made of a Co–Cr–Mo alloy and ultra-high molecular weight polyethylene 
[52]. 

Implantation of Co–Cr alloy and Ti discs was performed in the subcutaneous layer 
of mice. in an in vivo study executed by one of the studies. Following skin closure, the 
implanted discs were immediately injected with a suspension comprising S. aureus. 
In accordance with the results, Co–Cr alloy discs are more bacterially resistant than 
Ti-made discs because they had fewer viable S. aureus compared to Ti discs. Ni, 
Mo, and Cr are a few other significant alloying components for Co-based alloys 
[53]. When these elements leak from the metal surface of Co alloys into bodily 
fluids during corrosion, it has been shown that they are harmful to humans as they 
can cause skin diseases as well as damage to the liver, blood cells, kidneys, and 
lungs [54]. The mechanical strength and resistance to corrosion of Co–Cr–Mo are
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improved through the inclusion of Ni, but the utilization of this alloy in bioimplants 
is constrained due to nickel’s cytotoxicity. The tissue/implant interface experiences a 
stress-shielding phenomenon due to the substantially greater elastic modulus (200– 
250 GPa) and ultimate tensile strength (400–1000 GPa) of Co-based alloys, which 
are ten times greater than those of human bone. Surface modifications of Co–Cr– 
Mo alloys during plasma treatment with plasma increase their rigidity, wear, and 
corrosion resistance but due to their inferior tensile and frictional characteristics, 
they are still not suggested for joint fixtures [55, 56]. 

Because of their inferior frictional properties and corrosion behavior, Co-based 
alloys are not preferred materials for load bearing and joint surfaces. In comparison 
with the other Ti or other alloys, manufacturing Co-Cr alloys is more expensive and 
tedious as well. By employing titanium or zirconium-based coatings or bioceramics 
coatings on a material’s surface, future studies can concentrate on improving the 
osteointegration of Co–Cr alloys. The development of Ni-free Co–Cr alloy should 
be the main area of study to lessen the toxicity while making them safe for people 
to use [4]. 

Other metals and alloys (Titanium, iridium, gold, platinum, and palladium have 
also been employed for developing dental implant devices. Zirconium, hafnium, 
and tungsten-based devices have recently been put through testing. These reactive 
metal groups and their alloys have been claimed to offer certain valuable benefits. 
Metals having relatively low strength values, such as gold, platinum, and palladium, 
have a limited range of applications. Due to their nobility and availability, these 
metals—especially gold—remain employed as implant materials in surgery [6]. 

3.3 Polymers 

Since the 1980s, medical implants’ properties have been modified by coating 
synthetic polymeric materials on them or using them as implantable materials [4]. 
Small repeating unit monomers (homopolymers and copolymers) are the building 
blocks of polymers, which are divided into two distinct categories referred to 
as biodegradable and non-biodegradable. Chitosan, Polyacetal, polycaprolactone, 
alginate, and polylactide are typical examples of biodegradable polymers, while 
polyethylene terephthalate, polymethylmethacrylate, polypropylene, polytetrafluo-
roethylene, etc., are examples of nonbiodegradable polymers [6]. 

The primary benefit of employing polymers is that they can conveniently have 
their composition modified, allowing for the modification of their physical char-
acteristics in accordance with the application. In addition to pacemakers, implants 
made of polymers are commonly utilized to replace kidneys, skin, heart valves, bone, 
contact lenses, and artificial blood arteries. They can also be utilized to serve as a 
binding agent for sealing off the junction within the two materials, or as a protec-
tive covering on its own. In comparison to metals and ceramics, polymers exhibit 
lower strengths and elastic moduli. They lack adherence to biological tissue and are 
less mechanically and physically stable than metals. Due to biological factors, the
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polymers also deteriorate in the physiological environment. Because of this, they 
are not typically utilized in load-bearing implants [4]. Chitosan stands out among 
biodegradable polymers for its superior biodegradability, biocompatibility, antibac-
terial activity, and wound-healing properties. Primarily because of their inexpensive 
cost meanwhile ensuring appropriate mechanical characteristics, polymeric implants 
are highly attractive as bioimplants. Some biodegradable and non-biodegradable 
polymers that are commonly utilized and available commercially are mentioned 
below with brief explanations [8]. 

3.3.1 Polyether Ether Ketone 

For instance, Polyether ether ketone (PEEK), is a semicrystalline thermoplastic 
polymer with ketone and ether functional groups. It exhibits higher compressive 
strength, i.e., 80%, and improved fatigue properties compared to pure PEEK due to 
the additional ketone group because it comprises 20% titanium oxide (TiO2) parti-
cles in addition to the additional ketone group. PEEK is more mechanically strong 
than many metals, provides stability over high temperatures, and is tolerant to chem-
ical and physical deterioration [57]. The mechanical similarities between PEEK and 
human cortical bone are one of the key advantages of employing PEEK is used in 
medical implants as a material. In addition, PEEK exhibits a low density equal to 
bone and Young’s modulus of roughly 4GPa, it is nearly as similar to bone’s 16 
GPa [58]. The effect of coating PEEK over the Ti–6AI–4V structures surface with 
regard to corrosion was examined in one or more investigations. The findings indi-
cated that the coating of PEEK materials ultimately boosted the material’s corrosion 
resistance property because they induced the formation of voids and gaps between 
the materials and also prevented PEEK materials from conducting electrochemical 
reactions. considering its mechanical and physical qualities, it was also studied and 
determined that PEEK material will be potentially employed in cranial implants, 
total joint replacement, and trauma [59]. Kevlar, carbon fiber, glass fiber, and other 
bioceramic coatings are examples of additives that can be used to strengthen PEEK 
polymer. While the main disadvantage of utilizing PEEK polymer in the medical 
implant is its less reactivity with the tissue surrounding it, which makes it incom-
patible with the human body, and also it is significantly more costly in comparison 
to the conventional materials utilized in medical implants. Prospective studies may 
concentrate on enhancing the biocompatibility of PEEK polymer through adding 
bioactive ceramic fillers, like HAp, and also with surface modification techniques 
[60]. 

3.3.2 Polymethyl Methacrylate 

In applications where great strength is not required, polymethyl methacrylate 
(PMMA), is a polymer made from synthetic materials that is non-biodegradable, 
lightweight, and an affordable substitute. Due to the absence of hazardous subunits
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like bisphenol, which are mostly present in other polycarbonates, it also exhibits 
less adverse impacts on human health PMMA, a non-biodegradable polymer that is 
typically used in applications requiring long-lasting durable implants. As a result, 
PMMA is among the best biomaterials for covering implants in the body. PMMA 
cement’s main drawback is that it doesn’t break down. Additionally, the material’s 
high temperature of curing can result in necrosis of the tissue around it, which is a 
major concern [61, 62]. 

3.3.3 Hydroxyapatite 

One of the primary minerals found in human bone is HAp of which 70% is made up 
of bones; the remaining 30% is collagen and water. The physical and chemical char-
acteristics of synthetic HAp are comparable with bone because HAp constitutes the 
majority of bone [63]. It is referred as the most biocompatible material employed in 
bone replacement currently on the market, with great bioactivity, osteoconductivity, 
and less solubility within fluids. In order to improve their biocompatibility and facil-
itate bone regeneration, HAp is primarily applied as a surface coating to a variety of 
titanium or stainless steel-based implants. Additionally, it can be utilized as cement 
between permanent implants or for making small, less loaded medical implants. Its 
limited use in long-term medical implants is due to its poor mechanical strength and 
weak tensile strength [64]. 

3.3.4 Polyvinylidene Fluoride 

The polymer known as Polyvinylidene Fluoride (PVDF) is used frequently in 
the medical sector and has undergone extensive characterization by numerous 
researchers across the world. Due to its nonreactivity, it is a suitable material for 
surgical meshes and sutures, and because of its piezoelectric properties, it is also 
a good choice for wound healing and can serve as a substrate for sensors [65]. 
However, considering its limitations including its incapability to make uniform films 
and poor adherence with other materials, pure PVDF film is quite difficult to obtain 
in biomedical devices used as packing films. In an effort to develop composites with 
the benefits of both materials, PVDF has been explored in combination with other 
materials. PVDF fabrication process has to optimize more so that it can be employed 
in nanoscale devices, which would be extremely advantageous for the industry given 
the challenges of thin film manufacturing [8]. 

3.3.5 Polyethylene 

Polyethylene (PE) can be divided into groups based on their molecular weight, such as 
low-density polyethylene and high-density polyethylene, which have various appli-
cations depending on their properties. When PE was used successfully for total
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hip replacement, it was discovered that ceramic-polystyrene couplings performed 
better than conventional ceramic-ceramic couplings in terms of fracture rates and 
audible component-related noise [8]. Porous high-density polyethylene has good 
elasticity, remarkable biocompatibility, and potent anti-infective characteristics, as 
discovered by various studies employed for rhinoplasty surgery [66]. Furthermore, 
a study has been carried out on PE-related materials’ surfaces to enhance many 
different characteristics for a number of applications [67]. 

3.3.6 Polyurethane 

Several implants have made use of Polyurethane (PU), which is also simple to modify 
in accordance with various biomedical uses. On the other hand, PU may be degraded 
with chemical exposures in vivo, which causes the material to deteriorate. If managed 
properly, such type of degradation can be employed to aid in the development of new 
tissues [68]. Additionally, it was discovered that PU had lesser water permeability, 
which could be reduced even more by adding isopropyl myristate in a very concen-
tration. Capsular contracture is quite infrequent with PU breast implants. Due to its 
excellent surface, thermomechanical, and biocompatible capabilities, thermoplastic 
PU also exhibits significant potential if combined with polydimethylsiloxane for 
application in implants; however, the material is still quite new, and only a few 
studies have examined its characteristics [69]. 

3.3.7 Polypropylene 

Like PE, Polypropylene (PP) is a thermoplastic polymer that may be adjusted as 
per its density and divided into its copolymer and homopolymer components, with 
the primary difference being the material’s strength. Numerous research recently 
explored its use in other body areas like implant-based breast reconstruction. There 
is significant debate over the usage of PP materials in this application, however [8]. 
According to Zheng et al. [70] using these implants causes an inflammatory reaction 
that makes the healing process less effective. PP meshes should still be utilized, 
according to Moalli et al. [71] who observed that these inflammatory reactions were 
necessary for the body’s natural healing processes to take place. Additionally, PP and 
titanium have been coupled to develop a mesh with a smaller capsular contracture, 
an important concern in implant-based breast reconstruction [72]. PP is considered 
to be an ideal material, however, due to biocompatibility challenges, it cannot be 
used as a biomedical implant. To improve the material’s biocompatibility before 
application in the human body, additional research should be conducted regarding 
surface treatments [8].
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3.3.8 Polyamide 

In both their natural and synthetic forms, polyamides (PA) are macromolecules that 
include repeating units connected with amide bonds. Nylon is the usually widely 
used type of PA in medical implants along with devices [73]. Although it’s commonly 
used as a fiber material in composites to enhance their mechanical strength and in 
the production of sutures and dentures, its usage as a material for packaging films is 
infrequent [74]. In a recent study on microbiological contamination, nylon had been 
evaluated among several other materials and emerged with the lowest contamination 
level. A 3D printing technique may be used to efficiently develop nylon and certain 
of its composites, such as glass fiber nylon [8]. 

3.3.9 Silicones Parylene and Polydimethylsiloxane 

Silicones are inert materials that are employed in a number of forms and applica-
tions. Silicone implants have found applications in laryngeal surgeries to address 
various problems, including incomplete glottis closure and vocal impairment caused 
by unilateral vocal fold paralysis. The vocal function of patients has improved, 
according to studies that analyze these implants Additionally, silicone serves as 
an encapsulant material in implants [75]. Silicone has been discovered to be more 
appropriate for extended encapsulation within the body because of its superiority to 
epoxy resin and PU coatings smoother topography and lower surface energy [76]. 
Additionally, the polymer itself is shielded from cells and molecules by these prop-
erties. The two silicone derivatives parylene and polydimethylsiloxane (PDMS) are 
frequently used in biomedical implants. In implanted neurological prostheses, pary-
lene is commonly employed as a packaging material; parylene C is the most widely 
used of its various forms. In addition to pacemakers, blood pumps, breast prostheses, 
shunts, cochlear implants, esophagus replacements, and packaging for implantable 
electrical devices and sensors, PDMS is another widely recognized silicone deriva-
tive [68, 77]. For the treatment of ocular posterior segment disorders such as diabetic 
retinopathy, an implanted MEMS device that has been designed utilizing PDMS for 
direct on-demand drug administration to a human eye was recently developed [8]. 
Despite their widespread use concerns regarding silicone implant failure, in general, 
have been addressed. 

3.3.10 Liquid Crystal Polymer 

Liquid crystal polymers (LCPs) are frequently utilized in microwave frequency elec-
tronics because of their high impact strength and Young’s modulus. In recent studies, 
the potential of LCPs as biomaterials for a wide range of implants and devices, 
including retinal and brain prosthetic implants, has garnered significant interest. In 
one study, it was discovered the usage of LCP packaging for retinal implants had 
an impact on pixel density and that the device’s elevated pixel resolution allowed
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individuals to regain their ability to read and recognize faces. Additionally, LCPs 
have been employed to develop a flexible electrode array in rats for in vivo research 
on brain functioning and neurological disorders [8, 78]. In their study, Kim et al. [79] 
showcased the remarkable MRI compatibility of the material in cochlear implantable 
devices. Their findings suggest that the use of LCP packages resulted in reduced 
cochlear device size and that they hold promise for future exploration of the auditory 
perception mechanism. 

3.3.11 Polylactic Acid 

Polylactic acid (PLA) is a type of thermoplastic polymer that has the unique properties 
of being both biodegradable and compostable. It is made from renewable resources 
like corn starch, cassava roots, or sugarcane. It belongs to the family of polyesters 
and has various applications, including implants, medical devices, 3D printing, pack-
aging, and textiles. As a widely used bioresorbable polymer, PLA has been studied 
for nearly 50 years [17]. The first reports of PLA’s use as sutures and rods for treating 
dog jaw fractures date back to the 1960s, however, a Swedish scientist by the name 
of Scheele made the discovery of PLA in 1780. PLA implants are particularly useful 
because they can be designed to degrade over time, allowing the patient’s tissues to 
take over the function of the implant. The two types of PLA that are most frequently 
used in the medical field are L-PLA which is hydrolysis resistant (mainly crystalline) 
and DL-PLA which is hydrolysis sensitive (primarily amorphous) [80]. 

3.3.12 Polygalactic Acid 

Polygalactic acid (PGA) is a synthetic polymer synthesized from glycolic acid, which 
is produced by the cyclic acid diester’s opening ring. Due to its strong crystallinity, 
poor solubility, and high melting point, PGA was initially utilized in the medical field 
for manufacturing biodegradable sutures. The primary advantage of PGA is that it is 
non-toxic, can be aggregated, and degrades naturally. Because PGA is hydrophilic, 
its breakdown rate is high. Usually, the strength of the implant drops to 50% after 
implantation and to 90% within 28 days. Because of this, therapies application of 
PLGA, the copolymer of PGA and PLA, is more common [17, 81]. 

Various biomaterials utilized in the production of implants with their applications, 
advantages, and disadvantages are shown in Table 2.
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4 Recent Advancements in Biomaterials for Biomedical 
Implants 

The enormous requirement for biomedical implants in the biomedical industry will 
likely continue to grow in the future. Bioimplants have emerged as a potentially 
revolutionary therapy option for diseases such as blindness, neurological disorders, 
orthopedic issues, cardiovascular disease, deformity, and dental deformities [82]. In 
recent years, many implant biomaterials have evolved. There are usually two types of 
implant failure: mechanical and biological. The strain on the implant is influenced by 
our body position while walking, and activities such as jogging, leaping, or cycling 
can increase the strain. If the implant is subjected to excessive load, it may experience 
mechanical failure. Additionally, biological failure can occur when the body reacts to 
the foreign material, and its defense mechanisms interfere with the implant’s function. 
The “foreign-ness” of these biomaterials must be overcome for the currently available 
implant technology to improve host tolerance, maintain the required temporal and/or 
spatial drug release profile, and decrease foreign body reactions. If the treatment fails, 
the patient may undergo further procedures and experience significant trauma, along 
with the discomfort of their body rejecting the treatment. One of the most important 
another aspect among each of the characteristics of a permanent implant is corrosion 
resistance. Due to the presence of water, sodium, chlorine, proteins, and amino acids 
in the human body, they produce an exceptionally corrosive environment. However, 
if the material is not sufficiently adaptable, it will gradually decay, inducing an 
emission of hazardous ions, that cause infection and dysfunction in the tissues of the 
body [4]. Nanotechnology, 3D printing, novel types of biomaterials, surface coatings, 
and modifications are being employed to address issues with current biomaterials 
used for implant technology (Fig. 3). The development of a new class of implant 
materials with enhanced effectiveness, cost-effectiveness, and high surface area-to-
volume ratio owes much to the crucial role played by nanotechnology. Moreover, 
implant surface coating and modification using various techniques are desirable to 
improve their mechanical integrity.

4.1 Advancement in the Form Surface Coating 
and Modification of Biomaterials 

A biomaterial’s surface chemistry and topography are crucial factors that affect 
protein adsorption, cell interaction, and host reaction [83]. The effective integra-
tion of bioimplants with human body tissues is the main necessity for the implant 
process. The surface morphology and chemistry of biomedical implants impart more 
command of the biological responses to lifespan and performance [6]. The modifi-
cation of the surface of biometallic materials is being proposed to attain the needed 
qualities with the aim to enhance implant success rates, bioperformance, biocompat-
ibility, and osteoconductivity. When the surface is adequately modified, the general
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Fig. 3 Shows the advancement of biomaterials to address the challenges associated with existing 
biomaterials used in implant technology

functionality and attributes of the biomedical implant device won’t be impacted for 
a while. The success rate for bioimplants can be considerably improved with the 
benefit of bio-integration and the load-bearing capacity of biomaterials [84, 85]. 
A similar response can be produced in vivo by materials comprised of polymeric, 
ceramic, or metallic bases that have various surface properties, ranging from being 
hard to soft or hydrophilic to hydrophobic. Non-specific protein adsorption is thought 
to be the reason for this observable phenomenon. On the other hand, every process in 
nature depends on unique molecular interactions, such as those between proteins and 
saccharides. The complex surfaces linked to biological recognition are effectively 
regulating biological responses, in contrast to relatively simple surface chemistries 
that organisms seem unresponsive to [83]. 

Nonfouling surfaces, also known as surfaces resistant to protein adsorption, and 
more recently surfaces that regulate protein adsorption, have both been the subject 
of extensive research [83]. Researchers have made efforts to improve implant bio-
integration by altering the implant surface that eventually comes in contact with the 
body. The surface of the implants is being modified utilizing two different methods. 
Covering the metallic surface with organic or inorganic materials without altering the 
implant substrate is the first method [86]. The second method involves the employ-
ment of conversion coatings or surface-modified layers, in which a substrate’s surface 
is chemically altered and a minor thickness increase is a consequence. The substrate 
components in this instance play a role in the development of conversion coatings 
[87]. 

Surface preparation through grinding and polishing is essential for conversion 
coating in order to increase surface roughness for improved mechanical interlocking 
of coatings. Surface modification through the application of an overlay coating is
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advised because this method is critical. In order to achieve the synergy of both char-
acteristics, surface modification, and thin film deposition have recently been coupled 
[44]. For enhanced biocompatibility, corrosion resistance, antibacterial activity, and 
mechanical qualities, the surface of metallic implants is modified with a suitable 
coating material in the evolving biomedical implant industry. Although there are 
numerous ways to deposit bioactive surface coatings, a coating approach that is ideal 
for biomedical purposes has not yet been established. The coatings on implant mate-
rials are currently applied using one of several deposition techniques, including elec-
trodeposition, electrophoretic deposition, sol-gel procedures, physical and chemical 
vapor deposition, and sol-gel procedures [6]. Physical processes involve exposing 
the surface to energetic charges or other physical resources such as flame or plasma. 
On the other hand, chemical methods entail immersing the surface in chemically 
active solutions, which results in the creation of a coating. The Physical method is 
regarded as the best among them because it offers precise stoichiometry, high density, 
excellent adhesion, and outstanding homogeneity when depositing metal or ceramic 
materials on the surface of implants [88]. 

4.1.1 Coating by Physical Methods 

Physical Vapor Deposition Technique 

Among the physical coating techniques, the Physical vapor deposition technique 
(PVD) is the most commonly used approach for coating the biomaterials over the 
metal implant surfaces. Using a number of physical processes, the material is first 
evaporated in this method. When the substance that has evaporated condenses over 
the surface of another metallic substrate, the presence of gases like nitrogen and argon 
in the vacuum chamber facilitates the formation of a coating [89]. The metal’s surface 
topography is unaffected by the PVD method, which also exhibits good tribological 
properties. Because of its rapid deposition rate, PVD is capable of producing coatings 
with little processing time and basic equipment. Coatings having a thickness of less 
than 10 nm can also be produced using PVD [90]. 

Several studies came to the conclusion that PVD may be an effective and inno-
vative method for coating the surface of biomaterials and is thus widely used in 
industries for producing medical implants [91]. Tantalum carbide was coated with 
Ti–6Al–4V using the PVD method in one study by Esmaeili et al. [92] and the results 
showed that the resulting film was uniform, smooth, and homogeneous. The layer 
was both physically and chemically stable, and it strengthened the material’s hard-
ness and resistance to corrosion. Despite this, PVD has several shortcomings. For 
instance, the difference in the thermal expansion of the coating and substrate causes 
the bonding force between them to weaken. Both the substrate’s mechanical strength 
and wear resistance are not greatly increased by PVD. Undercuts are challenging 
to coat with PVD, and the process is also costly [93, 94]. Consequently, PVD is an 
innovative method with industrial uses for producing medical implants. Its use in
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the medical field is constrained by the unstable bond in between the substrate and 
coating surface. 

Thermal Spray Technology or Plasma Spray Technology 

In the biomedical industry, a plasma arc that has been generated by heating a gas to 
high temperatures is used as a heat source in the thermal spray technique known as 
“plasma spray technology” for producing surface coatings. Ionized states of matter, 
such as plasma, contain neutral particles like neutrons as well as charged particles 
like electrons and protons [95]. For coating biomaterials, the plasma spray process 
has multiple advantages. With good adhesion to the substrate, it may produce coat-
ings that are homogeneous, and dense, and also enhance the performance and dura-
bility of biomaterials used for implants. Additionally, the coatings can be modi-
fied to have specific features including bioactivity, biocompatibility, and corrosion 
resistance A high-energy heat source is utilized during the coating process to melt 
and expedite the adherence of minute particles onto a substrate surface. Due to 
the process of heat transmission, these molten particles rapidly solidify and cool 
down on applying impact. Therefore, the buildup of these tiny particles produces a 
coating to form on the surface [96]. Producing coatings for implant surfaces using 
this method is among the most practical, simple, and reliable techniques available. 
Due to its high operating temperature, it is typically used for developing implants 
made of metal with coatings formed of apatite and its derivatives, including bioglass 
coating, calcium silicate coating, zirconia, and titanium coating, etc. [97]. Overall, 
the development of biomaterials for implants can be aided by plasma spray tech-
nology. This method has several disadvantages, including bioceramic disintegration 
during elevated plasma spraying temperatures, significant thermal residual stresses 
within the protective coating, and the existence of flaws that include gaps, cracks, 
and unmelted particles. The high temperature and gas environment have an impact 
on the substrate’s thermal characteristics and crystallinity, which eventually have an 
impact on the osteogenic activity of the implant [4]. 

Plasma Immersion Ion Implantation and Deposition Technique 

The Plasma Immersion Ion Implantation and Deposition (PIII&D) technique is a 
valuable method for surface modification that utilizes both the PVD approach and the 
Plasma Ion Implantation (PII) technique. Under this method, the substrate surface is 
continuously bombarded with the required material utilizing the evaporation process. 
When ions are injected into a surface, the metal phase, which usually acts as an 
anode, releases metal ions over the substrate [98]. The method is very versatile 
and allows for the simultaneous application of several processes, including surface 
etching and deposition. Furthermore, it has the additional advantage of handling 
items with irregular shapes and allowing for compositional control over coatings. This 
method enables the development of a transition layer on the substrate, that is deposited
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within the substrate and the film which progressively enhances the structural density 
and substrate adhesion. This process enhances the mechanical strength of implants 
and provides them with superior corrosion protection. These characteristics make 
PIII&D significantly better compared to PVD and other fabrication methods [99]. 

Zinc ions were applied to the titanium implant’s surface using the PIII&D process 
by Liang et al. [100] and the results describe that the coating was thick and uniform 
throughout the implant’s surface. The technique enhanced a material’s resistance to 
corrosion, fatigue, and abrasion. The PIII&D technique was shown to be effective for 
processing materials of any shape and getting around various material restrictions. 
The PIII&D method was also explored by Sun et al. [101] who utilized it to deposit 
a titanium and oxygen film on the Ni and titanium alloy surface. The study results 
showed that the coating is uniform and dense and that PIII&D had no effect on the 
Ti-Ni’s shape memory. This method enormously enhanced the coating’s strength 
and resistance to corrosion. It was determined that layers produced utilizing the 
PIII&D process exhibit excellent wear properties and adhesion strength, making 
them suitable for coating metal surfaces. In order to coat biomaterials over the metal 
surface, PIII&D is one of the most popular methods and it is a desirable technique 
from an industrial standpoint. It needs a cheap setup, has the ability to alter various 
shapes, and enables large-scale mass production of medical implants. Future studies 
can concentrate on the deposition of various metal elements which further improve 
the characteristics of implants [4]. 

4.1.2 Coating by Chemical Methods 

Chemical Vapor Deposition Technique 

A thin film layer can be formed over the surface of a metal substrate using the coating 
technique known as chemical vapor deposition (CVD). A non-volatile substance is 
deposited onto the substrate surface in this procedure as a result of a chemical reaction 
that occurs within chemicals in the gaseous phase and the sample surface. The coating 
produced via this method is of high quality and has adjustable purity and density 
[102]. Inorganic compounds like carbon nanotubes, graphene, TiO2, and other such 
materials are synthesized using this method in synthetic inorganic chemistry because 
the end product can be precisely controlled in terms of both quantity and quality [103]. 
The benefits of CVD include avoiding the line of sight, producing thick coating layers 
on substrate surfaces, and simultaneously co-depositing several materials. Several 
studies have found that CVD is a more advantageous choice than PVD and can be 
further improved to increase its resistance to corrosion [4]. Despite this, CVD use is 
not as popular as other techniques since it requires a costly and expensive to set up on 
a big scale, vapor deposition equipment, high reaction temperature, and hence has a 
low deposition rate. The exhaust gas and gas source employed in the procedure could 
have toxic consequences that would make the implant more toxic and dangerous for 
human health [104].
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Micro Arc Oxidation Technique 

A method for modifying the surface known as Micro Arc Oxidation (MAO) employs 
the anodizing process to modify the surface of metals and their alloys in the imme-
diate extreme conditions of pressure and temperature produced by an arc discharge. 
Metal oxides and electrolyte components constitute the modified ceramic coating 
formed via MAO. The positive outcomes provided by MAO include its ease of use, 
minimal space requirements, high processing capacity, and environmental safety. 
Additionally, it has advantages for industry, such as cost-effectiveness and suitability 
for very large-scale production. High hydrophilicity in the coating produced through 
the MAO technique can resemble the process by which an implant interacts with 
its surrounding biological environment. The presence of metal ions enhances the 
implant’s antibacterial properties as well [105]. 

According to the outcomes of a study by Cao et al. [106] the  MAO  
method improved the adhesive strength of coating as the uniformity of PLC coating 
increased. Another study by Wang et al. [107] examined the characteristics of an 
MAO coating that was applied to magnesium in a two-step, current-decreasing mode. 
The results indicate that the two steps current decreasing mode improved the charac-
teristics, contributed to energy conservation by lowering current consumption, and 
displayed the best corrosion resistance, maximum adhesion, and highest hardness. 
The MAO technique’s main disadvantage is that the MAO electrolyzer has very 
high-power consumption and size limitations. 

Sol-Gel Technique 

It is the common technique to fabricate several oxide films is Sol-Gel. By using this 
process, hybrid organic-inorganic materials and inorganic materials can be synthe-
sized at low temperatures. A gel is composed of a continuous solid phase that 
encloses a liquid phase, while a sol is a colloidal suspension comprising solid parti-
cles dispersed in a liquid. With this technique, the chemical reaction takes place in the 
solution rather than at the sample-to-gel interface [108]. Sol-gel technology offers 
several advantages, including the ease of fabrication, exceptional film uniformity, 
the ability to cover substrates of any size and over large areas, and low processing 
temperatures. To coat implants made of metal with a coating of hydroxyapatite, TiO2, 
SiO2, and various other films in order to form a 3D rigid network on the substrate 
surface, hydrolysis, and condensation reactions are used in this method. This method 
has several industrial uses for the reason that it is more rapid than other methods and 
uses a significantly lesser coating material [109]. The sol-gel technique, however, 
comes with some drawbacks, including the possibility of large volume shrinkage and 
disc cracking; the potential cost of the precursor used, which enhances the overall 
process cost; and the sensitivity of the membrane formed to heat treatment, resulting 
in film layer cracking. Due to these and other benefits, sol-gel technology has a
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promising future in the medical field. Further applications are restricted by its sensi-
tivity to heat treatment. In the future, researchers may investigate its effect on thermal 
effects and further develop the method to improve its effectiveness and uses [4, 110]. 

4.2 Nanotechnology in Implant Technology 

The properties of implants composed of biomaterials are further improved by a novel 
emerging use of nanotechnology in the implant field, yielding beneficial results. 
Recent years have observed an enormous rise in the impact of nanotechnology on 
the implant industry. Researchers are looking into the potential of using nanoma-
terials, particularly those with biologically inspired characteristics, to enhance the 
functionality of conventional implants [82]. Ceramics, composites, metals, and poly-
mers are just a few of the many materials that have been produced as nanophase 
(100 nm particle size) components as a result of advancements in nanotechnology. 
Several of these materials exhibit improved osseointegration and new bone devel-
opment capabilities. To facilitate osteoblast activity, enhance osteointegration, and 
address bone-related diseases, significant research has been done on nanomaterial 
monomers and nanocomposites in bone tissue engineering. Nanosized materials, 
including nanopillars, nanotubes, nanocubes, quantum dots, nanorods, nanoflowers, 
and metal–organic frameworks, are of great importance to take into consideration 
[111]. Nanotechnology permits advancements in methods of treatment, leading to 
more effective and long-lasting implants, preventable infections, and better bone and 
tendon healing. 

The potential advantages of nanomedicine are now beginning to be grasped 
as a result of considerable fundamental scientific research efforts, particularly in 
orthopaedics. There is still more study to be done in order to fully understand the 
benefits and risks of this unique technology [82]. 

4.2.1 Metal Oxide Nanoparticles 

Several medical devices and implants have been developed with metal oxide nanopar-
ticles. Iron oxide’s magnetic properties have been used for therapeutic and diag-
nostic reasons as contrast materials to provide magnetic resonance imaging, magnetic 
particle imaging, ultrasonic methods photoacoustic imaging, and magnetic particle 
hyperthermia. Zinc oxide (ZnO) has a valuable electrical structure for biological 
applications; for instance, cancer cells have been visualized using ZnO nanowires’ 
inherent fluorescence [112]. Numerous biological uses exist for (TiO2). For example, 
in bone-substituting materials, a thin layer of TiO2 spontaneously forms on the top 
surface of metallic titanium, which encouraged the utilization of TiO2 nanoparticles 
for the regeneration of bones. Due to its similar compatibility to titanium with hard 
tissues, zirconium oxide is currently utilized for dental implants [113].
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4.2.2 Metal Nanoparticles 

The absorption and scattering in the visible and near-infrared ranges have led to the 
usage of materials containing metal nanoparticles in scientific domains of sensing 
and diagnostics. To improve luminescence, gold nanoparticles can be added to the 
formulation of substrates or deposited on suitable substrates. The particle size and 
morphology affect their absorption and scattering capabilities, which in turn deter-
mines how this technology is used. Until the development of technologies based on 
nanomaterials, there weren’t many effective detection approaches [114]. However, 
modern technologies based on nanotechnology facilitate the diagnosis of osteo-
porosis using a portable device. For instance, research has led to the development of a 
novel biochip that uses gold nanoparticles to identify an osteoporosis-related protein. 
It has been demonstrated that it can efficiently assess bone quality and precisely detect 
and characterize the rate of bone degradation. The assessment of the effectiveness 
of cancer treatment may also be aided by the use of fluorescent probes to identify 
nanoparticles [113, 114]. 

4.2.3 Carbon Nanotubes 

The use of carbon nanotubes (CNTs) in various scientific fields has been prompted by 
their physical and chemical characteristics. Their application in nanobiotechnology 
has expanded as a result of surface modification studies performed on these particles 
and their molecular functionalization with biological molecules [115, 116]. Recently, 
researchers suggested employing a new type of tubular structure for bone regenera-
tion called collagen-modified calcium carbonate nanotubes. The emphasis on using 
nanotechnology to increase the mechanical stability of ultra-high molecular weight 
polyethylene—the most often used polymer for packaging orthopedic implants— 
has developed primarily because of its wear resistance and higher biocompatibility 
[113]. The incorporation of carbon nanotubes into this polymer has demonstrated 
translational efficacy and can sometimes be employed as a liner for the acetabulum 
or an element of the tibia [82]. 

4.3 3D Bioprinting Technology 

In recent years, the use of 3D printable biomaterials has significantly increased in the 
production of orthopedic implants. This is primarily due to the lightweight nature of 
the materials, minimal waste generated during production, porous structure that facil-
itates tissue growth, and the convenience of making patient-specific implants with 
complex topologies [17]. The biodegradable implants, which are 3D-printed and 
customized for each patient, are sustainable and dissolve naturally within the body. 
They offer superior healing properties compared to metal implants [117]. Challenges
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for modifying the structure of the production system are made possible by the devel-
opment of 3D printing techniques. The current state of the art demonstrates a trend 
toward 3D printing in the production of complicated implants such as heart valves, 
blood arteries, tracheas, etc. [118]. The utilization of 3D printing for implants offers 
several benefits, such as rapid production, cost-effectiveness, precision in creating 
intricate porous structures, absorption of human bone cells, and the ability to facilitate 
bone integration, while eliminating the risk of surface coating detachment. Currently, 
several 3D-printed implants are available in the market, including knee joints, poste-
rior lumbar interbody fusion devices, meniscus tissues, spinal implants, hip joints, 
and knee braces, among others. Implants can be 3D printed using different materials, 
such as metals, ceramics, and polymers [119]. 

The three categories of 3D printed biomaterials are similar to those used for tradi-
tional biomaterials: 3D printable metals, 3D printable polymers, and 3D printable 
ceramics. When the strength of the implant is an essential factor, such as in dental 
implants, orthopedic implants, and the repair of long bone fractures, metallic bioma-
terials that are 3D printable are used [17]. The most common 3D printing polymers 
utilized for manufacturing orthoses, implants, drug delivery systems, and ortho-
pedic implants include PLA, PEEK, Collagen, Polyether, and Polyesters. Because 
Young’s modulus of these materials is lower than or equivalent to that of bones 
and other body parts, implants made of these biomaterials offer superior dura-
bility and are biocompatible in comparison to those made of metal. The cortical 
long bones implants are made with 3D printable bioceramics. Orthodontic and 
orthopedic implants are developed from 3D printable biomaterials including HAp, 
bioglass, glass ceramics, zirconia, etc. Low fatigue life is a major drawback of the 
3D-printed implant. The number of alternative stress cycles that a part can with-
stand before failing is measured as fatigue life. Materials can fracture at lower stress 
levels, even below their ultimate strength, if they are repeatedly subjected to alternate 
stresses over a long period of time. Every metal has been affected by this; hence the 
fatigue strength of 3D-printed implants must be examined [17, 119]. 

5 Conclusions and Future Prospects 

Biomaterials used in implants have a promising future as they continue to advance in 
terms of their properties, applications, and performance. The application of implants 
has become essential in current medical practices and is widely used in people’s daily 
lives. They assist millions of people worldwide to live longer and with improved 
quality of life and as a result, implant demand has surged over the past few years 
[83]. Patients prefer using implants more commonly as their first choice of treat-
ment since they are becoming progressively more popular. Implants have overtaken 
different traditional treatment approaches and entered the mainstream of dental care 
over the past ten years [9]. Most body tissues found in the human body, including 
teeth, ligaments, bones, tendons, and others, have been effectively replaced by these 
biomaterials in the form of implants. Immune rejection is the biggest obstacle to
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adopting these biomaterials since, in the current context, permanent implants and 
bone replacement require biocompatibility along with the mechanical and biological 
properties of the biomaterial used. Many biomaterials have been identified until now, 
and because of their biocompatibility and biodegradability, these materials are widely 
used in biotherapy and medical research [3]. Different biomaterials are used for manu-
facturing of implants, including metals, ceramics, and polymers, depending on the 
requirement for either permanent or temporary implants. This article examines the use 
of several metals and their alloys, polymeric materials, and other materials employed 
for medical implants. To ensure biocompatibility and prevent corrosion in the body, 
metals are chosen with care. Because of its biocompatibility and surface hardness, 
titanium metal has multiple uses in the medical industry. The chapter discusses 
various metals and their alloys. Although these alloys were able to perform well 
as medical implants, there remains room for improvement in their nanotoxicity and 
manufacturing complexity. Polymeric materials are also employed as materials used 
for implantation typically as a surface coating material of metal implants to enhance 
their properties. The surfaces of implants can be fabricated and modified using a 
variety of methods, such as surface coatings and alterations to boost the mechanical 
strength of the materials. Even though these methods have been widely employed 
and have produced acceptable outcomes, there has yet opportunity for advancement 
in addressing their drawbacks. Nanotechnology and 3D printing have further facili-
tated the development of a novel type of material for implants with improved efficacy, 
affordability, and a substantial surface area-to-volume ratio. Designing materials that 
are biocompatible, biodegradable, and possess appropriate osseointegration proper-
ties, while simultaneously avoiding adverse effects on biological structures, is a 
significant challenge. Thus, focused and careful research is necessary in order to 
develop the most effective and ideal materials used for the production of implants. 
In conclusion, despite these challenges, future prospects of biomaterials used in 
implants are promising, and ongoing research and development will continue to 
improve their properties and performance. These advancements will lead to better 
outcomes for patients and enable the development of more advanced implantable 
devices. 
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Smart Biomaterials in Drug Delivery 
Applications 

S. Giridhar Reddy and H. C. Ananda Murthy 

Abstract The controlled release of drugs is an essential aspect of drug delivery, 
ensuring optimal therapeutic effects while minimising side effects. Stimuli-
responsive materials have emerged as a promising tool for developing controlled-
release drug delivery systems. These substances can react to alterations in the 
surroundings like light, pH, and temperature and can dispense drugs in a regulated 
manner. In this section, the focus is on recent progressions in materials that are reac-
tive to stimuli, such as hydrogels, nanoparticles, and liposomes, and their utilisation 
in the transportation of drugs. The challenges of developing stimuli-responsive drug 
delivery systems and potential strategies to overcome these obstacles are discussed. 
Overall, the development of stimuli-responsive materials has great potential in drug 
delivery, and further research is needed to exploit their capabilities fully. 

Keywords Controlled drug delivery · Hydrogels · Biopolymers · Nanoparticles 

1 Introduction 

The conventional approaches to treating deadly diseases like cancer, coronary artery 
disease, and respiratory and abdominal infections face challenges such as invasive 
procedures for solid tumours, poor solubility of drugs, short drug circulation, drug 
resistance, non-specific targeting, and harmful side effects, both locally and system-
ically [1]. Millions of fresh incidents and fatalities are recorded worldwide due to 
cancer, among the primary causes of death [2, 3]. The incidence and mortality rates 
for 36 types of cancer in 185 countries are estimated by GLOBOCAN [3]. Hence, 
there is an urgent need for new and innovative treatment methods that can target
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cancer cells precisely without harming healthy tissues and organs surrounding the 
tumour [4]. 

Recently drug delivery through nanotechnology has gained popularity due to the 
unique properties of nanoscale materials. These properties, including enhanced intra-
cellular drug delivery and targeted subcellular structures, make it a promising field. 
Nanoscale materials can also overcome physiological barriers in living organisms, 
allowing them to reach previously inaccessible body regions [5]. 

Another emerging field is Supramolecular hydrogels which are versatile and 
rapidly developing nanostructures with potential applications in diverse fields, 
including nanofabrication, biosensing, catalysis, tissue engineering, and controlled 
drug delivery [6]. These hydrogels are formed by low-molecular-weight supramolec-
ular hydrogelators that respond to a stimulus by forming a network of intertwined 
fibres, resulting in a solid-like material with a 3D structure and high-water content 
[7, 8]. 

Polymer micelles have emerged as a new area for drug delivery that can enhance 
treatment efficacy while minimising negative effects. These functional biomaterials 
rely on the self-assembly of amphiphilic polymers to create polymeric micelles, 
which can enclose hydrophobic drugs in their core via hydrophobic interactions 
[4, 8–12]. 

The release of medication can be managed by stimuli in the tumour microenvi-
ronment, such as enzymes, temperature, and pH [13, 14]. 

Another form of drug delivery system is transdermal drug delivery can bypass 
first-pass metabolism and achieve continuous medication release, but the protective 
skin layer (stratum corneum) poses a challenge [15]. Microneedles offer a user-
friendly solution for effective transdermal drug delivery with high bioavailability 
[16]. These patches penetrate the stratum corneum and can deliver drugs painlessly 
and minimally invasively for skin vaccination and drug delivery [17–19]. 

Overall, controlled release is a critical aspect of drug delivery, where drugs 
are released at a controlled rate over time, ensuring maximum therapeutic efficacy 
while minimising unwanted side effects. Stimuli-responsive materials have gained 
significant attention recently as a promising tool for developing controlled-release 
drug delivery systems [20]. Such substances can react to environmental variations, 
including temperature changes, pH, magnetic or electric fields, and light, allowing 
them to dispense medication in a controlled manner [21]. The development of stimuli-
responsive materials has revolutionised the field of drug delivery, as these materials 
can overcome many limitations of conventional drug delivery systems [22]. 

This chapter will briefly overview the recent advances in stimuli-responsive 
materials, their properties, and their potential applications in drug delivery [23]. 

Overall, stimuli-responsive materials have great potential to improve the effi-
cacy and safety of drug delivery, and their continued development is expected to 
impact the field of medicine significantly. The various investigators, with their respec-
tive research areas on CDD, are influenced by different parameters such as pH, 
temperature, light, and magnetic or electric fields as shown in Fig. 1.
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Fig. 1 Schematic 
representation of controlled 
release of drug delivery for 
stimuli-responsive for pH, 
temperature, light sensitivity 
(NIR) and magnetic 

2 pH-Responsive Controlled Drug Delivery 

pH is a widely studied environmental stimulus that can trigger drug release from 
responsive materials. These materials can swell or collapse in response to pH changes, 
leading to drug release. pH-responsive materials are particularly useful for targeted 
drug delivery [24], as different tissues and organs in the body can have varying pH 
levels. For instance, the stomach has a highly acidic pH (1–3), while the blood has 
a slightly alkaline pH (7.35–7.45). 

Hydrogels and liposomes are two types of extensively studied pH-responsive 
materials. Hydrogels are 3D polymer networks that can swell or collapse in response 
to pH changes, allowing drug encapsulation and release. Liposomes are spherical 
structures made of a phospholipid bilayer that can encapsulate drugs and respond to 
pH changes for drug release [25]. 

Some latest articles published and their outcomes for pH-responsive stimuli are 
highlighted in Fig. 2.

2.1 pH-Responsive-Targeted Drug Delivery for Cancer 
Therapy 

A new drug delivery system was developed and evaluated by Pilch et al. [26] for  
targeted cancer therapy. The system uses pH-responsive nanoparticles as carriers for 
an unsymmetrical bisacridine drug designed to target cancer cells selectively. It is 
demonstrated that the drug-loaded nanoparticles have a high drug-loading capacity.
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Fig. 2 Application of 
pH-responsive drug delivery 
in fields

The drug-loaded nanoparticles also exhibited significant cytotoxicity against cancer 
cells in vitro and were able to inhibit tumour growth in a mouse model of breast cancer. 
The study mentions the potential of pH-responsive drug delivery nanoplatforms as 
smart carriers for targeted cancer therapy. 

The pH-responsive nanofiber buttresses were synthesised using the electrospin-
ning technology by Altinbasak et al. [27]. These buttresses release drugs based on 
changes in pH and have controlled drug release over multiple days. It was effec-
tive against human cancer with enough tensile strength for surgical applications and 
could be used with a conventional surgical cutting stapler. This method holds great 
potential for drug delivery devices due to the large surface area, high drug payload 
capacity, and easy placement of the nanofiber buttresses. 

A drug delivery system developed by the facile solvothermal method utilises 
hollow mesoporous structured MnFe2O4 nanospheres, as reported by Gao et al. [28]. 
This system is capable of pH-responsive release and is biocompatible. The study 
found that the nanospheres have a high capacity for drug loading, release drugs in 
response to changes in pH, and do not cause significant cell toxicity. The findings 
suggest that these nanospheres could be a promising drug delivery system for cancer 
treatment. 

Son et al. [29] conducted experiments on mesoporous nanocarriers with fluores-
cence and pH-sensitive controlled release capabilities. The nanocarriers were synthe-
sised using a facile method and were loaded with a natural compound called Dieckol. 
The release of Dieckol from the nanocarriers was controlled by the pH of the solu-
tion, with a faster release at lower pH levels. The fluorescence of the nanocarriers 
allowed for imaging and tracking of the carriers in cells. The study demonstrates the 
potential of these nanocarriers for targeted drug delivery and imaging applications.
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Another hollow mesoporous structured MnFe2O4 nanospheres zeolitic-
imidazolate framework-8 was developed by Anggraini et al. [30]. This system is 
capable of pH-responsive release and is biocompatible. The study found that the 
nanospheres have a high capacity for drug loading, release drugs in response to 
changes in pH, and do not cause significant cell toxicity. The findings suggest that 
these nanospheres could be a promising drug delivery system for cancer treatment. 

The novel magnetic-luminescent nanomaterial, CoFe2O4/mSiO2–NH2/ 
Poly(MAA-co-IA)/MF3 reported by Ghazimoradi et al. [31], which is designed 
to act as a carrier for the anti-cancer drugs methotrexate (MTX) and doxorubicin 
(DOX). The nanomaterial has a core/double-shell structure and can release drugs in 
a controlled manner that distinguishes between normal and cancerous tissues. The 
study shows that the nanocarrier is non-toxic to human cells and inhibits tumour 
growth in vitro. These results suggest that the nanomaterial can be used in cancer 
therapy as a drug delivery system for MTX and DOX. 

The nanotherapeutics developed by Zhang et al. [32] can respond to changes in 
pH for treating ulcerative colitis (UC). However, current treatments target the entire 
colon, which leads to inadequate drug accumulation in inflamed colon lesions and 
causes side effects. To improve targeted delivery, the researchers used a core-shell 
nanoparticle design, coating nano-sized curcumin with two pH-sensitive materials, 
Eudragit® EPO and L100. The resulting CNs@EPO@L100 nanoparticles exhibited 
pH-responsive drug release behaviour, improved anti-inflammatory properties, and 
enhanced accumulation at the colon inflammation site. After oral administration, 
the nanoparticles significantly improved inflammatory symptoms in mice, offering 
a promising strategy for a precisely targeted therapy of UC. 

A hydrogel made of Chitosan and Poly(acrylamide-maleic acid) that responds 
to changes in pH levels described by Akkaya et al. [33]. The hydrogel was loaded 
with Doxorubicin, an anti-cancer drug, and was found to have a high capacity for 
drug absorption. Tests showed that the hydrogel released more Doxorubicin at lower 
pH levels, which is desirable for cancer treatment. The hydrogel was also found 
to be biocompatible with breast cancer cells and effectively released the drug in 
a controlled manner. Additionally, the study used molecular docking and density 
functional theory analysis to investigate the interaction between Doxorubicin and 
the protein HER2, which is involved in cancer development. 

Truong-Thi et al. [34] discuss developing a drug delivery system that uses meso-
porous silica nanoparticles modified with heparin to improve the effectiveness of 
Platinum-based drugs in chemotherapy. The system was found to have a sustained 
and pH-responsive release of the drug and was shown to be biocompatible with 
MCF-7 cells. The results suggest that this system has the potential to overcome the 
limitations of toxicity and resistance associated with Platinum-based drugs. 

The nanocarrier system for delivering daunorubicin (DNR) to breast cancer cells 
is reported by Sheykhisarem et al. [35]. The system consisted of Bi2MoO6 nanopar-
ticles, NH2-graphene oxide (GO), and Polyethylene glycol (PEG), and it was pH-
sensitive and biocompatible. The nanocarrier system released 86.85% of the drug 
in acidic pH and only 15% in biological pH, indicating pH-sensitive behaviour. The
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system had high drug loading content and encapsulation efficiency and did not nega-
tively affect healthy cells but reduced the survival rate of cancer cells. The nanocarrier 
system showed excellent blood compatibility, making it a promising candidate for 
anticancer nanocarrier systems. 

Gou et al. [36] discuss a drug delivery system that utilises chiral mesoporous silica 
nanoparticles (CMSN) that have been modified with chitosan (CS) to deliver drugs 
to tumours in a targeted manner. The CS-CMSN system demonstrated the ability 
to effectively contain and release doxorubicin (DOX) in response to changes in pH 
levels. Both in vitro and in vivo experiments showed that the DOX@CS-CMSN 
system had better uptake in tumour cells and was more efficient at killing them 
while remaining safe for healthy cells. These findings suggest that the CS-CMSN 
nanocarrier system is a promising approach for targeted therapy in treating tumours. 

The drug delivery system that responds to changes in pH levels for photodynamic 
therapy can treat tumours through chemotherapy reported by Zhang et al. [37]. The 
system is created using water-soluble conjugated polymers attached to the anticancer 
drug doxorubicin through acid-labile imine and acyl hydrazone bonds. The resulting 
PFE-DOX-2 system can release drugs in response to pH changes and produce reactive 
oxygen species when exposed to light, thus enhancing its therapeutic effectiveness. 
The system also permits the monitoring of drug release by observing changes in 
the fluorescence of the conjugated polymers. This research presents a promising 
approach to treating cancer in vivo using a multifunctional drug delivery system that 
responds to stimuli. 

The research explored by Rao et al. [38] how palmyra palm kernel (PPK) behaves 
as a gel and its possible usage as a carrier for delivering drugs to treat colon cancer. 
The PPK hydrogels displayed impressive swelling properties when exposed to pH, 
and they effectively encapsulated 5-Fluorouracil (5-FU) with an efficiency rate of up 
to 62%. Molecularly dispersed 5-FU was found in the PPK hydrogel matrix, and in 
laboratory tests, the drug was gradually released over 12 h. The study indicates that 
PPK hydrogels carrying chemotherapeutic drugs can be a treatment alternative for 
colon cancer. 

Efficient chemotherapy was reported by Heragh et al. [39] for synthesising 
cross-linked chitosan/laponite RD nanoparticles that co-encapsulate doxorubicin and 
saffron extract. The nanocarriers had a high level of encapsulation for both DOX and 
SAF and displayed a release behaviour sensitive to pH. The release of DOX and SAF 
was regulated by the cross-linked CS content, with the release rate increasing in acidic 
conditions. Additionally, the nanocarriers demonstrated antibacterial properties and 
high toxicity against cancer cells. The research indicates that using nanotechnology 
to combine natural antioxidants with synthetic anticancer agents can enhance the 
effectiveness of chemotherapy while minimising side effects. 

The drug delivery by nanoassemblies that release doxorubicin in acidic conditions 
is typically found in cancerous tissues while exhibiting a lower release rate in normal 
physiological conditions, as reported by Teixeira et al. [40] discuss the creation of. 
The nanoassemblies’ hybrid composition allowed for high encapsulation efficiency 
and drug-loading content, and they maintained their colloidal stability for at least four 
weeks. The DOX-loaded nanoassemblies were shown to have higher cytotoxicity in
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cancer cell lines compared to free DOX and lower cytotoxicity in normal cell lines. 
The results suggest that the nanoassemblies can be used in cancer therapy. 

Li [41] describes the fabrication of pH-responsive nanoparticles using Polyamine-
modified β-Cyclodextrin and Sodium dodecyl benzene sulfonate loaded with 
Doxorubicin and Celastrol. The nanoparticles were characterised using various tech-
niques and demonstrated minimal release in acidic environments and effective release 
in basic environments. The release kinetics were studied using different models, and 
the nanoparticles were found to be highly toxic to tumour cells and low in cytotoxicity 
to normal epithelial cells. Flow cytometry analysis indicated that the nanoparticles 
could induce cell apoptosis and had great potential as an oral administration drug 
delivery system with sustained release and target specificity. 

The process of creating hydrogels Batool et al. [42] that can sense pH, biodegrade 
and are compatible with living organisms. The hydrogels are made using Na-CMC/ 
pectin Poly(methacrylic acid) and are loaded with the anti-cancer drug Cytarabine. 
Their properties, such as texture, morphology, loading efficiency, and drug release 
profile, were studied, and they were found to have effective drug encapsulation and 
continuous release for 24 h. In toxicity studies with rabbits, the hydrogels were safe 
and compatible with living organisms. In pharmacokinetic evaluation, they showed 
a significant increase in plasma half-life and AUC. The study’s results suggest these 
hydrogels could be used as a controlled drug delivery system. 

2.2 pH-Responsive Hydrogels/Nanoparticles in Wound 
Healing 

The hydrogels that can hold two drugs discussed by Du et al. [43] have pH-responsive 
and antibacterial characteristics, which are suitable for dressing skin wounds. The 
hydrogels were loaded with two drugs (Gentamicin sulfate, and Lysozyme), an 
antibacterial agent and a growth factor. They were designed to be pH-responsive, 
releasing the drugs more rapidly in acidic environments like those found in infected 
wounds. The hydrogels were found to have good antibacterial activity and could 
promote wound healing in vitro. It was suggested that these hydrogels could be used 
in developing advanced wound dressings with improved efficacy. 

Another hydrogel reported by Xie et al. [44] describes the development of a 
dressing loaded with microcarriers that release antibacterial and pro-vascularizing 
agents for wound healing. The dressing is pH-responsive and promotes the controlled 
release of vascular endothelial growth factor (VEGF) to aid in angiogenesis. The 
dressing effectively inhibits bacterial formation and accelerates wound healing, 
making it a promising treatment for infected wounds. 

Pan et al. [45] focused on silica nanoparticles that are pH-sensitive and loaded 
with Chlorhexidine for the specific release of the drug on alkaline wounds. These 
nanoparticles were found to have antibacterial effects against both Gram-positive 
and -negative bacterial pathogens and exhibited no cytotoxicity. The nanoparticles’
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administration decreased the number of viable bacterial cells, suggesting they may 
be useful in treating chronic wound infections. 

2.3 pH-Responsive Hydrogels for Regeneration of Bone 
Tissue 

A pH-responsive drug carrier for treating bone infections and promoting bone 
tissue regeneration was developed by Zhang et al. [46]. The carrier comprises a 
borate glass core and a mesoporous hydroxyapatite HA shell (BG-HA), coated with 
glutaraldehyde-crosslinked chitosan (CS). Drug release is minimal at neutral pH, but 
in acidic environments, the CS swells and opens the pores on the HA shell, resulting 
in faster drug release. The carrier effectively eliminates bacteria like S. aureus and 
E. coli and has the potential to gain self-regulated drug release, control the acidic 
environment at bone infection sites, and promote the regeneration of bone tissue. 

2.4 pH-Responsive Membrane for Glucose-Sensing 

Patil [47] the study examined how permeable a pH-sensitive membrane made from 
polyimide and polyacrylic acid (PI-PAAc) was and how it could be turned into a 
glucose-sensitive membrane by attaching glucose oxidase (GOD) enzymes to it. 
The PI membranes were initially created using a photolithographic process, with 
PAAc being grafted onto the pores using a 248 nm KrF laser. The attached GOD 
molecules were responsive to glucose and could transform it into gluconic acid. The 
research suggests that these membranes can recognise and release corresponding 
solute amounts, making them a potential candidate for glucose-sensing purposes. 

2.5 pH-Responsive Membrane for Transdermal Patches 

Aashli et al. [48] the authors prepared transdermal films of Montelukast Sodium using 
the solvent casting method. The films were prepared using different concentrations of 
Polyvinyl alcohol (PVA), Polyethylene glycol (PEG), and Montelukast Sodium. The 
prepared films were characterised using FTIR, DSC, SEM, and XRD techniques. The 
drug release kinetics of Montelukast Sodium from the films were studied using the 
in-vitro release method. The prepared transdermal films showed improved chemical 
stability and extended drug release of Montelukast Sodium, making them an effective 
drug delivery system for transdermal administration.
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2.6 pH-Responsive Hydrogels in Environmental 
Preservatives 

The hydrogels that are pH-responsive using Carboxymethyl chitosan (CC), Sodium 
alginate (SA), and Carvacrol (CA) synthesised by Cheng et al. [49]. The hydrogels 
were formed through electrostatic interactions and hydrogen bonding, and increased 
CC content resulted in better thermostability. The hydrogels increased in size with 
higher pH, with CA release mainly controlled by Fickian diffusion. CA release 
increased with temperature and pH, allowing for pH stimulation and on-demand 
release. The hydrogels were stable for storage and biocompatible, providing a new 
solution for environmentally responsive preservatives and intelligent preservation. 

2.7 pH-Responsive Hydrogels for Agricultural Chemicals 
Release 

The biochar-supported γ-FeOOH nanoarrays (γ-FeOOH@BC) release agricultural 
chemicals in a controlled manner, as discussed by Wang et al. [50]. The improved 
charge of the material allows for accurate release through changes in environmental 
pH. The study found that QNC and PO43 were released at pH 7.8 and reached 88% 
at pH 11. The encapsulation efficiency is 75% even after five sensitivity tests, and 
the structures showed selective herbicidal activity against barnyard grass. 

2.8 Graphene-Based pH-Responsive Drug Delivery Systems 

An overview of graphene-based materials, including graphene oxide, reduced 
graphene oxide, and graphene quantum dots, and their potential applications in pH-
responsive drug delivery systems was discussed by Banihashemian et al. [51]. The 
authors review different strategies for designing and preparing graphene-based drug 
delivery systems, such as chemical modification, functionalisation, and nanocom-
posite formation. The mechanisms of pH responsiveness in graphene-based drug 
delivery systems, such as protonation/deprotonation, electrostatic interactions, and 
hydrophobic/hydrophilic balance, are also discussed. Furthermore, the authors high-
light the potential challenges of developing graphene-based pH-responsive drug 
delivery systems, including stability, biocompatibility, and toxicity.
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2.9 pH-Responsive Drug Delivery by Nanocomposites/Blends 

The production of halloysite nanotubes for a drug delivery system was reported by Lei 
et al. [52] for responsiveness to pH. The drug release can be regulated based on the pH 
of the environment surrounding the nanotubes by attaching pH-responsive polymers 
to their surface. They discovered that halloysite nanotubes’ anisotropic structure 
enhances their potential to hold and release drugs compared to other nanoparticle 
types. The research suggests that this approach could have the potential for specific 
drug delivery and other biomedical applications. 

Elham Saleh et al. reported a nanocomposite material that can act as a carrier 
for the controlled release of Piperine responsive to pH [53]. This material is made 
by combining bovine serum albumin and oxidised gum Arabic. The material was 
synthesised using a green approach and was stable and non-toxic. The controlled 
release of Piperine was demonstrated using in vitro experiments, and the results 
showed that the release rate was dependent on the pH of the solution. Also performed a 
molecular docking study to investigate the interactions between the nanocomposite 
material and Piperine. The study provides a promising approach for developing 
pH-responsive drug delivery systems using natural and biocompatible materials. 

de Jesus Oliveira et al. [54] conducted a study where they developed pH-responsive 
phthalate cashew gum nanoparticles to enhance the delivery and effectiveness of 
anti-Trypanosoma cruzi drugs. The study emphasised the importance of utilising 
biodegradable and biocompatible materials for drug delivery systems. The nanopar-
ticles were spherical, stable, and responsive to pH levels, allowing for sustained drug 
release. In vitro experiments indicated that drug-loaded nanoparticles had superior 
efficacy against Trypanosoma cruzi compared to free drugs. The results suggest 
that pH-responsive phthalate cashew gum nanoparticles could be a promising drug 
delivery system for treating Chagas disease. 

Lee et al. [55], describes a novel approach for treating renal fibrosis, a condi-
tion characterised by the excessive accumulation of extracellular matrix proteins in 
the kidneys, leading to impaired kidney function. The approach involves using a pH-
responsive nanocarrier to deliver nitric oxide (NO), a signalling molecule with potent 
anti-fibrotic effects, specifically to the fibrotic tissue in the kidneys. The nanocarrier 
is designed to release NO in response to the acidic environment characteristic of 
fibrotic tissue. The authors demonstrate that the pH-responsive nanocarrier effec-
tively delivers NO to fibrotic kidney tissue in a mouse model of renal fibrosis, 
reducing fibrosis and improving kidney function. This approach has the potential 
to be a promising therapeutic strategy for the treatment of renal fibrosis. 

The pH-responsive Sodium alginate (SA) and Lignosulphonic (LS) biodegradable 
polymeric blends with different proportions (80:20) were prepared by the solution 
casting technique to achieve the desired drug release rate. The prepared polymeric 
blends were characterised using FTIR. The drug release kinetics of Hydroxychloro-
quine sulphate (HCQ) from the polymeric blends were studied using the in-vitro 
release method. The SA/LS blends showed a controlled release of HCQ over an
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extended period [56]. Crosslinking affects the control drug release of Hydroxychloro-
quine sulphate (HCQ) drug using alginate beads. The ionotropic gelation method 
prepared the alginate beads and crosslinked them using different calcium chloride 
concentrations. The drug release kinetics of HCQ from the beads were studied using 
the in-vitro release method [57]. The authors concluded that the crosslinked alginate 
beads showed a controlled release of HCQ over an extended period. 

3 Temperature-Responsive Drug Delivery 

Temperature is another environmental stimulus that can be used to trigger the release 
of drugs from stimuli-responsive materials. Temperature-responsive materials can 
change their structure or solubility in response to temperature changes, resulting 
in drug release [22]. Temperature-responsive materials are particularly useful for 
localised drug delivery, as they can be triggered by changes in temperature at a 
specific site in the body. 

One class of temperature-responsive materials that have been extensively studied 
is thermoresponsive hydrogels. These hydrogels can undergo a reversible phase tran-
sition from a swollen to a collapsed state in response to changes in temperature. Below 
a certain temperature, the hydrogel is in a swollen state and can encapsulate the drug. 
When the temperature is increased above a critical value, the hydrogel collapses, 
resulting in the release of the drug. Another class of temperature-responsive materials 
is liposomes. These materials can be designed to respond to changes in temperature, 
causing the release of the encapsulated drug. 

In summary, temperature-responsive materials have emerged as a promising tool 
for developing controlled-release drug delivery systems. These materials can respond 
to changes in temperature to release drugs in a controlled manner and can be used 
for localised drug delivery. The development of temperature-responsive materials 
has opened up new possibilities for drug delivery. Further research in this area is 
expected to lead to the development of more effective and efficient drug delivery 
systems. 

Some of the well-known polymers that release drugs with temperature application 
are furnished in Table 1.

These are a few examples of polymers commonly used in temperature-dependent 
drug delivery systems. Depending on the specific drug delivery application and 
desired temperature-responsive behaviour published by various researchers are 
provided below.
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Table 1 List of well-known polymers that are temperature-responsive drug delivery 

Polymer Properties 

• Poly(N-isopropylacrylamide) 
(PNIPAAm) 

This is a well-known thermoresponsive polymer that is 
commonly used in temperature-dependent drug delivery 
systems due to its lower critical solution temperature 
(LCST) behaviour 

• Polyethylene glycol (PEG) It is a biocompatible polymer that can be used as a 
matrix material for drug delivery systems. It can be 
modified to exhibit temperature-responsive behaviour by 
introducing thermo-sensitive groups such as PNIPAAm 

• Polymethacrylates Is a pH-sensitive polymers that can also exhibit 
temperature-dependent behaviour when combined with 
other thermoresponsive polymers 

• Chitosan It is a biodegradable and biocompatible polymer that can 
prepare temperature-dependent drug delivery systems. It 
can be combined with other thermoresponsive polymers 
to enhance its temperature-responsive behaviour 

• Poly(caprolactone) (PCL) PCL is a biodegradable and biocompatible polymer that 
can prepare temperature-dependent drug delivery 
systems. It can be modified to exhibit 
temperature-responsive behaviour by incorporating 
thermoresponsive polymers

3.1 Temperature-Sensitive Drug Delivery for Cancer/Tumour 
Treatment 

The nanocarrier is responsive to changes in temperature reported by Hemmatpour 
et al. [58]. The carrier is made from a natural and safe clay mineral, halloysite 
nanotubes, coated with a layer of Poly (N-isopropyl acrylamide) brushes. These 
brushes have a phase transition temperature of 32 °C, which means they can release 
drugs at high temperatures. The study shows that the nanocarrier is non-toxic and 
can successfully release drugs in response to temperature changes. Additionally, the 
team used a special type of microscopy to confirm that the nanocarrier can enter and 
interact with cancer cells. The results suggest that this nanocarrier could improve 
hyperthermia therapies by delivering drugs to cancer cells in response to temperature 
changes. 

The hydrogels developed by Lin [59] respond to temperature and pH changes. The 
hydrogels are monomethoxy poly (ethylene glycol) copolymers and polypeptides 
with tertiary amine pendants that transform from α-helix to β-sheet at pH 7.4. The 
hydrogels can release doxorubicin quickly at acidic pH levels and slowly at neutral 
pH levels, making them suitable for controlled drug delivery. The hydrogels are also 
biocompatible in vivo. 

Another hydrogel developed by Pourbadiei et al. [60] that responds to light and 
temperature is made of a copolymer of azobenzene derivative and N-isopropyl acry-
lamide (NIPAM). The hydrogel is created through host-guest interactions between
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the hydrophobic core of cyclodextrin and the azobenzene component. At low temper-
atures, the hydrogel can be injected through a syringe and become a gel after injection 
due to its LCST-based properties. The researchers explored the drug release behaviour 
under various light and temperature conditions. They also tested the efficacy of the 
Paclitaxel-loaded hydrogel in vitro against cancerous fibroblastic cells (A-431) and 
conducted in vivo studies using staining techniques. 

The gold nanorods nanocomposite for synergistic breast cancer treatment was 
developed by Rawand et al. [61]. The nanocomposites are coated with a pH-
temperature responsive polymer and Doxorubicin-loaded mesoporous silica for 
drug delivery. Upon NIR radiation, the nanocomposite generates heat to induce 
hyperthermia and trigger the release of Doxorubicin in response to high tempera-
ture/low pH at the tumour site. The nanocomposite demonstrated high efficiency 
in suppressing MDA-MB-231 cell proliferation in vitro and good capability in 
suppressing tumour growth in mice in vivo while exhibiting good biosafety. 

The potential thermosensitive gels as carriers for tumour treatment in interven-
tional therapy developed by Hu et al. [62] can extend the lives of cancer patients, 
especially those with primary liver cancer. These gels have biocompatibility and 
drug retention ability and can turn gel-like in response to temperature changes, 
allowing for rapid embolisation without the risk of ectopic embolisation. The authors 
reviewed recent advancements in embolisation materials, including chitosan, poly-
acrylamide and poloxamers, to provide insights into developing and implementing 
thermosensitive gels for cancer treatment. 

Ruan et al. [63] address the issue of reversing drug resistance in cancer patients 
undergoing chemotherapy and suggest that delivering drugs to the mitochondria 
could be a solution. They developed a temperature-responsive drug delivery system 
that targets the mitochondria and overcomes doxorubicin resistance in lung cancer. 
The nanocarrier prevents drug efflux and allows drug accumulation in resistant 
tumours, enhancing cytotoxicity and reversal of drug resistance in mice. This is 
the first study to demonstrate the use of temperature-responsive drug delivery to 
target the mitochondria and reverse drug resistance in cancer. 

The drug delivery system was designed for treating lung cancer using temperature-
responsive micelles and hyaluronic acid biopolymers reported by Xu et al. [64]. The 
system is created using layer-by-layer self-assembly technology, which enables effi-
cient drug loading and a controllable release mode based on environmental stimuli. 
The study investigates the responsive behaviour of the films to temperature and 
ionic strength and examines the influence of each component on the drug release 
profile’s response to environmental triggers. The morphology integrity of the films 
is retained after several temperature-triggered cycles. Additionally, the study exam-
ines the system’s intermolecular interaction and molecular motions to determine its 
delivery efficiency. The development of these LBL films offers innovative ideas for 
modifying traditional drug delivery materials and future functional material design. 

The drug delivery system that responds to temperature and pH using a poly(N-
isopropyl acrylamide)-co-poly(acrylamide) copolymer and a melamine cross-linker 
discussed by Thirupathi et al. [65]. The hydrogel system they created had phase tran-
sition properties sensitive to temperature. The drug release efficiency was sensitive
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to pH when tested with curcumin under different temperatures and pH conditions. 
Under a combination of pH 5.0 and 45 °C temperature stimuli, the system displayed 
a high drug-loading capacity and almost complete drug release within 8 h. 

3.2 Temperature-Sensitive Drug Release Behaviours Using 
the Artificial Neural Network Technique 

The pH and temperature-responsive hydrogel for drug delivery systems developed 
by Balan et al. [66] offer several advantages, such as high drug loading capacity, 
biocompatibility, and controlled drug release. The study found the hydrogel had 
varying fracture strengths and DOX loading capacities. Their drug release behaviour 
was influenced by time, pH, temperature and physical crosslinking degree of the 
hydrogel. The study successfully modelled the complex drug release behaviours 
using the artificial neural network (ANN) technique. 

An interpenetrating polymer network (IPN) hydrogel that responds to pH and 
temperature was synthesised by Boztepe et al. [67].  They  focussed on creating a  
model for predicting drug-release behaviour in hydrogels that respond to environ-
mental changes, such as pH and temperature. This can be challenging due to the many 
variables in the body. The hydrogel was loaded with the drug doxorubicin (DOX), 
and its release was observed over time, considering pH and temperature changes. 
The study employed artificial neural networks (ANNs), least squares support vector 
machines (LS-SVM), and support vector regression (SVR) methodologies to model 
the experimental release data, with the ANN model proving to be the most effective 
at predicting the behaviour of the IPN hydrogel in releasing DOX. The performance 
of the models was assessed using statistical measures. 

Computer simulations were explored by Sakai et al. [68] for the impact of 
temperature on Cyclophosphamide (CP) discharge from β-Cyclodextrin (β-CD). The 
researchers discovered that CP was released from β-CD at 127 °C and that the β-
CD/CP complex displayed less rigidity at elevated temperatures. These results may 
aid in developing temperature-sensitive drug delivery systems that employ β-CD 
nanocarriers. 

3.3 Temperature-Sensitive Drug Release-Copolymer 
as a Gatekeeper 

Mesoporous silica drug delivery method reported by Thirupathi et al. [69]. They 
utilised a copolymer (PNIPAm-PAAm) that acted as a gatekeeper, reacting to changes 
in temperature and pH, to cover the surface. This system regulates drug delivery under 
various pH and temperature conditions. The system’s biocompatibility was confirmed 
using MTT assay and cellular internalisation research. The research implies that the
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MS@PNIPAm-PAAm NPs they produced could serve as a drug delivery mechanism 
where continuous drug release is required at elevated temperatures. 

3.4 Temperature-Sensitive Drug Release from Microsphere 

Microspheres made of poly(methyl methacrylate) (PMMA) and poly(methyl 
methacrylate-co-N-vinyl caprolactam) (P(MMA-NVCL) by oil-in-water emulsion 
method. It was photo polymerised under green LED irradiation to load erythromycin 
(EM), as reported by Yu et al. [70]. The microspheres were characterised using 
various techniques and were observed to have well-controlled release behaviour 
for up to 12 h. EM concentration primarily controlled the release mechanism, but 
hydrogen bond rupture and microsphere relaxation also contributed. The P(MMA-
NVCL)-EM microspheres were temperature-sensitive and had a higher EM loading 
content than PMMA-EM microspheres. 

Nanospheres of Chitosan/hydroxypropyl cellulose containing Flurbiprofen drugs 
were synthesised as reported by Işıklan et al. [71]. The nanospheres were found to 
have a temperature-responsive feature, and their release profiles depended on various 
factors. The study also demonstrated the biocompatibility of the nanospheres. The 
results suggest the nanospheres can be used as a controlled drug release carrier. 

3.5 Temperature-Sensitive Drug Release in Regenerative 
Medicine 

The drug delivery for stem cells in regenerative medicine is developed by Huang et al. 
[72]. A temperature-sensitive hydrogel using a combination of two materials, methyl-
cellulose (MC) and polyvinyl alcohol (PVA) synthesised, to address the problem of 
low cell survival and retention in cell delivery therapy. Creating physical hydrogen 
bonds between MC and PVA chains produced porous hydrogels with a high water 
retention capacity, stable modulus, fast gelation, and injectability. These hydrogels 
are highly transparent to light. The team found that the hydrogels were non-toxic to 
rabbit adipose-derived stem cells and could be utilised as a delivery method for stem 
cells in regenerative medicine.
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3.6 Temperature-Sensitive Drug Release from Hybrid 
Hydrogels 

Hybrid hydrogels are developed by Emam et al. [73] with stimuli-responsive 
properties by using Succinylated cellulose nanocrystals (Su-CNC) and Poly(N-
isopropylacrylamide) (PNIPAm) via free radical polymerisation. The resulting 
hydrogels exhibited pH and temperature responsiveness, with hydrophobicity and 
shrinkage occurring at 35 °C and higher temperatures. At pH 6, the hydro-
gels displayed significant equilibrium swelling ratios, and the Su-CNC/PNIPAm 
2 hydrogel demonstrated potential for in vitro Famotidine release due to its pH 
responsiveness. 

3.7 Temperature-Sensitive Drug Release 
from Nanocomposite 

Uniform temperature-sensitive hollow mesoporous silica nanoparticles 
(HMSN@P(NIPAM-co-NHMA)) with high drug loading capacity were created 
by Zhu et al. [74] for drug delivery purposes. The nanoparticles had P(NIPAM-
co-NHMA) polymer attached to their surface. They were tested using Puer-
arin (PUE) as a drug model, demonstrating excellent loading efficiency and 
temperature-sensitive release. The researchers also discovered that HMSN and 
HMSN@P(NIPAM-co-NHMA) were highly stable and biocompatible. 

3.8 Temperature-Sensitive Drug Release in Ocular 
Treatments 

In their research, Ow et al. [75] examine the impact of ocular diseases on patients 
and the healthcare system, and stress that nearly half of all vision problems can be 
prevented or treated. One possible solution could be to use temperature-sensitive 
hydrogels that are safe for the body and can be transformed into a gel by changing 
the temperature. Recent advancements in temperature-responsive polymers show 
potential for treating various eye conditions such as cataracts, dry eyes, glaucoma, 
retinal detachment, and age-related macular degeneration. These developments may 
have applications in various ocular treatments, such as vitreous substitutes for retinal 
surgery, topical eye drops, and lenses that can reduce inflammation and discomfort. 
A review article highlights the potential of these advances in treating ocular diseases.
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3.9 Temperature-Sensitive Drug Release 
from Nanocomposites 

A temperature-sensitive nanocarrier for hyperthermia therapies using halloysite 
nanotubes and poly(N-isopropyl acrylamide) brushes were reported by Hemmat-
pour et al. [76]. The nanocarrier was synthesised through a mussel-inspired 
dopamine polymerisation and surface-initiated atom transfer radical polymerisa-
tion. The resulting material has a polymer layer surrounding the nanotubes, and drug 
release studies demonstrated a temperature-responsive release behaviour due to the 
Poly(N-isopropyl acrylamide) brushes. 

The drug delivery system is intelligent and functional by using silica nanoparticles 
with radially porous structures and functionalised ligands encapsulated with polymer 
developed by Choi et al. [77]. This system has a high capacity for drug loading and 
can respond to changes in pH and temperature. The researchers could load ibuprofen 
up to 270 wt.% with high efficiency and achieve pH and temperature-responsive drug 
release by using amine functionalisation and a temperature-responsive agarose gel 
surface coating. In vitro tests showed that the nanoparticles did not show toxicity 
on fibroblast cells, suggesting they have potential as nanomedicine for drug delivery 
applications. 

3.10 Temperature-Responsive Block Copolymer 

Kotsuchibashi et al. [78] explained two kinds of temperature-sensitive polymers 
depending on their characteristics: lower critical solution temperature (LCST) and 
upper critical solution temperature (UCST). The authors highlighted that block 
copolymers possessing dual-temperature-sensitive properties are predicted to show 
complicated states and structures. Recent advancements have produced block copoly-
mers with multi-temperature-sensitive properties with potential applications in drug 
delivery, sensors, model proteins and memory storage. The review paper is split into 
three parts, concentrating on dual-temperature-responsive block copolymers, dual-
temperature-responsive hydrogels and multi-temperature-responsive block copoly-
mers. 

3.11 Temperature Responsive Aerogels 

Liu et al. [79] have developed a new drug delivery system, which uses temperature-
responsive aerogels made from Hydroxypropyl methylcellulose (HPMC)-grafted N-
isopropyl acrylamide (NIPAM). The researchers conducted several analyses to deter-
mine the structure and morphology of the aerogels and tested the release behaviour of 
a model drug, 5-Fluorouracil, from the aerogels. The study found that the release of
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the drug was controlled and sustained and dependent on temperature. The researchers 
also used models such as first-order kinetic, Higuchi, and Korsmyer-Peppas to 
analyse the sustained-release mechanism. The results suggest that HPMC-NIPAM 
aerogels could be a promising drug delivery system. 

3.12 Temperature-Responsive Hybrid Nanoparticles 

Hajebi et al. [80] describe the preparation of hybrid nanoparticles that are sensitive 
to temperature. The nanoparticles were created using N-Isopropyl acrylamide and 
vinyl-modified silica nanoparticles, with varying cross-linking densities achieved by 
altering the N, N-Methylene bisacrylamide percentage. The silica cores were then 
hydrolysed to form hollow poly(N-isopropyl acrylamide) nanogels. The researchers 
studied the sensitivity of these nanogels to temperature using UV-vis spectroscopy 
and dynamic light scattering. They also examined the release of the drug doxorubicin 
from the nanogels at different temperatures and found that the Korsmeyer-Peppas 
model provided the best fit for the release data. 

3.13 Temperature-Sensitive Hydrogel Loaded with Micelles 

Zhao and colleagues [81] developed a novel hydrogel loaded with micelles that 
respond to changes in pH and temperature and can release hydrophobic drugs like 
indomethacin in a controlled manner. The hydrogel was created using tremella 
polysaccharide, carboxymethyl cellulose, and a nonionic surfactant called decyl 
polyglucoside, and was prepared by crosslinking N-isopropyl acrylamide through 
radical polymerisation. The hydrogel was subjected to various tests to characterise 
its properties, and the researchers studied its drug release behaviour, which was 
found to be influenced by changes in pH and temperature. The study suggests that 
hydrogel has potential applications in biomedical fields such as drug delivery and 
tissue engineering. 

4 Light-Responsive Controlled Drug Delivery 

Light is another environmental stimulus that can be used to trigger the release of 
drugs from stimuli-responsive materials. Light-responsive materials can be designed 
to respond to specific wavelengths of light, resulting in the release of drugs. Light-
responsive materials are particularly useful for localised drug delivery, as they can 
be triggered by light at a specific site in the body. 

One class of light-responsive materials that have been extensively studied is 
photoresponsive hydrogels. These hydrogels can undergo a reversible structural
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change in response to light, releasing the drug. The release mechanism can vary 
depending on the type of photoresponsive material used. For example, some 
photoresponsive materials undergo a photochemical reaction, while others undergo 
a photothermal or photoisomerisation reaction. Another class of light-responsive 
materials is nanoparticles, which can be designed to release drugs in response to 
light. 

Light-responsive materials are an efficient tool for developing controlled-release 
drug delivery systems. These materials can respond to specific wavelengths of light 
to release drugs in a controlled manner and can be used for localised drug delivery. 
The development of light-responsive materials has opened up new possibilities for 
drug delivery. Further research in this area is expected to lead to the development of 
more promising and efficient drug delivery systems. 

4.1 Light-Responsive CDD for Cancer Therapy 

A small device made of DNA developed by Liu et al. [82] can deliver drugs in a 
controlled manner to treat tumours. They modified GC-rich DNA duplexes with a 
light-sensitive molecule to construct the device. They placed them on the surface 
of nanoparticles that can convert near-infrared light into ultraviolet light. They then 
added the chemotherapy drug doxorubicin to the DNA duplexes, where its fluorescent 
signal was suppressed. When the nanoparticles were exposed to near-infrared light, 
they emitted UV light, which caused the light-sensitive molecule to break and release 
the doxorubicin in a controlled manner while restoring the fluorescent signal. The 
nanodevice can selectively induce apoptosis in tumour cells through light activation 
and allows in situ drug release monitoring. This approach has the potential for remote-
controlled drug delivery. 

Lipid nanocapsules reported by Brion et al. [83] are sensitive to light and can 
release an anti-tumour drug using photolysis. The researchers used photon upcon-
verting nanoparticles (LNC-UCs) connected to a photocleavable linker based on 
coumarin. This linker can efficiently and quantitatively release the drug by upcon-
version luminescence-assisted photolysis when excited by a deep-red wavelength of 
light. The nanocapsules are stable without light and do not release the drug, making 
them suitable for nanomedicine applications. This technology allows for the precise 
control of drug release or activation by light, making it ideal for the targeted treatment 
of cancer and other diseases. 

A hydrogel-based system for chemodynamic therapy (CDT) and photothermal 
therapy (PTT) to treat tumours was designed by Liu et al. [84]. The system utilises a 
composite nanomaterial called Cu-Hemin-Au loaded into agarose hydrogels, which 
are injected intratumorally and stay in the tumour for an extended period. When 
exposed to near-infrared light, Cu-Hemin-Au acts as a photothermal agent, gener-
ating heat, which causes the hydrogel to soften and release the Cu-Hemin-Au to 
achieve photothermal therapy (PTT). The Au nanoparticles in Cu-Hemin-Au also 
generate hydrogen peroxide, which reacts with Cu-Hemin-Au to produce reactive
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oxygen species for CDT. The hydrogel system achieves good PTT/CDT synergy and 
shows promising results in inhibiting tumour growth in mice. This hydrogel system 
may inspire the development of new hydrogels for antitumor therapy. 

The drug delivery system that responds to near-infrared (NIR-II) light using 
Polyethylene glycol (PEG)-modified hollow CuxS nanoparticles developed by Zhou 
et al. [85]. The nanoparticles were designed to release drugs at a high penetra-
tion depth, making them ideal for chemo-photothermal therapy. They demonstrated 
high drug loading capacity and stimuli-responsive drug release triggered by NIR-II 
laser irradiation. The study found that the nanoparticles achieved a 98.5% reduc-
tion in tumour size through synergistic chemo-photothermal therapy. These findings 
suggest that CuxS-PEG nanoparticles have the potential as a comprehensive NIR-
II light-responsive nanocarrier-based drug delivery system for various biomedical 
applications. 

A gold nanorods (AuNRs) coated with mesoporous silica nanoshells (MSNs) 
and two gatekeepers, Lauric acid (LA) and Tannic acid (TA), for pH- and near-
infrared (NIR) light-controlled release of drugs reported by Park et al. [86]. The pH-
sensitive TA layer swells or shrinks based on pH changes, enabling pH-responsive 
drug release. In contrast, the thermosensitive LA layer undergoes a solid–liquid phase 
transition due to heat generated by NIR light in AuNRs, enabling NIR light-controlled 
drug release. The combination of these gatekeepers allows for on–off drug release 
switching in acidic environments under NIR light without premature drug leakage. 
The system has demonstrated effective anticancer performance. 

In their study, Ray et al. [87] suggested that a combination of therapies could 
be an effective approach to enhance the effectiveness of treatment and decrease 
negative side effects. They created a new technology, which involved a dual-arm 
acridine photocage that releases two amino and carboxylic acids at the same time. 
This technology created a dual-drug delivery system that responds to visible light and 
generates single-component fluorescent organic nanoparticles. These nanoparticles 
were used to carry two anticancer drugs (chlorambucil and valproic acid) and were 
tested on HeLa cell lines in vitro. The results showed that the nanoparticles had 
better anticancer effectiveness and allowed for real-time fluorescence tracking of 
drug release. The flat structure of the photocage facilitated its insertion into DNA, 
thereby increasing the drugs’ cancer-killing potential. 

Another gold nanostructure as a drug carrier for tunable optical properties against 
cancer treatments was reported by Zafar et al. [88]. Stimuli-assisted drug delivery 
systems, particularly those that are externally responsive, have received attention 
from researchers as they provide more controlled drug delivery. Light-responsive 
DDSs, particularly those that respond to near-infrared light, are potential candi-
dates due to their proficiency and spatiotemporal control. The article summarises 
various shapes and structures of gold nanoparticles and how they can enhance the 
effectiveness of drug delivery systems by exploiting the surface plasmon resonance 
phenomenon. 

Folic acid-functionalized polydopamine nanoparticles (NPs) for the combined 
photothermal and chemotherapy treatment of breast cancer reported by Fan et al. 
[89]. These NPs respond to tumour acidity and near-infrared light (NIR), allowing
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targeted drug delivery and enhanced cellular uptake. In vitro and in vivo studies 
demonstrate that these NPs improve drug accumulation, penetration, and retention, 
leading to higher therapeutic efficacy and better survival rate in breast cancer-bearing 
mice. The article concludes that these NPs have the potential as a useful nanoscale 
vector for enhanced cancer therapy. 

4.2 Light Sensitive-CDD by Hyperbranched Polymer 

A light-sensitive polymer named Azo-HPG consists of hyperbranched Polyglycerol 
as the shell and Azobenzene as the core discussed by Rafiee et al. [90]. Anionic ring-
opening polymerisation was used to create the polymer, and its structure was analysed 
using various techniques. The article emphasises the utilisation of azo compounds for 
designing photo-responsive compounds and their possible applications in medicine 
and industry. The polymer’s potential as a drug delivery system was explored under 
different pH levels and UV irradiation, indicating that it could be used as a drug 
carrier. 

4.3 Light Sensitive-CDD to Bacterial Infections 

A near-infra-red (NIR) responsive nanocomposite to combat bacterial infections 
has become increasingly difficult to treat due to the rise of multidrug-resistant 
bacteria [91]. The nanocomposite comprises unzipped carbon nanotubes (uCNTs) 
modified with mussel-inspired polydopamine (PDA) coating, improving biocompat-
ibility and NIR responsiveness. The uCNT@PDA nanocomposite exhibits excel-
lent photothermal properties, with a temperature increase of 40 °C upon expo-
sure to 808 nm NIR light. Additionally, they created a nanofiber mat using PCL/ 
uCNT@PDA that has sturdy mechanical properties and can generate controlled 
photothermal heat. This mat was effective in killing both gram-positive and gram-
negative bacteria, and it also released curcumin when exposed to near-infrared 
light. 

Hydrogel is made from natural polymers sensitive to near-infrared (NIR) light and 
can be used for controlled drug delivery [92]. The hydrogel was made by combining 
Dextran, Graphene oxide, and Laponite and was loaded with Ciprofloxacin as a test 
drug. The hydrogel heated up when exposed to NIR light, triggering drug release. 
Experiments showed that the drug release remained controlled even when simulated 
at different tissue thicknesses. The hydrogel also showed good antibacterial prop-
erties and compatibility with blood. The study suggests that NIR light-responsive 
materials may have potential applications in antimicrobial therapy.
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4.4 Light Sensitive-CDD for Periodontal Restoration 

A new technique for treating periodontitis by developing a nano-drug delivery 
system that responds to near-infrared (NIR) light and uses carvacrol [93]. The 
system comprises upconversion nanoparticles (UCNPs), mesoporous silica (mSiO2), 
and hydrophobic CA, which exhibits specific antibacterial, anti-inflammatory, and 
immunomodulatory properties when exposed to 808 nm NIR light. The system’s 
unique features accelerate and provide a non-invasive treatment option for periodon-
titis. Additionally, the study shows that the immune microenvironment is remod-
elled through various classic inflammatory immune-related signalling pathways. 
Therefore, this herbal monomer-based light-responsive nano-drug delivery system 
shows potential as an effective and reliable treatment strategy for various deep-tissue 
diseases. 

4.5 Light Sensitive-CDD on Skin Patch 

A silica-polyvinylpyrrolidone (SiO2-PVP) composite hydrogel was developed that 
responds to light and releases drugs locally [94]. The hydrogel was made using 
partially hydrolysed Tetraethyloxysilane and PVP, which provided flexibility and 
deformation ability to the SiO2 framework. The hydrogel exhibited strong mechanical 
properties and could stretch up to 160% and swell up to 600%. When exposed to UV 
light and higher temperatures, the hydrogel exhibited a quicker release of drugs and 
could even release drugs through artificial skin. It was also found to be safe for use 
on the skin, indicating its potential use as a skin patch. 

4.6 Light Sensitive-CDD for Wound Healing 

A multifunctional hydrogel for treating chronic diabetic wounds consists of a bilayer 
structure that is covalently crosslinked, with the lower layer being thermoresponsive 
and the upper layer highly stretchable [95]. The hydrogel is embedded with peptide-
functionalized gold nanorods (AuNRs) in each layer. Upon near-infrared (NIR) stim-
ulation, the AuNRs are released in a two-stage sequential manner. The lower layer 
releases antibacterial peptide-functionalized AuNRs to control bacterial infections. 
The upper layer releases pro-angiogenic peptide-functionalized AuNRs to promote 
angiogenesis and collagen deposition during the subsequent healing phases.
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4.7 Light Sensitive-CDD for Brain Diseases 

Xue et al. [96] discuss the importance of exploring new materials for diagnosing and 
treating brain diseases. Near-infrared (NIR) light-responsive materials are particu-
larly interesting due to their high spatial resolution and strong penetration into the 
skull. The article summarises recent advances in developing NIR light-responsive 
materials for diagnosing and treating various brain diseases, including approaches 
targeting the blood–brain barrier (BBB), imaging-guided therapies, and challenges 
and prospects for future research. 

4.8 Light Sensitive-CDD by Photosensitive Hydrogels 

Xing et al. [97] examine the potential benefits of using light-sensitive hydrogels 
for drug delivery. These hydrogels contain photosensitive components that enable 
drug release through photoisomerisation, photochemical, or photothermal reactions. 
Recent advances in materials science have created a wide range of photosensitisers 
that can respond to various light sources, including ultraviolet and near-infrared 
light, as well as up-conversion nanoparticles. Light-sensitive drug delivery systems 
have been employed in various applications, such as chemotherapy, immunotherapy, 
photodynamic therapy, gene therapy, and wound healing. The article provides an 
overview of current research, challenges, and prospects in light-responsive hydrogels 
for controlled drug delivery, emphasising the need to improve effectiveness, safety, 
patient compliance, and convenience. 

4.9 Light Sensitive-CDD in Ophthalmology 

Abdelmohsen et al. [98] discuss the potential of light-responsive biomaterials for 
precisely delivering therapeutic drugs and nucleic acids, focusing on their use in 
ophthalmology. Light-responsive drug delivery systems are considered non-invasive 
and have significant clinical potential. The article reviews various light-responsive 
polymers and their chemistry, highlighting their potential applications in ophthalmic 
drug delivery systems. 

4.10 Light Sensitive-CDD in Pesticides 

The article by Shan et al. [99] aims to enhance the efficacy of pesticide use while 
reducing negative impacts on both the environment and human health. The authors 
developed a biodegradable amphiphilic polymer via a simple and mild process. This
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polymer was then used to create a nanosized pesticide system that responds to light 
for controlled release of 2,4-dichloro phenoxy acetic acid (2,4-D). The system was 
found to release the pesticide stably in the absence of UV light and showed increasing 
release in the presence of UV light. The study demonstrated the system’s efficacy in 
controlling weeds while reducing toxicity to non-target organisms. 

4.11 Light Sensitive-CDD by Nanoparticles 

Liu et al. [100] address the difficulties of targeted drug delivery and explore how light-
responsive drug delivery systems can help overcome these challenges. They explain 
how photoremovable protecting groups, which are light-sensitive molecules that can 
be attached to a drug molecule to control its function and structure with light, have 
been used in recent applications of nanoparticle-based drug delivery. The authors 
also discuss various approaches for achieving long-wavelength light excitation and 
emphasise the importance of understanding these mechanisms for designing more 
effective and precise photoresponsive drug delivery systems. 

4.12 Light Sensitive-CDD in Pulsatile Systems 

Khalifa et al. [101] have written about the benefits of pulsatile drug delivery 
systems compared to conventional dosage forms. Pulsatile systems can administer 
precise amounts of medication to targeted locations at specific times, enhancing 
patient adherence and permitting customised treatment. The article concentrates 
on recent breakthroughs in externally controlled pulsatile release systems, such as 
electro-responsive, light-responsive, ultrasound-responsive, magnetically triggered, 
and wirelessly managed implantable systems. The present state of these technologies 
is explored, along with their possible future uses. 

4.13 Light Responsive-CDD by Nanocarriers 

A review article was reported by Tang et al. [102] on the development and production 
of nanocarriers for releasing drugs activated by near-infrared (NIR) light. The article 
concentrates on NIR light with a 780–1700 nm wavelength range. It can penetrate 
deep into tissues with minimal damage to cells, making it an ideal option for in vivo 
light-activated delivery systems. The review highlights three nanocarrier triggering 
mechanisms: chromophores’ photoreactions, photothermal effects caused by inor-
ganic or organic photothermal conversion agents, and photo-oxidation generated by 
photosensitisers. Additionally, the article discusses the challenges and prospects for 
creating NIR light-responsive nanocarriers.
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Recent advancements in photo-responsive polymeric nanocarriers designed for 
drug delivery systems [103]. Traditional delivery systems have shortcomings linked 
to their limited efficacy and safety. Stimuli-responsive polymeric nanomaterials have 
gained attention in the biomedical sector due to their flexible behaviour in response 
to their environment. Light irradiation is particularly fascinating among the potential 
triggers for these materials because it can be precisely localised and non-contact. 
The review explores different photo-responsive polymeric nanocarriers, including 
nanoparticles, nanogels, micelles, nanofibers, dendrimers, and polymersomes, along 
with their drug release mechanisms. The authors conclude that photo-responsive 
polymeric nanocarriers have the potential to overcome the limitations of conventional 
drug delivery systems and enhance targeted drug delivery. 

A new method for producing nanocarriers responsive to stimuli can be used for 
drug delivery and tissue engineering [104]. The approach involves using molecular 
motor-doped cholesteric liquid crystals (CLCs) and drugs to create microcapsules 
responsive to UV light. Under UV light, the molecular motors isomerise, inducing 
a change in the superstructure of the CLCs and accelerating drug release. The 
authors suggest this method provides new opportunities for designing and fabricating 
functional drug delivery systems. 

5 Magnetic-Responsive Controlled Drug Delivery 

Magnetic fields are another environmental stimulus that can be used to trigger the 
release of drugs from stimuli-responsive materials. Magnetic-responsive materials 
can be designed to respond to an external magnetic field, releasing drugs [105]. 
Magnetic-responsive materials are particularly useful for targeted drug delivery, as 
the magnetic field can guide the materials to a specific site in the body. 

One class of magnetic-responsive materials that have been extensively studied in 
magnetic nanoparticles. A temperature-responsive material can be used to coat these 
nanoparticles, which react to temperature changes and cause the drug to be released 
[106]. Additionally, a pH-responsive material can be used to coat the nanoparticles, 
which react to pH changes and cause the drug to be released. Furthermore, an external 
magnetic field can trigger the release of the drug, allowing the nanoparticles to be 
guided to a particular location in the body [23]. 

Using magnetic-responsive materials has shown great potential in developing 
drug delivery systems that can be controlled and released in a targeted manner. By 
responding to an external magnetic field, these materials can be designed to release 
drugs in a controlled way. The emergence of magnetic-responsive materials has 
brought about new opportunities for drug delivery. As further studies are conducted 
in this area, more efficient and effective drug delivery systems are expected to be 
developed [107]. 

This chapter proposes the development of a soft, magnetically-responsive carrier 
for drug delivery. The researchers used a moulding process to create prototypes from 
a shape memory polymer called DiAPLEX MP-3510, which has a low transition
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temperature. The design was validated through simulations, and the thermal respon-
siveness of the prototypes was tested both ex-vivo and in a phantom. The results show 
that the design is viable and capable of delivering drugs to a targeted area in the large 
phantom intestine, utilising the rubbery modulus of the polymer and enhancing the 
recovery force through magnetic actuation [107]. 

Some of the articles published and their outcomes are furnished below. 

5.1 Magnetic-Responsive CDD in Cancer Treatment 

A review article on the latest uses of magnetic nanocarriers in treating tumours 
was reported by Zhu et al. [108]. Nanocarriers that include magnetic nanoparti-
cles have been applied in different therapeutic fields, such as biocatalysis, MRI, 
magneto-thermal therapy (MHT), and photo-responsive therapy. Magnetic nanocar-
riers enable the efficient delivery of drugs to specific areas, and their position can 
be tracked to manage and continually assess the effectiveness of treatment. The 
article outlines multiple applications of magnetic nanocarriers in tumour treat-
ment, including stimuli-responsive drug delivery, MHT, photoresponsive therapy, 
immunotherapy, gene therapy, and synergistic therapy. The authors also discuss 
the challenges associated with clinical application and the potential of magnetic 
nanocarriers in treating cancer. 

The potential use of a novel degradable microgel for drug delivery and 
hyperthermia treatment was developed [109]. The microgel comprises Poly(N-
isopropylacrylamide) cross-linked with N, N'-Bisacryloylcystine and contains super-
paramagnetic iron oxide nanoparticles. The microgel exhibits temperature sensitivity 
and stability across various conditions, and the presence of the nanoparticles allows 
for remote temperature control for improved drug release. The microgel loaded 
with the anticancer drug doxorubicin demonstrated enhanced drug release at higher 
temperatures and in the presence of glutathione. In vitro studies also showed compa-
rable cytotoxicity to free doxorubicin against cancer cells but less toxicity to healthy 
cells. 

A novel thermoresponsive magnetic hydrogel microparticle system for potential 
biomedical applications was reported by Durkut et al. [110]. The system comprises 
magnetic nanoparticles combined with Poly(N-vinylcaprolactam)-g-galactosylated 
chitosan hybrid hydrogel. The microparticles were synthesised using the suspen-
sion crosslinking method and characterised using various analyses. The resulting 
microparticles were biocompatible, temperature- and magnetic-responsive, and had 
enhanced mechanical stability. The system can be used as a controlled release system, 
in situ bioactive agent carrier, and anti-cancer therapy. 

A dual-stimuli responsive system was developed for cancer treatment by incorpo-
rating Fe3O4 magnetic nanoparticles and Poly(N-isopropyl acrylamide) (PNIPAAm) 
microgels into electrospun polymeric fibres [111]. The study showed that adding 
microgels and Fe3O4 NPs to electrospun fibres can enhance Young’s modulus. It 
also indicated that Fe3O4 NPs reduce the membranes’ swelling ratio, as observed
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in swelling assays. Additionally, magnetic hyperthermia assays demonstrated that a 
higher concentration of NPs leads to better heating performance, and the composite 
membrane containing DMSA-coated NPs exhibited the highest temperature vari-
ation. The study also confirmed that the composite membranes are biocompatible 
and support long-term cell viability, indicating their potential for cancer treatment, 
particularly for solid tumours that are anatomically reachable. 

The magnetic vortex Fe3O4@PVP@DOX nanostructures for accurate cancer 
therapy was developed by Wang et al. [112]. These nanostructures possess magneto-
triggered on-demand hyperthermia, magnetic-responsive drug delivery, and MRI T2 
signal enhancement. In vitro experiments yielded positive outcomes, while in vivo 
experiments inhibited tumour growth without adverse effects. The nanostructures 
present a novel method for developing stimuli-responsive theranostic platforms to 
achieve precision medicine for cancer. 

Mazidi et al. [113] summarise recent developments in biomaterials that can be 
implanted to provide targeted drug delivery to cancerous tissues. The article explores 
systems that respond to redox, enzymes and pH changes, allowing for drug-controlled 
release. Additionally, the authors discuss systems regulated by near-infrared, ultra-
sound, electric, and magnetic stimuli, enabling drugs to be delivered as needed. The 
paper also covers the preparation process, implantable materials’ physical and chem-
ical properties, and the models used to predict drug release. The article highlights 
how implantable drug delivery systems that respond to specific stimuli can improve 
cancer treatment. 

Nanocomposite material was synthesised using magnetic nanoparticles coated 
with silica and modified with Polyethylene glycol (PEG) conjugate [114]. This mate-
rial allows for the high-capacity loading of the anti-cancer drug Doxorubicin. The 
researchers found that this material exhibited high cytotoxicity against tumour cells 
and could release the drug when exposed to an alternating magnetic field (AMF), 
increasing its effectiveness. 

Magnetic thermosensitive hydrogels are synthesised using microfluidic tech-
nology to achieve targeted delivery of anticancer drugs that are both hydrophobic 
and hydrophilic [115]. They incorporated Fe3O4 nanoparticles into the shell layer of 
double emulsions, which enabled thermal effects and controlled release of the drugs 
under a high-frequency alternating magnetic field. The hydrogels showed effective 
cytotoxicity in inhibiting cancer cells, and the researchers deemed PNIPAM a safe 
carrier for drug delivery systems. 

5.2 Magnetic-Responsive CDD in Wound Healing 

Wound dressings are explored could effectively solve the problem of quick drug loss 
and weak healing effects in patients who have undergone bladder tumour resection 
[116]. To tackle this problem, they developed cellulose nanofibers wound dressing 
that reacts to pH and near-infrared light, magnetic switching Fe3O4 nanoparticles, 
and temperature switching Pluronic®F-127. This dressing can be attached to the
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tissue site, release drugs using an external magnetic field, and maintain a 3D network 
for an extended time. Furthermore, the dressing exhibited strong antibacterial prop-
erties, eliminated biofilms, and killed T24 tumour cells. It also stimulated wound 
healing through photothermal, photodynamic, and chemotherapy mechanisms. This 
wound dressing is appropriate for bladder postoperative infected wound healing and 
overcomes the issue of fast drug loss due to cyclical urination. 

Li et al. [117] discuss how wound healing is a complicated process that requires 
suitable microenvironments to be successful. These microenvironments consist of 
various biological, chemical, and physical factors that are influenced by internal and 
external factors. However, delivering drugs to wounds is challenging due to the need 
for blood supply, persistent inflammation and other factors. Using stimuli-responsive 
biomaterials can provide accurate drug delivery and release by responding to various 
factors from wound microenvironments or external sources. The article discusses 
recent developments in stimuli-responsive biomaterials to regulate microenviron-
ments during wound healing. Various biomaterials that respond to wound and 
physical microenvironments and new drug carriers are highlighted. 

A hydrogel was developed based on 2D MXene that uses photo and magnetic-
responsive drug delivery to treat chronic wounds [118]. This system includes 
magnetic colloids wrapped with MXene and dual-network hydrogels, which enable 
multiple response capabilities and controlled drug delivery. They tested this system 
on infected wounds in a rat model and found it has potential for clinical wound 
healing and other biomedical applications. 

5.3 Magnetic-Responsive Targeted Drug Delivery 

The nanocomposite combines magnetic hydroxyapatite and a metal–organic frame-
work with a biocompatible Polyethene glycol coating designed for specific drug 
delivery [119]. The nanocomposite had a substantial drug-loading capacity and high 
encapsulation efficiency. The nanocomposite demonstrated low toxicity and high 
effectiveness against cancer cells. Additionally, it exhibited excellent antioxidant 
activity, making it a promising candidate for targeted drug delivery applications. 

The Fe3O4@ZIF-8, a magnetic metal–organic framework for drug release appli-
cations, particularly for Norfloxacin, owing to its high specific surface area and 
inherent biodegradability examined by Cai et al. [120]. The study investigated the 
release behaviour of Norfloxacin and its antibacterial effectiveness at different pH 
levels. The findings showed that Fe3O4@ZIF-8 demonstrates pH-sensitive proper-
ties, and the release process followed the Bhaskar model. Moreover, the composite 
exhibited good biocompatibility and antibacterial activity against Escherichia coli. 
Due to its magnetic properties and pH-responsive behaviour, Fe3O4@ZIF-8 holds 
potential as a targeted drug delivery system. 

The combined magnetic and polymeric materials were synthesised to achieve a 
unique magnetically responsive behaviour controlled remotely with magnetic fields 
[121]. Using magnetically responsive polymeric and elastomeric composites, drug
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release can be precisely controlled through magnetic actuation. Different magnetic 
fillers, polymers, and fabrication methods can create materials with integrated func-
tions such as shape morphing and heat generation. The article comprehensively 
discusses the mechanism, challenges, components, fabrication techniques, prop-
erties, emerging advancements, applications, and prospects of using magnetically 
modulated and functionalised polymers and elastomers for drug delivery. 

The magnetic polymer hybrids responsive to external stimuli (RMPHs) combine 
the advantages of organic and inorganic materials, where magnetic nanoparticles 
provide magnetic properties [122]. At the same time, the polymeric component is 
responsible for responding to changes in pH, temperature, redox reactions, or irra-
diation. RMPHs are attractive for various applications, such as catalysis, biotech-
nology, imaging, and cancer therapy, due to the ease of modification of the polymeric 
materials. The review explores different synthetic approaches to create RMPHs of 
different shapes, including nanometric core-shell structures, nano gels, microgels, 
and membranes, focusing on their potential targeted applications. 

The potential use of mesoporous silica nanoparticles (MSNs), as Mohanan 
reported, drug delivery vehicles, Mohanan et al. [123]. It highlighted their structural 
stability, ability to load various drugs, and tunable morphologies/sizes. The surface 
silanol groups on MSNs allow for functionalisation with drugs, imaging agents, and 
targeting molecules, making them a popular platform for drug delivery. The article 
specifically focuses on developing stimuli-responsive silanol conjugates as a novel 
approach to delivering therapeutic drugs to a specific location on demand, using 
either endogenous or exogenous stimuli such as pH, redox potential, temperature, 
and hypoxia. The authors also address the challenges in understanding the role of 
silanols and overcoming limitations in synthesising stimuli-responsive mesoporous 
silica-based drug delivery systems. 

Recent advancements in using magnetic hydrogels made with polysaccharides 
have various biomedical applications [124]. These hydrogels are considered intel-
ligent platforms because they can be controlled remotely via a magnetic field 
and possess excellent biocompatibility and biodegradability. The author discusses 
the methods of synthesising these hydrogels and their synergistic properties when 
combined with magnetic nanoparticles. The paper emphasises the importance of 
these polysaccharide-based magnetic hydrogels in fields such as targeted drug 
delivery, tissue regeneration, and hyperthermia therapy. The article aims to encourage 
the development of new composite biomaterials that can help overcome challenges 
in treating different diseases. 

5.4 Magnetic-Responsive in Smart Nanomedicine 

As a review reported by Armenia et al. [125], smart nanomedicine can enhance drug 
delivery using smart nanomaterials that respond to internal and external stimuli. To 
increase responsiveness to external stimuli, photonic and magnetic nanoparticles are 
utilised. The authors highlight recent progress in integrating these materials within
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different carriers to improve efficacy, stability, and toxicity. They also discuss the 
current regulatory hurdles and the importance of standardising these materials. 

A new hydrogel composite of ferrogel, responsive to magnetic fields by adding 
Fe3O4 nanoparticles to a pre-existing hydrogel, was temperature-responsive [126]. 
The study then investigated how the composition of the ferrogel affected its response 
to alternating magnetic fields. The researchers also used artificial neural networks 
to predict how the ferrogel would behave in different conditions accurately. These 
findings have important implications for developing smart materials for use in the 
biomedical field. 

5.5 Magnetic-Responsive CDD in Osteomyelitis 

The device to treat bone infections called osteomyelitis was reported by Shademani 
et al. [127], which includes a magnetic sponge capable of on-demand drug delivery. 
This device employs a combination of Silver nitrate and Gentamicin to combat drug-
resistant pathogens effectively. The drug delivery system can release drugs for seven 
days and is easy to fabricate, allowing for control of the release profile. 

5.6 Magnetic-Responsive CDD in Combination Therapy 

The drawbacks of traditional antibacterial therapies and the rise of multidrug-resistant 
microorganisms were reported [128]. Nanoparticle-mediated therapeutics as a poten-
tial solution for targeted drug delivery and stimulus-responsive antibiotic delivery 
as a promising approach for site-specific drug delivery. The article also empha-
sises the advancements and outlooks of stimulus-responsive combination therapy 
for eliminating multidrug-resistant strains and biofilms. 

5.7 Magnetic-Responsive CDD Via Magnetoelectric 
Nanoparticles 

The benefits of magnetoelectric core-shell nanoparticles reported by Casillas-Popova 
et al. [129] as drug carriers due to their magnetic and electric properties. The study 
evaluated the performance of previously synthesised magnetoelectric nanoparticles 
with Methotrexate as a model drug. Mathematical modelling was used to under-
stand the adsorption and release mechanisms. The study also investigated the impact 
of nanoparticle stability and temperature on methotrexate adsorption and release. 
The nanoparticles showed sensitivity to temperature and magnetic fields, with drug
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release achieved only under magnetic stimulation. The study suggests these nanopar-
ticles have good in vitro performance and are expected to have suitable in vivo 
behaviour. 

Magnetic/pH dual-sensitive hydrogels are synthesised by physically incorporating 
superparamagnetic iron oxide nanoparticles (Fe3O4) into Dextran hydrogels through 
Schiff base reactions [130]. The hydrogels displayed magnetic and pH-responsive 
behaviour and could release Doxorubicin in a controlled manner through a combina-
tion of diffusion, swelling, and erosion processes. The hydrogel/Fe3O4 composites 
have potential applications in various fields, including drug delivery. 

6 Conclusion 

Stimuli-responsive materials have shown great potential in developing controlled-
release drug delivery systems. These materials can react to external stimuli, such 
as light, pH, and temperature, and dispense drugs in a regulated manner, providing 
optimal therapeutic effects while minimising side effects. Recent progressions in 
stimuli-responsive materials, including hydrogels, nanoparticles, and liposomes, 
have been discussed, and their utilisation in drug delivery has been highlighted. 
However, challenges remain in developing these systems, including stability, biocom-
patibility, and selectivity. Therefore, further research is required to overcome these 
challenges and fully exploit the capabilities of stimuli-responsive materials in 
drug delivery. Overall, using stimuli-responsive materials holds great promise for 
developing more effective and targeted drug delivery systems in the future. 
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Abstract Nowadays, the concept of regenerative medicine is known via matrix prop-
erties that can mimic natural tissue functions. In this field, the therapeutic successes in 
implantation and tissue regeneration depend on the type of biomaterials applied in the 
fabrication of polymer substrates or substitutes. Such materials lead to the design of 
intelligent/smart substrates, the promotion of specific bioactive signals, the improve-
ment of cell-to-cell interaction, and control of the designed micro-environment func-
tions to respond to the cellular behavior during the process of tissue repair. These 
scaffolds, alone or incorporated with bioactive drugs, cells, and biomolecules, can be 
promising in the medical and pharmaceutical fields. Accordingly, this chapter aims 
to introduce novel biomaterials applied in tissue engineering and focuses on their 
main advance and limitations. 
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1 Introduction 

Tissue engineering involves biological principles and approaches along with polymer 
and materials sciences, and engineering techniques to design tissue substitutes for 
mimicking the structural and physiological functions of native tissues and conse-
quently regenerating injured or diseased tissues [1]. However, this field is contin-
uously developing through the input of different scientific areas such as nanotech-
nology, cell therapy, phytochemistry, electronics, etc., which can lead to the precise 
control of cell functions (proliferation, differentiation, migration). Although, nowa-
days, tissue engineering has evident growing impacts in therapeutic and research 
fields, known as a novel and improved therapy; however, it is still struggling with the 
issues of in-vivo transfer. In this field, novel methods like 3D and 4D bio-printing, 
microstructures (organs on a chip), and/or a combination of several methods can 
provide promising perspectives [2–5]. 

To fully understand the diagnostic therapeutic potential of this technique, it is 
crucial to possess a rationally designed network based on biomaterials. On this 
matter, there are research advances related to new biomaterials and their copoly-
mers or composites that can control the interactions of cell/biomaterial networks and 
cell/cell and improve cell signaling pathways [6–8]. Hence, this chapter focuses on 
reviewing novel engineered biomaterials, biomimetic materials, and some of the most 
exciting studies regarding the use of these materials to apply in regenerative medicine 
and tissue engineering, along with their technological approaches. In the following, 
some of the new topics on tissue engineering have been reviewed including personal-
ized regenerative medicine, 3D and 4D bio-printing, and engineered microstructure 
models for diagnostic or therapeutic strategies. 

2 Novel Biomimetic Materials 

Recently, many studies have been made on the use of engineered biomaterials/ 
biomimetic materials and their interactions with biological environments. Indeed, 
these materials can play a crucial role in cellular infiltration within an implanted 
matrix at the local implant sites and then form new tissues on the biomaterial-based 
matrix. In this matter, biomaterial itself can act as a mechanical substrate or pharma-
cological/therapeutic agent to improve biological signals and transfer these signals to 
cells for tissue regeneration [9–12]. Generally, biomimetic materials can be applied 
to increase tissue regeneration, however, having the engineered scaffold is essential 
for supplying mechanical support, preventing scar formation, and successful regen-
eration of tissue. These biomaterials can provide cell adhesion factors, proliferation, 
induction, differentiation, and migration and lead to the modification of cellular 
responses during tissue regeneration, via the incorporation of survival factors and 
creating covalently or non-covalently bonds with cells [13, 14].
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In this regard, the recognition of biomaterials and their functions for the improve-
ment of cellular adhesion sites, the spatial distribution of ligands, selection of suitable 
cells and their spatial distribution can play a pivotal role in designing biomimetic 
materials and bio-matrices [15–17]. The transformation of active materials from one 
state to another state is one of the attractive features of biomaterials that occurs in 
the presence of biological systems or response to some of the external stimuli like 
temperature, chemical composition, light, etc., and leads to new noninvasive surgical 
procedures [2, 18, 19]. Moreover, the incorporation of DNAs into biomaterials to 
control cellular responses and stimulate in situ production of growth factors, as well 
as the design of micro-fabricated bio-matrices by micro-fabrication techniques to 
improve cellular adhesion behavior, delivery of oxygen and nutrients, etc., are other 
applications of these materials [2, 19–23]. 

Based on the studies, the modification of biomaterial surface can also be a suitable 
way to fabricate a biomimetic matrix, and the use of bioactive molecules, especially 
ECM biomolecules can be a suitable option to achieve this aim. In this field, proteins 
like heparin, fibronectin, elastin, etc., are considered as the protein covers on these 
materials which can promote adhesion and growth of cells; and increase elastic 
modulus of artificial ECMs, and improve osteoblastic mineralization and osteoin-
duction [24–26]. The use of synthetic peptide sequences and short-chain peptides are 
other methods for surface modification of biomaterials that can be led to improved 
adsorption to the biomaterial surface and increased cell access to all surfaces. Such 
modified biomaterials can be used in the network of polymer matrices as potentially 
artificial ECMs to guide the formation of new tissues [24, 27]. 

Although, the common peptides in this field are Arg-Gly-Asp (RGDs) derived 
from fibronectin and laminin, however, other peptides like Tyr-Ile-Gly-Ser-Arg, Arg-
Glu-Asp-Val, and Ile-Lys-Val-Ala-Val have also developed for modifying engineered 
matrices [24, 28, 29]. 

There are well-known techniques such as coupling with functional groups or 
bi-functional crosslinking that are used for ensuring the covalent binding between 
the peptide and the surfaces of the biomaterial and its immobilization and provide 
flexible movement in biological environments [24] Other techniques in this matter 
include the following [24, 30–33]: 

1. Photochemical immobilization: when the polymer matrices lack functional 
groups to form the coupling reactions. 

2. Limiting non-specific adsorption of protein and the reactive chains. 
3. Bulk modification of biomaterial: in this technique, cell-signaling peptide is 

incorporated into the bio-matrix structure to exist the recognition sites in the 
bulk of the biomaterials. 

Some of the suitable techniques for modifying the surface of biomaterials or 
biomimetic materials to mimic biological environments and achieve microenviron-
ments similar to native ECMs have been indicated in Fig. 1.

Generally, biomimetic means the study and assessment of naturally made models, 
systems, processes, and elements, and then mimicking and copying their structures 
and functions. Rose petals, lotus leaves, beehives, butterfly wings, spider silk, water
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Fig. 1 Techniques for 
modifying the surface

strider foot, etc., are examples in this field that possess unique micro/nanostructures 
with hydrophobic nature. Common techniques for designing such structures include 
chemical deposition, electro-deposition, and hydrothermal reaction which are used 
for designing biomimetic matrices or biomaterial structures in various industries. 
Some studies in this field have been listed in Table 1.

Based on the reports, the photo-functionalization method by ultraviolet radiation 
is known as another method in the design of biomaterial/biomimetic matrices to treat 
diseases and regenerate tissue. This technique provides the physicochemical modifi-
cations of the bio-matrix surface and leads to the improvement of its biological prop-
erties [46]. Notably, given that direct exposure to ultraviolet light, after implantation 
of biomatrix, can be very harmful, hence photo-functionalization with this radiation 
should carry out before implantation [47]. Such a process can increase cellular adhe-
sion and the adsorption of proteins, and help in-vitro osteogenic differentiation and 
mineralization [48, 49]. In this field, Dini et al. indicated that the UV-mediated photo-
functionalization process can improve the adsorption of proteins in titanium-treated 
discs [50]. The authors stated that photo-functionalization of the PEO coating leads to 
the improvement of the biological activities of dental and bone implants by changing 
the physicochemical properties of titanium (Ti). Assessment of the human gingival 
fibroblast cells confirmed the non-cytotoxic effects of these discs. Hence, it seems
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Table 1 Some of the common methods for designing biomimetic matrices and biomaterial 
structures 

The aim Techniques Description Refs. 

Development of Ti-based 
alloys in dentistry 

Electrochemical 
technique 

Creation of Zr–Nb 
alloys-based microstructures 
for decreasing corrosion 
behavior and without any 
toxic effects 

[34] 

Electrochemical 
technique 

Improvement of binary Ti-Ag 
alloys-based surface 
characterization and cell 
responses 

[35] 

Spark plasma 
sintering (SPS) 
technique 

Creation of microstructures to 
improve mechanical 
properties and decrease Ti-Mn 
alloys-related cytotoxicity 

[36] 

Casting technique Improvement of mechanical 
property and deformation 
behavior of Ti–Cr-based 
alloys 

[37] 

Lotus-leaf-like surface Simple 
electrochemical 
reaction 

Superhydrophobic metal 
microstructure surface 
obtained via the non-electric 
chemical plating of the Cu 
onto the steel sheet 

[38] 

Superelastic alloy Thermal process Ti–Zr-based biomedical alloy 
containing Mo–Sn to improve 
superelastic properties via 
regulating Mo and Sn contents 

[39] 

Oil–water separation, 
improvement of the Cu 
corrosion resistance, stain 
repellency, sound 
absorption, and 
mechanochemical 
robustness 

Electrodeposition The design of the Cu-coated 
superhydrophobic copper foil 
in a zigzag manner 

[40] 

Oil–water separation, and 
the creation of 
superhydrophobic and 
superoleophilic surfaces 

Electrochemical 
technique 

The design of biomimetic 
graphene on the stainless steel 
surfaces inspired by rose 
petals, butterfly wings, nacre, 
and honeycomb 

[41] 

The control of the corrosion 
behavior of the alloy 

Melting method Design of 
Ti-6Al-4V-xZr-based 
microstructures and the 
passivation of Ti-6Al-4V-xZr 
alloy via increasing Zr content 

[42]

(continued)
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Table 1 (continued)

The aim Techniques Description Refs.

Superhydrophobic films Electrodeposition 
process 

The design of 
corrosion-resistant 
superhydrophobic surfaces 
along with excellent chemical 
stability and self-cleaning 
effects 

[43] 

Superhydrophobic structures Electrochemical 
co-deposition 

The design of graphene 
oxide-myristic acid-based 
superhydrophobic structure 
(nickel-reduced) to increase 
corrosion resistance 

[44] 

Sheet-like superhydrophobic 
surfaces 

Etching-heat 
combination 
treatment 

The design of 
superhydrophobic sheets 
based on Cu to decrease 
corrosion 

[45]

that such a bio-functional coating can act as a promising approach for biomedical 
applications. 

Nagay et al. demonstrated that non-thermal plasma can improve surface and 
physicochemical properties of the soft liner surfaces based on the hexamethyl 
disiloxane, and lead to the inhabitation of C. albicans biofilm [51]. Based on their 
reports, these treated surfaces can provide candida-related stomatitis protection, and 
antimicrobial effects (decrease in fungal colonization) and act as a suitable candidate 
for medical applications. Cordeiro et al. also indicated that Ti-Nb-Zr-Ta alloys treated 
with plasma electrolytic oxidation (PEO) can create porous surfaces and crystalline 
structure along with an increase in electrochemical stability, hardness, roughness, 
and surface free energy [52]. Finally, the authors stated that such alloys can be suit-
able alternatives for fabricating dental implants, due to their nontoxic and elastic 
modulus similar to the bone. 

In the following, Prosdent et al. indicated that some specimens of tissue condi-
tioners such as visco-gels possess high water sorption and solubility [53]. Moreover, 
some other tissue conditioners such as dentu-soft and coe-soft (as novel biomimetic 
materials) can provide suitable functions to fabricate denture relining. Furthermore, 
the effects of the coating through the biomimetic technique on titanium substrates 
were assessed by Coelho et al. [54]. This technique consists of the immersion of tita-
nium substrate into the solution of simulated body fluid with conditions similar to the 
blood plasma, to form the slow and well-organized nucleation and promote apatite to 
be deposited. Based on their results, the proposed biomimetic coating in this research 
can be effective to achieve hydroxyapatite and carbonated hydroxyapatite, as well 
as, enhance the osseointegration process of the implanted bones. Moreover, titanium 
treated with the method possesses a higher resistance to corrosion than pure titanium. 
Hence, they stated that titanium substrates coated with biomimetic materials can be 
a suitable candidate for bone implantation applications.
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Given that the macroscopic structure of biomimetic materials has led to the limi-
tation in the mechanical functions of the product biomaterial or matrix, the use of 
hierarchical architecture consisting of a microscopic cellular structure can remove 
the mentioned limitation. Several studies in this field illustrate that hierarchical struc-
tures of bone improve mechanical properties. Barth et al. stated that X-ray irradiation 
on the hierarchical structures of bone can progressively degrade the mechanical func-
tions of human cortical bone (strength, fracture resistance, ductility, and toughness) 
[55, 56]. This degradation increases with the promotion of X-ray irradiation. More-
over, the characterization of hierarchical structures of bone in the conditions of aging, 
disease, and treatment was assessed by Milovanovic et al. for understanding the archi-
tectural modifications and mechanical integrity [57]. Based on the results, young and 
healthy bones possess the highest resistance to mechanical loading. These bones also 
indicated better mineralization along with preservation of osteocyte-lacunar proper-
ties, but aging bones and osteoporosis lead to alterations in bone material proper-
ties like increased osteocyte apoptosis and decreased mechanical competence. The 
authors stated that structural or compositional change in the bone material leads to 
the maintenance or decay of bones in disease and health conditions. 

Furthermore, deformation and fracture in bones were assessed by Zimmermann 
et al., at the strain rate of 10−5–10−1 (1/s) [58]. The results indicated that bone 
toughness decreased with increasing strain rate; so that higher strain rate led to 
lower intrinsic bone matrix toughness and consequently fracture induced by a loss in 
toughness in the matrix. In continuing, Peng et al. designed an ultra-light biomimetic 
material via the 3D printing technique [59]. Based on their reports, the designed 
biomimetic possessed an ultrahigh elasticity and stability, at the compressive strain 
of 95%, along with remarkable stiffness and resilience. 

Chitosan-based flexible robust structures are considered another promising candi-
date in bio-friendly catalyst applications. Based on the reports of Tseng et al., TiO2-
attached biomimetic chitosan films can be effective in the photo-catalytic reduc-
tion of carbon dioxide [60]. Notably, the sol–gel process along with heat treatment 
was used for preparing these films. Moreover, the use of the nano-casting method 
provided the duplication of structures of natural leaves on these films. It was also 
found that hydroxyl and amine groups can fasten the TiO2 nanoparticles on the 
chitosan films. Adding glutaraldehyde leads to also the improvement of the film 
denseness, the adsorption of carbon dioxide, stability, and hydrophobicity of the 
surfaces. The authors stated such films as eco-friendly photocatalysts can be suitable 
candidates to produce pure chemical fuels via decreasing CO2. 

Generally, modified biomimetic surfaces can act as transport barriers for 
decreasing water/molecules/ions loss inside the cell. Likewise, the uptake of liquids/ 
molecules can also decrease via these surfaces [61]. Selenium is another material that 
led to the inactivation of carcinogens and inhibition of cell damage from free radicals. 
Hence the use of this material in the modified biomimetic structures such as micro-
gels and matrices, etc. not only can control and remove free radicals but also prevents 
dysfunctions of the cellular metabolism caused by conventional selenium-containing 
compounds [62].
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Nowadays, selenium-based materials have developed in bio-medical applica-
tions owing to lower toxicity, higher reversibility, sensitivity, and programmability. 
However, the processing severe conditions leads to weak behavior in enzymes based 
on this material [63]. Based on the reports, the materials based on carbon and graphene 
can be effective in the inhibition of free radicals [64]. The research of Cao et al. is 
one of these studies performed to fabricate biomimetic catalysts [65]. In this study, 
a selenium-modified carbon nitride nanosheet was prepared that can be effective in 
the inhibition of free radicals. It was also found that such catalysts can provide an 
organic conjugated polymer based on selenium with non-toxic and biocompatible 
properties to apply biomedicine. 

Other studies in the field of materials indicated, although polypropylene-based 
synthetic materials can play an important role in medical applications for repairing 
abdominal wall defects [66, 67], however, the rigidity of implantation and side effects 
of this material (chronic inflammation along with pain and visceral adhesion) are 
considered as the main problems [68]. On this matter, biomimetic/biological mate-
rials due to biocompatibility, biodegradability, and suitable absorbing nature are 
better candidates for regenerative medicine applications [8, 69, 70]. In this regard, 
the small intestinal sub-mucosa is known as the native collagen-rich extracellular 
matrix consisting of fibroblasts and growth factors and can lead to the relocation of 
cells and regeneration of defective tissue [71]. However, poor mechanical properties, 
insufficient neovascularization, and high biodegradation rate have limited the use of 
this bio-matrix in clinical treatments [72]. Cao et al. indicated that the control of ratios 
of elastin and collagen in the native matrices can be a suitable factor for decreasing/ 
treating hernia [73]. In this study, they synthesized biomimetic composite nano-fibers 
based on the small intestinal sub-mucosa via principles of bio-mimicry. Their results 
demonstrated a lower biodegradation rate compared to pure small intestinal sub-
mucosa. Moreover, it is known that the designed nano-composites possess antibac-
terial rates of ~997% and ~98% against E. coli and S. aureus, respectively; and can 
better maintain the stability of structures and micro-mechanical properties than that 
of the pure small intestinal sub-mucosa, as well. Based on in-vivo studies, these nano-
composites can provide tissue regeneration without serious inflammatory reactions 
and act as a promising option for repairing the abdominal wall repair. 

Nowadays, the more suitable techniques and architectures to regenerate tissues 
have led to the development of biomimetic matrices (substrates, scaffolds, hydrogels, 
etc.) feigning the structure and function of ECMs [74]. In this field, the techniques 
such as electrospinning, rapid prototyping, freeze drying, and sacrificial templates 
(like colloidal crystals, ice crystals, and fibers) play an important role in fabricating 
3D biomimetic matrices [75–78]. 

Many studies are going on to explore new biomimetic materials and to design 
bio-matrices with better properties for applications of biomedicine; some of them 
are listed in Table 2.
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3 Herbal Materials-Based New Matrices 

Given that the uncontrolled differentiation of cells can increase the risk of tumori-
genicity, the use of therapeutic strategies for the complete and irreversible differenti-
ation of these cells can play a crucial role in targeted differentiation. These strategies 
consist of the use of bio-materials and/or herbal bioactive materials for designing 
polymer matrices and providing suitable physicochemical/mechanical properties to 
differentiate stem cells and regenerate tissue [90, 91]. Such biomaterials play a key 
role in providing the microenvironments for the differentiation of cells and controlling 
cellular functions and interactions by creating an ideal matrix. 

The studies of Izadyari Aghmiuni et al. indicate that herbal bioactive materials 
possess high therapeutic and regenerative effects [92, 93]. However, some of their 
forms such as mucilage, the extract/essential oil, gel, etc. cannot be applied to 
damaged tissues directly. This research team demonstrated that the use of these 
biomaterials in the structure of engineered matrices can turn the matrix into a smart 
biological substrate [92]. They stated that some of the herbal materials such as 
quince seed mucilage are known as polysaccharides that are composed of xylose 
and glucuronic acid. These polysaccharides can swell in water owing to the exis-
tence of hydrophilic groups, unlike chitosan which is suspended in an acidic solvent. 
Based on their reports, quince seed mucilage-based substrates can provide a better 
porous network than chitosan-based matrices. These substrates can also support the 
proliferation of fibroblast cells and provide higher water absorption capacity for 
applications of skin tissue engineering. Moreover, the authors indicated that the 
combination of this mucilage with PEG increased the transduction of mechanical 
signals and improved the biological signals for inducting stem cell differentiation 
into dermal tissue. 

According to the reports of Tahmasebi et al., nano-fibrous scaffolds of poly(3-
hydroxybutyrate-co-3-hydroxy valerate blended with aloe vera gel can be also effec-
tive in bone tissue engineering applications [94]. Indeed, an increase in the biocom-
patibility of these scaffolds is related to aloe vera contents. Likewise, they indicated 
that these hybrid scaffolds possess better alkaline phosphatase activities and mineral-
ization, and high expression of bone-related genes/proteins compared with aloe vera-
free nano-fibrous. It is also known that aloe vera gel possesses osteoinductive poten-
tial and can be used in the network of bio-implants. Moreover, Suganya et al. indi-
cated that electrospun mesh of aloe vera can be an effective transdermal therapeutic 
strategy. Accordingly, the fibers of polycaprolactone containing aloe vera powder 
(10 wt %) fabricated and stated these meshes can provide better hydrophilic proper-
ties, more suitable mechanical properties (tensile strength:6.28 MPa, elastic modulus 
similar to dermal tissue) than polycaprolactone-collagen fibers. These electrospun 
fibers also lead to more desirable cell proliferation, better secretion of collagen, and 
a high level of expression of F-actin [95]. 

Another study is about an aloe vera-based scaffold that possesses wide appli-
cations in biomedicine. The popularity of this herbal polysaccharide is inducted 
by its bioactive components such as anthraquinones, anthrones, vitamins, etc., and
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their properties (anti-inflammatory, anti-microbial, and anti-oxidant), in tissue repair 
[6, 96]. Based on the reports of Kallyanashis Paul et al., aloe vera-based hydrogel 
plays a crucial role in reducing maternal birth injuries [97]. They stated that aloe 
vera-alginate hydrogel can act as an immediate treatment by stem cell delivery and 
regeneration of damaged tissues. Moreover, local injection of such hydrogels with/ 
without stem cells can be suitable candidates for birth injury repair and preventing 
pelvic organ prolapse via improving smooth muscle and elastin contents. 

Nettle (Urtica dioica L.) is another herb that can provide osteogenic differentiation 
when blended with other biomaterials. On this matter, Zadegan et al. reported that 
silk fibroin-nettle nano-fibers can improve water uptake on the scaffold, as well as 
cellular attachment and proliferation compared to silk fibroin nano-fibers [98]. More-
over, nettle-based nano-fibers can express both early and late markers of osteoblast 
differentiation. Furthermore, Ghiyasi et al. stated that Urtica dioica-based scaffolds 
containing ZnO-nanoparticles increase the antibacterial activities of these electro-
spun scaffolds via the creation of a synergy effect. Accordingly, the incorporation of 
Urtica dioica/ZnO-nanoparticles to poly(caprolactone) scaffolds increases the tensile 
strength up to 2.54 MPa, improves water uptake ability, and promotes the proliferation 
of fibroblast cells [99]. 

Rochette et al. also illustrated that apple extract (Malus sp.) and tutin due to the 
existence of polyphenolic compounds can be used in applications of dermal tissue 
engineering [100]. 

They assessed the effect of two topical formulations consisting of 1.25% of apple 
extract and 0.75% rutin on dermal models, (ex-vivo and 3D-engineered skin). Based 
on the results, these two formulas possess a protecting role against solar ultraviolet 
B (UVB) radiation and can inhibit radiation-induced metalloproteinase formation. 
Moreover, the studies by Hajiali et al. demonstrated that nano-fibrous dressing based 
on lavender essential oil provides high efficacy to treat UVB-induced dermal burns 
[101]. These dressings are also able to reduce and control the inflammatory responses 
induced by UVB radiation. 

Another study relates to the induction of stem cell differentiation and proliferation 
by animal fats. According to the report of Pilehvar Soltanahmadi et al., emu oil not 
only increases the proliferation and differentiation of adipose tissue-derived stem 
cells into keratinocytes but also leads to the improvement of cell adherence and cyto-
protection [102]. Finally, they stated that emu oil-based electrospun nano-fibrous can 
be a suitable option for designing wound dressings and/or engineered bio-matrices 
containing cells for dermal tissue regeneration. 

Generally, research on biomaterials illustrates that herb-derived materials not 
only promote the proliferation and differentiation of stem cells but also can inhibit 
the proliferation of cancer cells that are influenced by the doses of the stimulant 
compounds. It means that specific doses of herbal biomaterials can promote or inhibit 
cell proliferation and induce its differentiation into the targeted cell. In this field, 
Zhang et al. demonstrated that 1–100 μg/ml concentrations of naringin derived from 
citrus can increase H-BM-MSCs1 growth and their osteogenic differentiation [103].

1 Human bone mesenchymal stem cell. 
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The studies of Yu et al. also show that naringin in 50μg/ml concentration activates 
the Notch signaling pathways and stimulates osteogenic differentiation. While higher 
concentrations than 100μg/ml suppress the rate of cell proliferation [104]. Based 
on the reports of Zhang, et al., naringin can also induce osteogenic activities and 
differentiation of canine bone marrow stromal cells at 10–6 mol/l concentrations 
[105]. Based on their reports, this range of concentration can lead to an increase in 
cellular proliferation and calcium nodules. In this regard, Beom Su Kim et al. also 
showed that the extract of brown algae Laminaria japonica (fucoidan) in 0.1–10μg/ 
ml concentrations led to JNK- and ERK-dependent BMP2 –Smad 1/5/8 signaling 
and induction of osteoblast differentiation [106]. 

Fei Li et al. also stated that some of the phenylethanoid glycosides such as Echi-
nacoside isolated from Cistanches Herba stem (as a novel biomaterial) can increase 
cell bioactivities and mineralization of osteoblastic [107]. To this end, the level of 
osteoprotegerin, osteocalcin, and collagen secretion on the cell culture was assessed. 
The results indicated that concentrations of 0.01–10 nmol/l can increase cell prolif-
eration, osteocalcin levels, and collagen I content, as well as, lead to the promotion of 
the mineralization of osteoblastic. They reported that such glycosides possess a stim-
ulatory effect on the formation of osteoblastic bone and can potentially be effective 
against osteoporosis. 

Moreover, MaríaSatué et al. reported that flavonoids not only can stimulate stem 
cell differentiation into osteoblast but inhibit osteoclastogenesis in RAW 264.7 cells, 
as well [108]. Based on the results, doses greater than 100 μM of diosmetin, galangin, 
and chrysin flavonoids as well as 500 μM doses of taxifolin flavonoid possess toxic 
effects on cells. While, quercitrin with safe doses of 200 and 500 μM, and taxifolin in 
safe doses of 100 and 200 μM can induce osteocalcin mRNAs and bone sialoprotein 
expression and lead to higher osteocalcin levels. 

The study of Kim et al. indicates Herba Siegesbeckia-extracted kirenol can 
promote osteoblast differentiation by activating the BMPs and signaling pathway in 
cells [109]. This natural diterpenoid can also promote mineralization, ALP activities, 
osteopontin, collagen content, and expression of OPG/RANKL. Choi et al. also stated 
that Magnolia Officinalis-isolated Honokiol can lead to the stimulation of osteoblast 
MC3T3-E1 cell functions and reduce/inhibit the production of bone-resorbing medi-
ators [110]. They reported that such phenolic compounds can be effective in natural 
therapies for osteoporosis. Likewise, Hui-HuiXiao et al. indicated that Vanillic acid 
derived by Sambucus williamsii Hance can increase estrogen-like activities of cells 
[111]. The results of this study illustrate that these phenolic acids can stimulate 
cellular proliferation and ALP activity and promotes Runx2, osteocalcin, and the 
ratio of OPG-RANKL2 mRNA expression. 

Phytoestrogens and puerarin derived from Pueraria Mirifica are considered the 
other herbal biomaterials that can increase the growth of cells and the expression of 
osteoblastic differentiation [112]. On this matter, Tiyasatkulkovit et al. demonstrated 
that puerarin can improve the mRNA expression of ALP, decrease the expression 
level of RANKL, and induce bone gain via increasing osteoblast differentiation in

2 Osteoprotegerin-receptor activator of nuclear factor kB ligand. 
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rat osteoblast-like cells and suppressing osteoclast functions. Accordingly, puerarin 
can induce the differentiation of osteoblast rather than the proliferation of osteoblast 
in an estrogen receptor-dependent manner. 

Generally, the studies on biomaterials and the design of novel bio-matrices 
continue, and biomaterials-based approaches demonstrate their potential to develop 
tissue-engineered substitutes (such as hydrogels, substrates, or scaffolds) and 
regenerate damaged tissues. 

3.1 New Approaches in Tissue Engineering 

Tissue engineering develops alternative approaches for decreasing the risks of disease 
transfer of allografts and the lack of availability of auto-grafts [113, 114]. The strategy 
of this method includes the regeneration of the guided tissues via modeling human 
diseases, pharmaceutical screening tools, designed nano/micro-tissues, etc. In this 
field, natural polymers as scaffolding biomaterials play an important role; so that 
they can provide organ physiology-like structures and lead to the imitation of tissue 
functions. 

Generally, tissue engineering creates a personalized medicine concept to a new 
level that can be used for tuning the suitable approaches to meeting the patient’s 
requirement. Integration of technological advances like micro/nano-fabrications and 
technologies of cell therapy can be also effective in this regard. Personalized regen-
erative medicine, 3D and 4D bio-printing, and engineered microstructure models 
are considered as new topics in diagnostic or therapeutic strategies. On this matter, 
personalized regenerative medicine not only benefits patients due to the following 
treatment but also provides lower healthcare and social costs. Moreover, the use of 
3D or 4D printing technology along with an imaging approach can play an impact 
on assembling and directing the 3D/4D systems for the design of clinical sizes, and 
mechanical and structural integrity of tissue-mimicking structures (Fig. 2).

Some of the biomaterials used in bio-printing techniques along with their 
applications include the following [115]: 

12.4.1 Gold, titanium, platinum, steel, etc.: for applications of orthopedic 
implants, screws, pin 
12.4.2 Ceramics and carbon compounds: For applications of bioactive orthopedic 
implant 
12.4.3 Calcium phosphate salt, titanium oxide, aluminum oxide, and, glass: For 
applications of dental implants and artificial hearing aids 
12.4.4 Poly (methyl methacrylate), polycarbonates, polyurethanes, 
poly(caprolactone): for applications of tissue-engineered scaffolds, drug delivery 
systems, and Prostheses 
12.4.5 Carbon fibers, dental cement composites, types of bone cement, polyethy-
lene with ultra-high molecular weight: for applications of dental fillings, ortho-
pedic, rubber catheters, gloves, and implants
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Fig. 2 The 3D and 4D-printed materials in biomedical applications

Types of 3D printing methods have been indicated in Table 3.
Generally, among the 3D printing/bio-printing techniques, micro-extrusion, 

inkjet, and poly-jet are considered as the most common methods applied in the 
biomedical. In this field, many biomaterials can be used in 3D bio-printing/printing 
techniques. A large variety of biopolymers (collagen, gelatin, alginate, etc.), and 
synthetic polymers (polyglycolic acid, polyvinyl alcohol, polyethylene glycol, poly-
caprolactone, etc.), are known as more common materials in this field [128–136]. 
Some of the 3D bio-printing/printing applications in biomedicine have been listed 
in Table 4.

4 Transforming 3D to 4D Printing 

4D bio-printing is known as one of the additive processing techniques that possess 
excellent potential to manufacture living tissues and alter tissue mechanical properties 
[146]. Although 3D bio-printing techniques are widely used for the design of biolog-
ical networks such as bones, skin, heart tissues, etc., however, 3D techniques possess 
a main disadvantage; so that, they can just assess the printed object’s starting status. 
Indeed, natural regeneration entails the creation of a complex 3D network along 
with a micro-architecture similar to extracellular matrix structure, and tissue repair. 
While the majority of the 3D structures created by 3D printing techniques cannot 
simulate such networks because [135, 146, 147]. The 4D bio-printing can be used
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Table 4 The 3D bio-printing/printing applications in biomedicine 

Type of 3D 
printing 

Materials The type of cell or 
test model 

Fabrication process/ 
Function 

Refs. 

Heating jacket Polycaprolactone/ 
tricalcium phosphate 
scaffolds coated with 
bd-ECM) 

Adipose-derived 
stem cells 

Polycaprolactone 
dried at 105 °C for 
24 h, tricalcium 
phosphate formed 
with a particle size 
of <100 nm, 
polycaprolactone/ 
tricalcium phosphate 
scaffolds 
manufactured by a 
3D printing 
technique, and 
finally the porcine 
bone dissolved into 
an acidic pepsin 
solution to be 
formed bdECM gels 
on designed 
substrate/To increase 
osteoconductivity 
and osteoinductivity 

[137] 

The MHDS 
3D printing 
system with 4 
extrusion 
heads 

Polycaprolactone/ 
β-tricalcium phosphate 
Membranes 

Fibroblasts and 
preosteoblasts 

Membrane 
fabricated by 
melting 
polycaprolactone/ 
β-tricalcium 
phosphate and 
maintained at 110 °C 
to dispense material. 
Melted material 
dispensed from the 
nozzle (110 °C, 
500 kPa), fabrication 
of layer-by-layer 
membrane, and 
formation of 
3D-multilayer 
mesh-type 
structures/To 
facilitate bone 
regeneration 

[138] 

Bio-printing Nanocellulose-based 
bioink cross-linked by 
alginate 

Human chondrocytes Printing at 40 kPa 
pressure and 
printing speed of 5 
mm/s/Cartilage 
tissue engineering 

[130]

(continued)
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Table 4 (continued)

Type of 3D
printing

Materials The type of cell or
test model

Fabrication process/
Function

Refs.

Extrusion Polycaprolactone-printed 
3D constructs laden with 
estrogen or progesterone 

Hormones-derived 
induced pluripotent 
stem cells (estrogen 
and/or progesterone) 

PCL thermoplastic 
pellets applied to 
load hormones, 
hormones-coated 
pellets extruded as 
filaments/For 
obstetric and 
gynecologic 
applications such as 
intrauterine devices 

[139] 

Hot melt 
extrusion 

Oleo-gum-resins disks 
treated by nano-oxides of 
TiO2, P25, Cu2O, and 
MoO3 

Staphylococcus 
aureus, 
pseudomonas 
aeruginosa, 
escherichia coli, and 
candida albicans 

3D-printed disks 
into model 
geometries and the 
disk-diffusion 
methodology was 
applied to assess 
antimicrobial and 
antifungal activities 
of studied materials 
against clinical 
isolates/To study the 
potential of 
3D-printed 
bio-actives 

[140] 

Inkjet Phosphoric 
acid-polyvinyl alcohol 
scaffold with a 
hydroxyapatite/ 
β-tricalcium phosphate 

Rabbit bone marrow 
stromal cells 

Scaffold printed by 
ZPrinter at 0.1 mm 
powder thickness/ 
Bone tissue 
engineering and 
medical implants 

[141] 

UV 
cross-linked 

Methacrylated hyaluronic 
acid hydrogel 

Human bone 
marrow-derived 
mesenchymal 
stromal cells 

Methacrylated 
hyaluronic acid 
dissolved in an alpha 
minimum essential 
medium 
concentration, 
scaffold bio-printed 
by the dispensing 
system, scaffold UV 
cross-linked at 
1800 mJ/Bone 
regenerative 
medicine 

[142]

(continued)
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Table 4 (continued)

Type of 3D
printing

Materials The type of cell or
test model

Fabrication process/
Function

Refs.

Fused 
deposition 
modeling 

Biphasic calcium 
phosphate scaffolds 
reinforced with zirconia 

Human 
mesenchymal stem 
cells 

Fabrication of the 
3D slurry foam with 
blending agents, the 
removal of blending 
materials at high 
temperature, 
extruding at 600kPa 
pressure and 100 
mm/min printing 
speed/Bone tissue 
engineering 

[143] 

Polyjet Rigid acrylic resin Preoperative 
planning in 
anatomical resection 
of hepatocellular 
carcinoma 

Patient-specific 
intrahepatic vessel 
model/To 
understand the 
positional 
relationships 
between tumors and 
vessel, as well as 
operator and 
assistant during 
operation 

[144] 

Inkjet-based 
3D printing 

Calcium Sulfate Scaffolds Osteoblast-like 
sarcoma cells 

The scaffolds treated 
with heat, 
heat-treated 
scaffolds at 300 °C 
possessed almost 
adequate strength 
but severe toxicity, 
by contrast, the 
modified scaffold at 
500–1000°C was 
non-toxic but 
possessed 
insufficient 
mechanical strength/ 
hard tissue 
engineering 

[145]

for producing 3D bioactive structures having the capability of robust orientational 
change to adapt to novel favored stimulations over time [146, 148, 149]. 

The 4D-printed structures can alter over time in response to different stimuli 
and adjust to the native niches of fault fields, opening up novel avenues for tissue 
engineering, especially hard tissue [146, 150, 151]. Generally, the shape-conversion 
capabilities of 4D-printed hard tissue structures such as bones can be effective in 
healing individualized bone disorders [146, 152]. In this field, cells, growth factors,
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inorganic particles, etc. can act as suitable supports to improve mechanical properties, 
increase alkaline enzymatic activities, and form calcium in osteoblast cells [146, 153, 
154]. Moreover, the formation of composite scaffolds can increase rates of shape 
recovery potential and be applied for regenerating small bones. 

5 Summary and Conclusions 

The development of novel engineered biomaterials or biomimetic matrices requires 
that the designed biomaterials should be not only biologically inert but also interact 
with biological environments and respond to them. These biomaterials must provide 
biological active signals and lead to an increase in cellular adhesion, proliferation, 
differentiation, and migration or apoptosis. In this field, the modification or treat-
ment of biomaterials with biomolecules and herbal active molecules can play an 
important role in designing biomimetic novel bio-matrices to induce the cellular 
response and form new tissues. The surface and bulk modifications/changes of 
biomaterials with peptides can also provide to modulate cell functions via the alter-
ation in concentrations or distribution on the biomaterial or bio-matrices. Hence, 
biomimetic/biomaterials-based matrices can mimic natural tissue functions and alone 
or incorporated with bioactive drugs, cells, and biomolecules provide a promising 
approach for regenerating tissues. Moreover, the strategies of bio-matrix fabrica-
tion for biomedical applications such as the regeneration of the guided tissues via 
modeling human diseases, pharmaceutical screening tools, designed nano/micro-
tissues, etc. can allow new bio-surgical and therapeutic approaches to repair and 
replace damaged/diseased tissues like regeneration of broken bones, dermal wounds, 
articular cartilage disorders, and infarcted cardiac muscle, etc. 
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An Insight into Collagen-Based Nano
Biomaterials for Drug Delivery
Applications

Amit Kumar Verma

Abstract In modern medicine, drug delivery is a broad field of research for the
evolution of novel materials or carrier systems for effective therapeutic delivery
of drugs as the controlled drug delivery is a challenge on the basis of solubility,
bioavailability, cytotoxicity along with pharmacokinetic parameters.

Protein-based drug delivery systems (DDS) have shown promising results due to
structural support, cell-targeted delivery, bioavailability, biocompatibility and non-
immunogenicity, etc. Collagen as an important extracellular matrix component has
attracted drug delivery-based research in recent years. Collagen based-hydrogels/
composites/biofilms are excellent objects for drug delivery, tissue engineering,
wound dressings and gene therapeutics etc. due to high encapsulating capacity,
mechanically strong swollen structural network and efficient mass transfer prop-
erties. Some of the applications of collagen are the formation of microspheres and
microneedles for drug delivery, formulation of nanoparticles (NPs) for gene delivery,
development of pellets and tablets for protein delivery, formation of gels and combi-
nation with liposomes for sustained drug delivery, cancer treatment and collagen
shields in ophthalmology.

DDSbased onNPs display enhanced efficacy of drugs and improve the drug’s half-
life, hydrophobic drug solubility and controlled/sustained drug release in the infected
body regions. Stimuli-responsive NPs regulate drug biodistribution and reduce drug
toxicity. Protein-based nanocomposites can be prepared through various physical
and chemical methods like desolvation, emulsification, phase separation, electro-
spray, electrospinning and milling, etc. These methods have their operating ease and
difficulties for the production of the desired quality of nanomaterials/composites.

Current Polymeric NPs systems are sensitive to stimuli such as temperature,
light, pH, oxidizing/reducing agents, magnetic fields and enzymes which increases
efficiency and specificity for various applications. Collagen with NPs results in
stabilization of the nanoparticles and helps with entrapment of the drug, to attain
steady and regulated drug release for ideal therapeutic reactions. Collagen NPs have
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advantage over other natural and synthetic polymeric NPs due to biocompatibility,
biodegradability, low antigenicity, high contact surface and reduced toxicity.

Significant advancements have been achieved using collagen-based nano-DDS to
deliver biomolecules with better efficacy at targeted sites. In spite of the substan-
tial progress, collagen is still affected by low mechanical strength and high rate of
degradability, which is a serious concern during clinical trials of targeting intracel-
lular molecules like genes, drugs and growth factors, etc. In future, collagen-based
nano-DDS will be the key player for the delivery of desired drugs/biomolecules at
specific target for different medical conditions.

Keywords Drug Delivery Systems (DDS) · Collagen · Drug · Biomolecules ·
Nanoparticles (NPs)

1 Introduction

Drug delivery systems (DDS) are the important, impressive and effective tools for
disease treatment, management and prevention in the field of modern medicine. The
DDS comprises the introduction and delivery of active biomolecule or pharmaceu-
tical at targeted location in the body with improvised efficiency, biocompatibility and
safety. Further, DDS involves the augmented therapeutic performance via increased
absorption, prolonged or sustained release at specific target site with minimal cyto-
toxicity and effectively removal from the body without causing adverse physiolog-
ical conditions [1–3]. Guided drug delivery is the challenge, because the bioactive
molecule has to survive through various cellular or tissue level barriers during circula-
tion before binding to a particular target in body. In recent years, the use of nanoscale
protein-based polymers has been sufficiently progressed for delivery of drugs and
vaccines due to the ability to cross biological barriers and to reach at the target site
at molecular level [4].

Nanoparticles (NPs) are microscopic structures with typical size range of 1–100
nm in diameter have gained the attention of scientists due to their small size, high
surface-to-volume ratio, stability, self-assembly behaviour andmutual interactions at
fluid interfaces, make them the suitable candidate for delivering the variety of drugs
of active biomolecules in biomedicine [5, 6].

The crucial biological molecules- proteins and peptides are the most important
objects of research in the areas of nanomedicine. These biomolecules based nanocon-
structs are the centre of attraction in the field of nanomedicine, nanobiotechnology,
toxicology and immunology to understand the interactions with other molecules in
body for therapeutic and diagnostic purposes [7, 8]. The nature and organic compo-
sition of protein-based nanocomposites have the instinctive affinity to interact with
living cells or tissues and they are often not considered as foreign entity and are readily
eliminated from the body throughmacrophages. The typical property of protein nano-
material is inherent uniform size and homogenous size distribution throughout the
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material. These materials can be modified biologically, chemically or physically for
providing desired physical and biological qualities for efficient drug delivery [9, 10].

Collagen is unique, most abundant and major extracellular structural protein
of extracellular matrix (ECM) and plays crucial role to the structural integrity
of tissues/organs and cellular growth in vertebrates and other organisms [11–13].
Though having poor mechanical strength and rapid degradation property, collagen
can form stable,mechanically strong and biocompatible nanocompositeswith natural
biopolymer like chitosan, alginate, cellulose as well as synthetic polymer such as
polyamide, polyvinyl alcohol, poly ε-caprolactone (PCL) andpoly (lactic-co-glycolic
acid), etc., in different proportion using the chemical crosslinkers [14, 15]. Collagen
canbeutilized forDDS throughvariety of structures and shapes such as nanoparticles,
nanofilms, protein cages, hydrogels and minirods with other protein polymer-based
composites [16].

2 Collagen-Based Nano-Biomaterial Formulations

Nanotechnology is the modern branch of science and engineering deals with the
technological developments of materials at the nanoscale for various physical, chem-
ical, industrial and medical applications [17, 18]. This technology envisages the
construction and characterization of engineered materials by rearranging at atomic,
molecular and supramolecular scales at 1–100 nm size in one or more dimensions.
Based on shapes, the nanomaterials could be of zero dimension in NPs, one dimen-
sion in nanorods, nanosheets in two dimension and three dimensions in nanotubes,
nanowires or multi-nanolayers and dendrimers [19, 20]. In present scenario, nano
biomaterials are utilized in different biomedical applications such as drug delivery,
biosensing, bioimaging, antibacterial and anti-cancer activity, medical diagnosis,
tissue engineering/regeneration, wound healing, medical equipment, cosmetics, food
packaging industry and environmental remedy, etc. [21].

Nanocollagen (NC) is the typical regular collagen downsized at the nanoscale
dimension of 1–100 nm, having desirable qualities of NPs like high surface area to
volume ratio and biomimetic, bioavailability, low antigenicity, optimal penetration
potential at particular location of collagen, making the collagen as very effective
biomolecule for drug delivery and wound healing applications in medical sciences
[21]. Collagen nanofibers are cylindrical network of fibres with less than 1000 nm
of external diameter and more than 50 ratio of length and width [22]. Wang et al.
[23] designed the NC fibre with uniform networking and structure with attributes of
elasticity and resistance to break, making it suitable for tissue engineering applica-
tion. The NC fibres could withstand 500 mN tensile load with 50 nN load resolution,
which later augmented the load transfer efficiency.

Protein-based NPs preparation and drug encapsulation are performed in optimal
environment to avoid the toxic solvents or organic chemicals as residue after the
synthesis. NC can be generally produced by chemical, physical and self-assembly
methods [18, 24]. The chemical methods are emulsification and coacervation or
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co-electrolyte complexation; electro-spraying and nano-spray drying are physical
methods and desolvation is the self-assemblymethod [17].Apart from thesemethods,
others are milling, phase separation, interfacial polymerization and polymer chain
collapse [25]. Each method of preparation of protein/collagen-based NPs has its own
pros and cons, which are summarized in Table 1.

2.1 Emulsification or Solvent Extraction

Nanocollagen can be formulated by nanoemulsion solution along with drug followed
by mechanical sheering. A nanoemulsion solution is the mixture of two immiscible
liquids and categorized in two classes: oil-in-water (O/W) phase, where dispersive
phase is oil and continuous phase is water, water-in-oil (W/O) in reverse order.
Nanoemulsion droplets differ from regular/normal emulsion drop. The dimension
of nanoemulsion drops is 20–200 nm while that of normal emulsion drop is around
1μm [26]. In this method, collagen in aqueous phase and hydrophilic surfactant in
water is mixed with organic phase of lipophilic surfactant, oil and solvent miscible
in water under normal room temperature conditions through mechanical agitation to
generate homogeneous emulsion. The generated emulsion is combined with heated
oil in dropwise fashion to form theNCemulsion particles [27] (Fig. 1). The nanoscale
size of nanoemulsion drops allow the homogeneous dispersion and diffusion of active
biomolecules or compounds through the skin barrier [28]. Nanoemulsion preparation
required only 3–10% of surfactant, which resulted in better penetration power of
drugs due to large surface area and low surface tension of the nanoemulsion solution,
while on the other hand microemulsions required more than 20% of surfactant [29,
30].

Nanoemulsion can be formulated with low-energy or high-energy methods or
the amalgamation of both methods. High-energy method involves technique like
high pressure homogenizers, microfluidizers and ultrasonicators to generate high
magnitude of sheer forces to rupture the oil andwater phases to create the oil droplets.
In contrast, low-energy method utilizes the intrinsic physicochemical attributes of
surfactant and bulking agent in the system for emulsification [31].

In present day applications, nanoemulsion formulations are applied for drug
delivery in medicine, food and cosmetic industries. Nanoemulsions are the common
delivery module for the sustained release of active pharmaceuticals ingredients
(APIs) and nutraceuticals into deeper skin layers [32]. Nanocollagen emulsions are
produced at larger extent mainly in the area of cosmetic industry and drug delivery
due to the potential to blend the cosmetic care active compounds while increasing
their durability and absorption rate [33].
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Table 1 Pros and cons of protein/collagen-based NPs formulation preparations. (Table adapted
from open source, https://doi.org/10.3390/app112311369)

Process Advantages Disadvantages References

Emulsification/
solvent extraction

Easy method, equipment required
simple, high flexibility, stability,
selectivity and encapsulation
potential of NPs, controllable
shape, size of NPs and secondary
structure of protein, zeta potential
in limit

Large sized NPs
produced,
thermodynamic
instability needs more
amount of surfactant
and stabilizers or
organic solvents may
lead to toxicity

[63, 64]

Complex
coacervation or
polyelectrolyte
complexation

highly stable and small sized NPs,
NPs shape and size controllable
with experiment conditions, protein
or peptide like sensitive drug can be
mixed

Challenge for scale up [65]

Phase separation Homogenous NPs formed, specific
instrument not involved, particle
size controlled by altering polymer
amount

Particle size restricted
to 50–500 nm, small
scale production,
involved organic
solvents may be toxic

[37, 66]

Electrospinning Flexibility and easy insertion of
drug, NPs etc., high porosity, large
surface-to-volume ratio, swelling
capacity, controllable, gaseous
permeation, economical and simple

Use of organic solvents,
limited control of pore,
structure

[41, 67]

Nanospray
drying

Experimentally easy method,
cost-effective, easy encapsulation
of hydrophilic drugs, reduced
degradation of heat-sensitive
samples, NPs size can be restricted

Difficult incorporation
of hydrophobic drugs,
confined to small scale
production, decreased
encapsulation potential,
high energy required

[68, 69]

Electrospray
deposition

Formulation of dry and highly
stable NPS, convenient synthesis
due to one-step method, efficient
drug loading capacity, scalable for
industrial purposes, high yield and
reproducibility, versatile method

Parameters like drying,
sheer stress of nozzle
produce thermal
degradation of
macromolecules

[47, 70]

Milling Simple and cost-effective process
for large scale fabrication of NPs

Cooling required
during procedure due to
heat generation.
Coarse NPs produced,
reduced control for NPs
shape

[50, 71]

Self assembly Small NPs with enhanced
encapsulating efficiency can be
formed through this highly stable
process, simplicity, versatility

Uncontrollable NPs
size and shape, high
possibility of protein
strain

[52, 53]

(continued)

https://doi.org/10.3390/app112311369


402 A. K. Verma

Table 1 (continued)

Process Advantages Disadvantages References

Desolvation Controllable size and shape of NPs,
better encapsulating potential and
highly stable process

Process applicable with
proteins affected by
desoluble process or
diluted by transporter
proteins

[17, 51]

Interfacial
polymerization

Simple process, undesirable
monomer purity

Long duration of the
process

[56, 58]

Polymer chain
collapse

NPs attributes controllable, great
stability and improved spherical
shaped NPs

Restricted NPs
diameter (5–20 nm) and
challenging control for
side reactions

[72, 73]

Fig. 1 Nanoemulsion—emulsion of drug and polymer solution is produced by homogenization
followed by precipitation in nano droplets of encapsulated drug in polymeric matrix. (Image
modified from open source, https://doi.org/10.3390/app112311369)

2.2 Complex Coacervation or Polyelectrolyte Complexation

Complex coacervation or polyelectrolyte complexation is the chemical nanoparticles
fabrication process, where oppositely charged polyelectrolytes undergo liquid–liquid
phase separation in an aqueous solution to create the polymer-dilute and polymer-
dense (coacervate) phase (Fig. 2). The coacervates attributes can be modified by
chirality of polyelectrolytes, pH, salt concentration, charge density, ionic strength
and temperature [24].

Proteins can be made cationic and anionic by altering factors like pH due to
their amphoteric nature with several charged functional groups. The charged protein

https://doi.org/10.3390/app112311369
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Fig. 2 Complex coacervation or polyelectrolyte complexation- alteration of pH to generate charged
protein and interaction with charged drug followed by addition of crosslinker, produced the drug
loaded collagen NPs. (Image modified from open source, https://doi.org/10.3390/app112311369)

electrostatically interact with polyelectrolytes in pH dependent manner and these
interactions can be utilized for the formulation of stable and biocompatible NPs and
coacervates for the sustained release of DNA for gene therapeutics application [34,
35]. Singh and Yethiraj [27] fabricated the NPs with native collagen and methy-
lated collagen (MC) for transferring DNA into cells, using the complex coacervation
approach. Native collagen/DNA-NPs due to low stability in serum aggregated at
neutral pH and did not release DNA properly. While MC/DNA-NPs were more
stable and small in size and released DNA in prolonged fashion up to 3 weeks. In
another study, Truong-Le [36], encapsulated the DNA in gelatine NPs using complex
coacervation approach. At pH 5, gelatin was positively charged and produced the
complex coacervatewithDNAandNPs sized from200–700nmwith 25–30% loading
capacity. Electrostatic and hydrophobic interactions along with hydrogen bonds play
role in advanced protein-polymer synthesis.

2.3 Phase Separation

In the emulsion solvent evaporation for production of NPs, aqueous and organic
phase plays crucial role. The advantage of the phase separation method is that it
is a relatively simple procedure and needs minimum apparatus. In this method, the
collagen polymer is dissolved in solution and phase separation is triggered, though

https://doi.org/10.3390/app112311369
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Fig. 3 Phase separation—By altering pH, temperature and ionic strength, collagen in aqueous
solution form aggregates followed by addition of crosslinker, form the crosslinked collagen NPs
through ultrasonication technique. (Image modified from open source, https://doi.org/10.3390/app
112311369)

addition of surfactant to this protein solution. The resulting mixture is then ultra-
sonicated for proper homogenization followed by polymer droplets formation and
isolation of solvent. The formulated NPs by the phase separation are having 50–500
nm of diameter (Fig. 3) [24]. Yoon et al. [37] fabricated the NPs of conjugated poly-
mers through phase separation technique forming the lipid-incorporated NPs having
the potential to form composites with inorganic/organic nanosubstances, cell specific
ligands with polyethylene glycol for in vivo applications.

2.4 Electrospinning

Electrospinning is the process of production of nanocollagen fibres under the influ-
ence of electrostatic field in polymeric solution of collagenmolecules (Fig. 4). In this
technique a spinneret is charged at low current and high voltage (15–20 kV) followed
by inclusion of droplets of polymeric solution resulting in highly charged surface
and increase in length to form the cone known as Taylor cone. The conical shape
is the resultant of electrostatic repulsion from coulambic forces of spinneret and
charged surface of droplet. After reaching the threshold of electric field, electrostatic
forces exceed the surface tension and elasticity of Taylor cone leading to stretching of
cone for nanofibers generation. Finally, at the metallic collector, randomly intercon-
nected dry nanofibers without solvent molecules are deposited [18]. The produced
nanofibers through this method are cost effective and multifaceted, with high surface
area-to-volume ratio and high porosity for applications such as cellular growth, tissue
repair and regeneration and tissue engineering [38]. Through this technique, the
fabricated collagen nanofibers have the advanced properties of response to exte-
rior stimuli like modification in pH, exposure to light and magnetic field, retaining
the shape memory and self-cleaning, etc. [39]. This process generates the intercon-
nected network of fibres of nanoscale size, which are analogous to natural ECM
morphology, so they promote the process of cellular proliferation [40]. Through this
highly advantageous method, drugs, bioactive molecules, NPs, antimicrobial agents,
growth factors and anti-inflammatory molecules can be inserted into the nanofibers

https://doi.org/10.3390/app112311369
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Fig. 4 Electrospinning—Collagen solution under influence of high electric field is passed through
syringe, form Taylor cone followed by drying of solvent and generation of interconnected collagen
nanofibers

[41]. Among all the methods for nanofibers formulations, electrospinning is mostly
applied process due to economical and simplicity [42].

2.5 Nanospray Drying

This technique is the physical NPs fabrication process to produce the collagen NPs in
liquidmedium. The collagen solution alongwith hot CO2 and nitrogen gas is sprayed
through nozzle into the heated chamber to generate the hollow NPs, which are later
collected at the bottom of the chamber under the influence of charged electrodes.
Finally, the created NPs are frozen, lyophilized and crosslinked (Fig. 5). Liquid N2

is used to avoid the denaturation of collagen molecules during the spraying in highly
heated chamber [43]. This method is fast and economical to fabricate the collagen
NPs at small scale and to encapsulate the hydrophilic drugs for delivery purposes.
The addition of surfactant to the protein solution makes the spherical NPs and also
stabilize them. The NPs size can be modified by restricting the nozzle size and rate
of spraying [44, 45].
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Fig. 5 Nanospray drying—at high temperature, stream of N2, CO2 along with cooled collagen is
sprayed through nozzle in chamber and dried NPs are collected at the electrode. (Image modified
from open source, https://doi.org/10.3390/app112311369)

2.6 Electrospray Deposition

This technique is the process of liquid atomization, where the high voltage is applied
to the collagen solution and liquid jet stream is passed through nozzle to form the
aerosolized drops of collagen NPs (Fig. 6). Drugs and nucleic acids can be efficiently
incorporated into these generated NPs with high productivity [24, 46]. The operating
conditions like applied voltage, operating distance, gauge diameter of needle andflow
rate fluctuate according to different types of drug delivery modules. In the advanced
technique of electrospray, coaxial spray of collagen in salt solution and drug is
performed simultaneously to form the solid collagen NPs with encapsulated drug for
delivery objectives [47]. Electrospray deposition method is economical, convenient
to handle with efficient encapsulating capability. Solid and stable collagen NPs can
be formulated to overcome the complications of reduced encapsulation potential and
low rate of biocompatibility during drug delivery [48].

https://doi.org/10.3390/app112311369
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Fig. 6 Electrospray deposition—Liquid jet stream of drug and protein solution are passed through
nozzle to generate the aerosolized droplets of drug encapsulated NPs at high temperature. (Image
modified from open source, https://doi.org/10.3390/app112311369)

2.7 Milling

Milling is the mechanical process to fabricate the collagen NPs under the influence
of high mechanical energy. The milling balls are utilized to generate mechanical
collisions to produce disintegrated polymeric material into finer NPs (Fig. 7). During
the milling, excess mechanical and kinetic energy generate the heat in the vessel;
to avoid the heat milling vessel is cooled to reduce the breakdown of polymeric
substance. Heat responsive protein or collagen material is milled under the control
of liquid N2 and cryogenic temperatures to counter the protein denaturation. Milling
is the cost-effective technique to scaledown the particle size at large scale production
of NPs [49, 50].

https://doi.org/10.3390/app112311369
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Fig. 7 Milling—Polymeric solution is mixed with milling balls under high mechanical and kinetic
energy to produce the finer collagen NPs at cryogenic temperature. (Image modified from open
source, https://doi.org/10.3390/app112311369)

2.8 Self-Assembly and Desolvation

When altered hydrophobic proteinmolecules are dissolved in aqueous solution, form
the micelle NPs through self-assembly process. The hydrophobic pockets in these
micelle NPs are the suitable place for encapsulation of active ingredients. In the
self-assembly process, when the fibres of protein in solution at a critical solution
temperature surpass the critical micelle concentration leads to the development of
nanoscale composites. Later, through the process of solidification these nanoscale
micelles become stable due to crosslinking between chains or fibres or sheets of
protein molecules. By varying the self-assembly parameters of the collagen fabri-
cates, sustained release of active molecules in the collagen-based wound dressings
could be obtained to enhance the fibroblast production and expedited wound healing
[51, 52]. Layer-by-layer (LbL) self-assembly process is conventional technique for
fabricating multi-layer films and indulges the sequential adsorption of two or more
building block that can complementarily combine with specific substrate at molec-
ular level through electrostatic, hydrophobic interactions and hydrogen bonding.
These interactions facilitate the deposition of alternate layers with opposite charged
biomaterials and control the nanoscale characters like thickness, surface attributes
and composition to the film [53, 54]. The main advantages of LbL self-assembly

https://doi.org/10.3390/app112311369
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Fig. 8 Self-assembly or desolvation—collagen fibres solution with drug is dissolved by ethanol
or salt exceeding critical micelle concentration (CMC) forming aggregates followed by addition
of crosslinker to form the collagen-based NPs. In desolvation method, salt or alcohol is added to
the collagen solution along with drug to form the nano droplets of encapsulated drug in polymeric
matrix. (Image modified from open source, https://doi.org/10.3390/app112311369)

method is simplicity, versatility and lack of restrictions in view of choice of mate-
rial or substrates [55]. The manipulation of surface physicochemical properties is
possible by application of LbL assembly on certain surface.

Desolvation is the type of self-assembly method of nanocollagen formation by
including the salt or alcohol to collagen solution with active biomolecule or drug
as desolvation factor. The salt or alcohol modifies the conformation of collagen and
reduces its solubility. Later, glutaraldehyde as crosslinking chemical is added after
the critical amount of desolvation to the formulated aggregates of collagen solution
following the NP generation [27] (Fig. 8). Through desolvation method, the size of
the protein-based NPs can be customized with respect to parameters such as protein
concentration, pH, temperature and addition of salt or alcohol. Small sized protein
NPs can be generated by decreased protein concentration and increased pH [17].
Desolvation method is mainly applied for the formation of protein-based NPs.

2.9 Interfacial Polymerization

Polymeric membranes and particles can be fabricated through the technique of inter-
facial polymerization (Fig. 9). This method is a type of step-growth polymerization,
where two immiscible solutions form the polymeric substances with particular topo-
logical and chemical attributes, anisotropic shapes, hollow structures or alternative
surface chemistry at the interface region [56]. Here, the polymer is confined to inter-
face region. Through this technique large scale production of ultrathin layers or
membranes, hollow nanospheres and nanofibers is possible [57]. The category of
synthesized polymeric materials is zero-dimension NPs, 1D nanofibers, 2D films
and 3D composite membranes [58].

https://doi.org/10.3390/app112311369
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Fig. 9 Interfacial polymerization—two immiscible solutions like polymer and oil, form the
polymeric material at the phase interface after polymerization. (Adapted from open source
paper (https://www.researchgate.net/publication/267901674_A_Multifunctional_Smart_Coating_
for_Automous_Corrosion_Control)

2.10 Polymer Chain Collapse

Polymer chain collapse technique can produce the single-chain polymerNPs (SCNP)
with excellent stability in size range of 5–20 nm (Fig. 10). The NPs size can be
controlled by polymer molecular weight and the extent of crosslinking [59]. The
intramolecular polymer chain collapse method can generate the extremely small
polymeric NPs of approximately 10nm in diameter, not possible by other methods
of synthesis. Under the control of polymer precursor chain, the typical molecules of
NPs can be generated [60]. Various types of SCNP fabrication processes are available
on the basis of involved functional groups in the reactions [61]. Effective folding of
single-chain polymer through single-chain nano objects can mimic and control the
functionality and morphology of natural biomacromolecules such as enzymes, drug
delivery modules and catalysts. NPs with systematically smaller and spherical than
their homofunctional analogues can be produced by increasing the various types of
chemical linker molecules through orthogonal chemistry methods [62].

3 Characteristic of Formulated Collagen-Based
Nanomaterials or NPs

Protein-based nanomaterials are the emergingmaterials of research for drug delivery,
medical devices, therapeutics, tissue engineering and other biomedicine areas due
to small size, significant absorption, distribution in the human body, ability to cross
the biological barriers and exhibiting negligible cytotoxicity [20]. When the size of
the particle reaches at the nano level, most of the physical attributes of NPs are quite
distinct form microparticles and bulk materials, providing more advanced options

https://www.researchgate.net/publication/267901674_A_Multifunctional_Smart_Coating_for_Automous_Corrosion_Control
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Fig. 10 Polymer chain collapse—different molecules are formulated to generate single-chain
polymerNPs through polymer precursor chain via intermolecular crosslinking,which can be applied
for several biomedical applications for human. (Image modified from open source, https://doi.org/
10.3390/app112311369)

for encapsulation or adsorption in matrix as carriers of active ingredients for local or
systemic delivery [74].

Removal of NPs from the body is dependent on various factors such as surface
charge, hydrophobicity and size. The potential of NPs surface alteration can be
determined through surface charge, density and hydrophilicity. The most preferred
method about the surface charge of NPs is the measurement of zeta potential in
aqueous solution. The common techniques for measuring the zeta potential are light
scattering techniques such as dynamic light scattering (DLS) and laser Doppler elec-
trophoresis [75]. Zeta potential predicts the stability of NPs and interaction with their
surroundings and between the nanoparticles. Most water-soluble colloid systems are
stabilized by electrostatic repulsion between NPs, to form the cohesive system as
greater repulsion between NPs leads to reduction of distance between them [76].
The zeta potential also determines the location of charged active ingredient material
inside the nanoparticles or adsorption on the NPs surface.

Collagen basedNPs are themodern promisingmodules for controlled drug release
due to unique features like easy to fabricate, high surface area-to-volume ratio and
significant absorption capacity [77]. According to Shalaby et al. [78], high negative
potential (-17.7 mV) of polydispersed collagen NPs increased long term stability,
remarkable colloidal property and high dispersion due to negative-negative repul-
sion. The negative potential of NPs leads to electrostatic repulsion between parti-
cles to prevent the aggregation and also to prevent thrombosis [79]. Cationic NPs
attached to the cell membranes due to electrostatic interactions. The size of formu-
lated collagen NPs in the range of 5–200 nm measured by dynamic light scattering
(DLS) method, is the promising drug delivery system through endocytosis into cells
[80]. Collagen NPs infused gel had favourable effect on the healing of incision
wounds in rabbits. Collagen regeneration and enhanced cellular proliferation at the

https://doi.org/10.3390/app112311369
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wounded site exhibited the exception wound-healing capacity of collagen NPs [78].
In contrast to collagen microfibers, silver NPs (AgNPs) impregnated nanocollagen
had better potential for rapid regeneration ofwounded tissue [81]. In a report, Cardoso
et al. [82], fabricated the AgNPs-type 1 collagen composite (AgNPcol) for antibac-
terial and cell viability potentials. All the formulations were analyzed on the basis
of particle size, zeta potential and polydispersity index (PDI). The particle diam-
eter and PDI were 64–81 nm and 0.40–0.77 of range, respectively. PDI value is the
selecting parameter for low-polydispersity solution related to cell viability test. The
positive zeta potential of AgNPcol expressed effective antibacterial activity against
Escherichia coli and Staphylococcus aureus. The opposite surface charge and small
size of NPs promote antibacterial activity.

Roshanbinfar et al. [83] synthesized the electrically conductive hydrogel of type
I collagen and branched polyethyleneimine (bPEI)-caoted AuNPs for cardiac tissue
generation by adding neonatal rat ventricular or human embryonic or induced
pluripotent stem cell (hiPSC) derived cardiomyocytes. Along the collagen matrix,
bPEI-AuNPs were uniformly distributed with distance in the magnitude of few
hundred nanometers. A wide range of negatively charged biomedical drug, active
ingredients and growth factors can be effectively loaded on the positively charged
coating of AuNPs. During the cardiac cycle, high amount of forces are produced,
that should be acceptable by engineered material to assure the no drug or cell content
leakage. Production of hydrogel-based cardiac tissue material for large animal’s
mechanical stress is a tough task. TheAuNPs escalated the hydrogel stiffness from91
to 146 kPa and also expanded the electrical conductivity from 40 to 49–69 mS cm−1

for the slow and uniform release of incorporated drug. These hydrogels-based engi-
neered tissues have the potential to reduce cardiac arrest and treatment of ailments
of electrically sensitive tissues.

Terzopoulou et al. [84] designed the curcumin (Cur)-loaded chitosan (CS) NPs
and incorporated into the hydrophilic and biocompatible collagen-based patch as
topical preparation for psoriatic skin. Size of the NPs is very crucial parameter influ-
encing the drug release profile and biological performance of NPs. NPs less than 200
nm in diameter are supposed tomanage the drug discharge rate and penetrate the cells
more adequately, while the zeta potential of greater than+30 mV contributed better
stability and capacity to adhere the negatively charged biomembranes. The fabri-
cated Cur-CS-NPs were expected to penetrate the upper layers of skin through injec-
tion. The collagen patches expressed the significant swelling ratio of upto ~1500%
and after crosslinking with EDC (1-ethyl-3-(3-dimethylaminopropyl) carbodiimide
hydrochloride)/ NHS (N-hydroxysuccinimide) the pore size decreased which leads
to decreased hydrolysis rate. Release of curcumin within collagen patches generated
the proliferative inhibitory effect on psoriatic human keratinocytes in vitro.

NP’s introduction into the body may lead to rapid degradation and instability of
NPs followed by elimination from the body through phagocytic processes [85]. The
stability of NPs is depended on the composition of the composite and its interaction
with surroundings. Lipid and polymer-based NPs are most sensitive to aggregation
and instability [20]. In body, circulatory system factors like blood flow, excretion and
phagocytic cells may decrease the NPs stability and delivery. NPs with diameter of
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<10 nmusually removed through kidney in fastmannerwhileNPswith >200 nmmay
initiate the complement system [86]. Several fabricated NPs utilize the coating of
polyethylene glycol (PEG) to avert the fast excretion of NPs from body. PEGylation
enhanced the circulation time though modification of NPs size and solubility and
provide protection to NPs surface from degradation, secretion and clearance caused
by enzymes and antibodies. At high concentration, PEG coated NPs may lead to
anti-PEG antibodies could activate the clearance of PEGylated NPs [87].

3.1 Loading and Release of Active Ingredients/Drug
for Delivery

Polymeric NPs for drug administration should have high drug loading capacity and
the reduced volume of media. Active ingredients or pharmaceuticals can be incorpo-
rated inNPs through two approaches—first, encapsulate the drug during the synthesis
ofNPs and second, on the surface ofNPs attach or insert drug through adsorption after
the synthesis of NPs [88]. These alterations make the NPs quintessential for delivery
applications and are suitable for delivery of various payloads of hydrophobic and
hydrophilic materials along with cargos of different molecular weights like small
molecules, bio-macromolecules, proteins and vaccines [89–92]. The loading effi-
ciency and release kinetics of loaded pharmaceuticals on NPs can be accurately
governed through modification of properties like composition, stability, response
and surface charge of NPs [66, 93]. Nano-carriers are considered as promising
therapeutics formulations due to high loading ability, significant intracellular drug
delivery, effective cellular absorption and controlled release in cytosolswith adequate
biodegradation [78]. For the increment of biomolecule loading capability and cellular
absorption potential, surface roughening of NPs has been formulated as another
method [94].

Awad et al. [95] assessed the cytotoxicity effect of three combinations- collagen
NPs, theophylline loaded with collagen NPs and free theophylline alone using MTT
assay on NHSF cell line at the concentration of 180 μg/ml with double fold serial
dilutions. At the lower doses, collagen NPs, theophylline loaded with collagen NPs
and free theophylline had more than 97% cell viability. The cytotoxicity enhanced
significantly by increasing the concentration of theophylline with 55.59% of viability
at 180 μg/ml. Theophylline loaded with collagen NPs had higher cell viability of
78.53%and lower toxicity than at 180μg/ml of theophylline alone. The order of cyto-
toxicity was collagen NPs < theophylline loaded with collagen NPs < theophylline
for all the concentrations. Theophylline loaded with collagen NPs showed lower
toxicity than free theophylline and slow release due to efficient encapsulation inside
collagen NPs. The collagen NPs were least cytotoxic at all the tested concentrations
due to natural biodegradable collagen and additives utilized for fabrication [96, 97].
The toxicity findings also expressed the biocompatibility, harmlessness of collagen
NPs with normal cells making them suitable as drug carriers for medicine.
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For the optimal delivery of active ingredients, drug release andpolymer biodegrad-
ability are the crucial criteria. The release rates of NPs is based on desorption of
the surface attached or adsorbed molecules, diffusion through NPs matrix, diffu-
sion through the polymer wall, erosion of NPs matrix and diffusion process. The
solubility, diffusion and biodegradation of NPs affect the discharge of drug in the
system. The releasee of drug through protein-based polymeric NPs is accomplished
via protein degradation, through pores, from polymer surfaces and electrical pulse-
based delivery throughmagnetic field etc. [98]. The drug release potential of protein-
based NPs can be controlled by modifying the geometry, coating thickness, porosity
and crystallinity of the protein drug vehicles [99]. Spherical-shaped NPs with less
than 200 nm diameter could cross the spleen to avoid the contact forces along the
blood vessel walls and other flow barriers in body [100]. To obtain the high drug
loading and emission, delivery vehicles can also be altered to attain the large pore
volume and surface areas. A drug carrier’s morphology, shape, diameter and thick-
ness should be considered for effective tailored drug release potential [3]. Porosity
of the NPs material is the preferred property to control the delivery of drug such as
surface area, permeability, loading capacity, release rate and pharmacokinetics and is
directly interconnected with pore size and pore interconnectivity. The increased pore
percentage can accelerate the degradation and augmented drug release in polymer
matrix [101].

At the high concentration or dose of pharmaceutical drug or active ingredients
after systemic introduction in bodymay generate undesirable side effects. To achieve
the similar efficiency or exceptional results, local delivery of therapeutic molecules
at low dosage has been researched [102]. By regulating the degree of crosslinking in
porous collagen-based scaffold, therapeutic substances can be encapsulated and their
retention and release can also be controlled [103]. Instead of administering the growth
factor directly, incorporation of growth factor loaded NPs in the crosslinked collagen
scaffolds, the target molecules may be delivered via composite delivery system.
For the controlled release of therapeutics, crosslinked collagen scaffold act as the
vehicle for lodging theNP carriers.NPs createmore opportunities for interactionwith
collagen, when they are directly or indirectly crosslinked with collagen. Metal oxide
NPs utilized for crosslinking with collagen by directly binding to its side chain. The
mechanical attributes of collagen-based scaffolds may be augments through metal
NPs like ZnO, iron oxide, alumina oxide, etc. ThroughUV irradiation, radical oxygen
species, promoted collagen crosslinking by metal oxide NPs and is incredible for
formulation of collagen shields for controlled drug delivery for glaucoma treatment
[104]. Choi et al. [105] developed the collagen constructs as inserts for wounded
human gingival for optimization of the release profile of growth factor TGF-β1 and
NPs of Au, TaO, dextran and ferritin. The released amount of biomolecule NPs
was quantified through fluorescence intensity and X-ray scattering. The collagen
hydrogel may be the promising system for sustained release of growth factor and
imaging agents in human gingival to promote the regeneration of oral tissues.
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4 Collagen-Based Nanocomposites for Delivery
of Ingredients/Drug Through DDS

In the field of medicine, traditional drugs are the pivotal strategies to treat various
ailments. The administration of classical drug in body at high dosage leads to mild or
severe side effects, sometimes leads to life-threatening condition. The formulation of
effective DDS for the transportation of natural or synthetic desired drug at target site
with optimal amount has been a demanding clinical investigation and research for
several years [106]. In the last decades, the growth of nanotechnology has unblocked
the different innovative possibilities in biomedicine, specifically in the area of drug
delivery. Different novel drug delivery vehicles at the micro or nano scale have been
formulated and number of such delivery modules has been increasing tremendously
to compensate for the need for targeted DDS [72].

Collagen is the most abundant extracellular protein found in connective tissues
in mammals and can be used for DDS through various architectural types such as
protein cages, nanoparticles, nanofilms, hydrogels andminirods with combination of
different natural or synthetic polymers and crosslinking chemicals. Several methods
such as emulsification, desolvation, electrospray, electrospinning, self-assembly,
milling and phase separation, etc., are applied for the fabrication of collagen-based
nanocomposites. Each preparatory process has various advantages and limitations.
In Table 2, list of different collagen-based nanocomposites or nanoformulations,
their method of preparation and loaded active ingredients or pharmaceuticals are
mentioned.

Lin et al. [107] fabricated the biocompatible nanofiber membrane of protein
collagen and zein by co-electrospinning method. Zein improvised the spinnability of
collagen and generated nanofiber properties like fibre diameter, surface wettability,
mechanical strength degradation potential and cell adhesiveness could be modi-
fied through alteration of collagen/zein ratio. The incorporated berberine drug in
nanofiber membrane was assessed for controlled release and antibacterial activity
and the berberine exhibited little effect on fibre morphology and cell viability. The
wound healing process and histological experiments were conducted in vivo on the
female Sprague–Dawley rats for the fabricated nanomembrane.

In a report byKarri et al. [108], a novel nanohybrid scaffoldwas fabricated through
emulsification method using curcumin (CUR) impregnated in chitosan (CS) NPs and
collagen scaffold for tissue regeneration application. The formulated CUR-CS-NPs
were assessed on the basis of size, zeta potential, SEM, DSC, X-ray analyses and the
novel nanohybird of CUR-CS-NPs-collagen scaffold was evaluated for water uptake,
biocompatibility and sustained release parameters. The in vivo wound closure anal-
ysis exhibited the faster and significant contraction of wound treated by nanohybrid
scaffold in contrast to control and placebo groups. The wound showed the complete
epithelialization with thick tissue formed in nanohybrid treated scaffold than control
and other group. The nanohybrid scaffold showed the promising potential for better
wound healing capacity for diabetic wounds.
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Table 2 List of various collagen-based nanocomposites, their method of preparation and loaded
active ingredients. EDC-Hcl—3-ethyl carbodiimide-hydrochloride; MDA—malondialdehyde;
chitosan—CS; NHS—N-hydroxysuccinimide; NLC—nanostructured lipid carrier; PCL—poly(ε-
caprolactone); bPEI—branched polyethyleneimine; TGF-β1—transforming growth factor; FGF-
2—fibroblast growth factor; PLGA—poly(lactic-co-glycolic acid); BMP-2—bone morphogenic
protein; PLA—poly lactic acid; VEGF—vascular endothelial growth factor; PDGF—platelet
derived growth factor; EGF—endothelial growth factor; PHA—polyhydroxy butyrate

Nanocomposite Method of preparation Loaded
pharmaceutical

References

Collagen NPs Nanoprecipitation
method using
non-solvent (ethanol)

Theophylline [95]

Collagen NPs crosslinked with
EDC-Hcl & MDA

Emulsification Silymarin [96]

Collagen patches-CS NPs
crosslinked with Ion gelation
method EDC/NHS/heparin

Ion gelation method Curcumin [84]

Collagen gel-CS NLC Emulsification SiRNA [115]

Collagen hydrogel Layer-by-layer
self-assembly

Doxorubicin [53]

Hydrolyzed collagen-PCL Radical
co-polymerization

Hydrocortisone [114]

Collagen peptide-CS NPs Ion gelation method Doxorubicin [116]

Collagen-bPEI-AuNP hydrogel Desolvation Phenylephrine,
isoproterenol,
doxorubicin

[83]

Collagen-CS dressing Freeze drying Ag NPs [117]

Collagen type 1 Chemical synthesis Ag NPs [82]

Collagen-iron oxide NPs
hydrogel

Freeze drying,
coprecipitation

Fluorescein [118]

Collagen-ferrtin NPs-TaO NPs
hydrogel

Microemulsion TGF-β1 [105]

Zein-collagen-PCl nanofiber
scaffold

Electrospinning Aloe vera [110]

Collagen-graphene oxide
sheet-hydrogel

Layer-by-layer
self-assembly

FGF-2 [119]

Collagen-hydroxyapatite-PLGA
scaffold

Emulsification (W/O/
W method)

BMP-2, alendronate [113]

Atelocollagen Mixing siRNA [120]

Type 1 collagen hydrogel Mixing Royal jelly
extracellular vesicles

[121]

Collagen peptide-chito
oligosaccharides membrane

Electrospinning Antibacterial activity [122]

PLGA/collagen nanofibrous
membrane

Electrospinning Wound healing [123]

(continued)
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Table 2 (continued)

Nanocomposite Method of preparation Loaded
pharmaceutical

References

Au-hydroxyapatite-collagen
nanomaterial

Wet precipitation/
microwave assisted
synthesis

Doxorubicin [124]

Collagen-based 3D culture
system-conjugated NPs

Self assembly Coumarin [109]

Collagen-hydrogel-nano/
microfibers

Electrospray Rat
pheochromocytoma
cell cuture

[125]

PCL-collagen-nanobioglass
nanocomposite

Electrospinning Peripheral nerve
regeneration

[126]

Collagen-chitosan
membrane-chitosan NPs

Ion gelation, phase
separation

Minocycline [112]

Collagen-PLGA NPs asymmetric
nanomembrane

Electrospinning Aspirin, curcumin [127]

Collagen-chitosan NPs Emulsification Curcumin [108]

Ethyl cellulose-PLA-collagen
nanofiber mat

Electrospinning Silver sulfadiazine [128]

Collagen-zein nanofiber
membrane

Co-electrospinning Berberine [107]

PLGA-collagen scaffold
nanomembrane

Electrospinning Glucophage [129]

Collagen-hyaluronic acid-gelatin
NPs nanocomposite

Electrospinning VEGF, PDGF, bFGF,
EGF

[130]

PHA-gelatin-collagen nanofibre
nanofiber composite

Electrospinning Ostholamide [131]

Collagen-polyamide nanofiber
composite

Electrospinning N-acetly cysteine [132]

Gelatin-fish collagen-chitosan
nanofiber bilayer scaffold

Electrospinning Lithospermi radix
extract

[133]

PCL-collagen-polyethylene oxide Electrospinning Doxycycline [134]

PCL-collagen nanofibers Electrospinning Gentamicin sulphate [135]

Targeted drug delivery and positive antitumor outcomes are the main challenges
in cancer therapy. In view of this, Le et al. [109] developed the collagen-based 3D
multicellular culturemodulewith coumarin conjugatedNPsby self-assemblymethod
for the selection of new nanocarriers for drug delivery in preclinical research. The
findings showed that 3-D cell colonies were successfully developed from 95-D, U87
and HTC116 cell lines after seven day culture in collagen matrix. The coumrarin-
NPs were easily penetrated the matrix gel and targeted the tumor cells and the drug
module was good for evaluating the therapeutic outcomes of drug transport in vivo
or investigation in tumor biology for better DDS for cancer treatment.



418 A. K. Verma

Ghorbani et al. [110] formulated the nanofibers scaffold of zein-poly caprolactone
(PCL)-collagen encapsulated zinc oxide (ZnO) NPs and aloe vera (Alv) through
electrospinning method for wound healing potential evaluation. The nano-scaffolds
were examined for the parameters- morphology, mechanical, thermal stability and
hydrophilicity. The scaffolds with composition of ZnO (1%), Alv (8% wt) and zein/
PCL (70:30 ratio) exhibited significant thermal stability andmechanical attributes.By
reducing the zein/PCL ratio water contact angle of scaffolds could be enhanced. Cell
culture experiments expressed good findings of cytocompatibility by nanoscaffolds.
The cell adhesion property was also examined using fibroblast cells for 24 and 72
h. The nanoscaffolds sample exhibited better antibacterial activity against S. aureus
and E. coli bacteria. These nanocomposites findings showed the promising material
for wound healing.

Deepa et al. [111] biosynthesized the AgNPs using aqueous root extract from
Delphinium denudatum (Dd) and further fabricated with collagen and doxycycline
(DO) to assess the bactericidal property against the series of bacteria S. aureus,
Bacillus cereus, Pseudomonas aeruginosa, E. coli, Salmonella paratyphi, Shigella
dysentriae and Vibrio cholerae. The developed DdAgNPs was spherical shaped and
in the size range of 40–85 nm. DdAgNPs alone showed antibacterial activity against
only two organisms while in combination with collagen expressed strong inhibition
against all the organisms. Doxycycline expressed no activity againstE. coli, S. dysen-
triae and V. cholerae but combination with collagen exhibited antibacterial activity
towards all the test organisms with increased zone of inhibition except B. cereus.
Synergistic action of DdAgNPs, doxycycline and collagen resulted in improvised
antibacterial activity.

Infections generated by the colonization of pathogens at the wounded site during
bone tissue regeneration is considered as one of the main causes for the guided
bone regeneration (GBR). Taking in view of GBR, Ma et al. [112] developed a
novel asymmetric collagen/chitosan GBR membrane (CC) with minocycline (M)-
loaded chitosan NPs by the process of ion gelation method. The morphology of
chitosan NPs and membrane was analyzed by SEM and TEM and biocompatibility
of CCMmembranes were evaluated againstMC3T3-E1 osteoblasts and L929 fibrob-
lasts cells. The bacteriostatic rates of CCMmembrane against Porphyromonas gingi-
valis and Fusobacterium nucleatum were 95.3% and 92.1%, respectively. The CCM
membrane enhanced the osteoblasts and fibroblast growth. The CCM membrane in
the rat models promoted angiogenesis and enhanced bone regeneration and could be
better therapeutics for infection prevention and bone regeneration.

The successful restoration of bone defects caused by trauma, tumor andmetabolic
disorders is a clinical drawback in reconstructive surgery. Biomaterials are the crit-
ical parts of in situ bone tissue engineering due to contribution of 3-D scaffold,
which facilitates ECM formation and cell growth. Lee et al. [113] constructed
the collagen-nano hydroxyapatite (nHAP) scaffold (CHAS) incorporated with poly
(lactic-co-glycolic acid) (PLGA) microspheres and two active biomolecules- bone
morphogenic protein-2 (BMP-2) and alendronate (ALN) by emulsification method
for the evaluation of synergistic effect on osteogenic regeneration. The release profile
of BMP-2 and ALN encapsulated in PLGA microspheres showed sustained release
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upto 4 weeks and 2 weeks, respectively in contrast to BMP-2 and ALN without
PLGAmicrospheres. Evaluation of accumulation and maturation of bone-like tissue
in calvarial bone defect was performed by micro-computed tomography imaging
at 2, 4 and 8 weeks after implantation in rat models. Enhanced bone regeneration
was observed after 8 weeks post-implantation in rat with 8 mm critical-sized defect.
The fabricated nano-composite could be the future biomaterial for cell-free tissue
engineering.

Recently, conductive composites have been developed for in vitro and in vivo
biomedical applications. The conductive composites like current-stimuli polymeric
structures have been successfully introduced extra controlling DDSs equipped with
switchable release profile. Nowadays, drug release from conductive polymeric mate-
rials by applying the required voltage at a precise duration time is available. The
conductive polymers have broad applications in microelectronic industry, electrode
production, photovoltaic devices, biotechnological systems such as nerve regen-
eration and drug delivery systems. Pourjavadi and Doroudian [114], developed a
semi-conductive nanocomposite for electrically controlled drugdelivery.Hydrolyzed
collagen was altered with administration of polycaprolactone. The hydrogel was
fabricated by radical co-polymerization of acrylic acid in the presence of crosslinker.
The reaction parameters influencing the water absorbance of hydrogel were opti-
mized through Taguchi method. In situ polymerization of aniline has been incorpo-
rated conductive nanofiber pathways throughout the hydrogel matrix. The nanocom-
posites were characterized through techniques such as 1H NMR, TGA, AFM, SEM,
FTIR, UV–vis cyclic voltametry and conductivity estimations. In vitro conductive
stimuli drug release of hydrocortisone as model drug was evaluated. Any cytotox-
icity was not observed for conductive and non-conductive hydrogels. According to
findings, the fabricated nanoconstruct acts as precise externally controlled DDS that
may be customized to meet the physiological processes requirement (Table 2).

5 Conclusion

Nanotechnology is a rapidly evolving multidisciplinary science technology that
ensures the development of bio or synthetic polymers or in combinations with other
chemicals to nanometer scale for various medical applications. In modern times,
nanoparticles are among the most promising vehicle in drug delivery systems. In
the field of biomedicine, protein-based nanoparticles have gained attention due to
various advantages like economical, biocompatible, biodegradable, biomimetic, low
immunogenicity, low cytotoxicity and existence of multifunctional chemical groups
on them allow to carry large amount of drugs or bioactive molecules efficiently for
targeted delivery.

Collagen, an abundant and major natural protein in the mammal’s body for
mechanical strength or support, is the attractive biopolymers for the delivery of
therapeutic drugs, growth factors, hormones, proteins, gene and imaging probes in
the field of DDSs and regenerative medicine, prosthetics and surgery. Generally the
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collagen-based materials sponges, hydrogels, membranes and scaffolds are common
but emerging collagen-based nanocomposites is a relatively new technology and
having challenges. Up to nanoscale size, high surface area-to-volume ratio and high
mechanical strength, elasticity againstmechanical, high capacity of adsorption,water
dispersion ability to form clear colloidal solutionmake the collagenNPs as promising
future biomaterial for DDSs at commercial level.

Several physical or chemical methods from easy to difficult operations such as
emulsification, complex coacervation, phase separation, electrospinning, nanospray,
layer-by-layer self-assembly, milling, freeze-drying are involved in the production
of collagen-based nano-constructs. Each method has its own advantages or disad-
vantages for NPs production at large scale as mentioned in Table 1. Drug release
efficiency and drug loading capacity of collagen nanocomposites can be modified or
increased by controlling or maintaining the properties like surface charge, shape and
size of the nanocomposites.

The innovative and formulated collagen-based nanomaterials offer a sustained
and slow release of drug required for long term release profile. In case of sudden
release of drug, the slow release material will fail in some anticancer therapy. The
high swelling property and loading capacity of fabricated nanobiomaterial confront
the fast release of drug. Therefore, in future, better nanobiomaterials are required
for customized release of active biomolecules in response to stimuli of diseased
state of the human or animal body or other in vitro systems, with having negligible
cytotoxicity and biocompatibility.
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Photo Responsive Material for 4D 
Printing in Tissue Engineering 

Amisha , Shubham Thakur , and Amrinder Singh 

Abstract Four-dimensional (4D) printing technology, which was facilitated by the 
inclusion of the time dimension to three-dimensional (3D) printing, has now risen 
as the next-generation approach to tissue engineering since it offers the fabrication 
of intricate, useful structures. Physiological attributes that are replicated by 3D-
printed products are impressive, yet the biomedical devices developed employing 
3D approach are inherently static and are therefore not intended to be deployed 
in unforeseen circumstances. In addition to possessing strong biodegradability and 
biocompatibility criteria, bioactive materials ought to adapt to the changing environ-
ment for better performance thus, 4D printing has now been devised as a remedy 
for the hurdle. Numerous biomedical applications for tissue engineering employ 
photo-sensitive biomaterials and can be activated by a variety of light wavelength 
ranges, including infrared (IR), and ultraviolet (UV). The impact of 4D printing is 
astounding in the biomedical sector, particularly in sectors like tissue engineering that 
enhances patient quality of life and strengthens our healthcare infrastructure. With the 
development of new photo-polymerized systems, these systems considerably lessen 
the detrimental effects on cellular proliferative and metabolic abilities. Thus, the 
convergence of light-responsive materials and medical applications of 4D printing 
techniques tend to be extremely promising. This chapter highlights the most recent 
application of photo responsive materials and 4D printing expertise in medical engi-
neering, thereby offering an emerging application of 4D printing. Despite significant 
research into 4D printing, it is crucial to remember that further research is needed into 
implications and how this paradigm might be improved towards greater accuracy.
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Abbreviations 

AM Additive Manufacturing 
3D Three Dimensional 
4D Four Dimensional 
4DP Four Dimensional Printing 
DLP Digital Light Processing 
FDM Fused Deposition Modelling 
SLS Selective Laser Sintering 
IJP Inkjet Printing 
SLA Stereolithography 
DIW Direct Ink Writing 
BTE Bone Tissue Engineering 
SMs Stimuli-responsive Materials 
SMMs Shape Memory Materials 
SCMs Shape-Changing Materials 
ABS Acrylonitrile Butadiene Styrene 
PLA Polylactic Acid 
PC Polycarbonate 
PA Polyamide 
PVB Polyvinyl Butyral 
PCL Polycaprolactone 
PS Polystyrenes 
DOD Drop-On-Demand 
NIR Near Infrared 
IR Infrared 
UV Ultraviolet 

1 Introduction 

An escalating additive manufacturing (AM) technology acknowledged as three-
dimensional (3D) printing was initially envisioned by Hull and his associates in 
1986 [1]. This approach has been applied in a numerous assortment of therapeutic 
areas, along with the fabrication of organs, liver tissue, blood, arteries, bone, heart 
tissue, regenerative medicine, and drug delivery systems [2]. In the biological system, 
native tissues have a microenvironment that promotes their growth and governs the 
array of their biological functions. For better traits, the bioactive materials must be



Photo Responsive Material for 4D Printing in Tissue Engineering 431

able to adapt to shifting conditions while also adhering to strict biocompatibility 
and biodegradability standards for improved features [3]. The capability to 3D print 
biomedical equipment to a patient’s specifications adopting this technology’s versa-
tility enables the execution of specialized biomedical services. In spite of the fact 
that 3D-printed things can mimic remarkable physiological properties, biomedical 
devices made with this technology are intrinsically static and are not intended for 
dynamic environments [4]. To tackle this issue, 4D printing technique has been 
devised. Prof. Tibbits and Prof. Jerry originally laid out the concept of 4D printing 
in 2013, in which sophisticated components in a simulated environment alter their 
configuration over time [5]. A slashing manufacturing process, 4D printing approach 
is the upgraded form of 3D printing. The domain of tissue engineering has enthusi-
astically embraced this technology, and the advent of 4D bioprinting has been facili-
tated by the inclusion of time as the fourth dimension in 3D bioprinting technology. 
The morphology and functional modifications of printed structures over time are the 
primary techniques used in 4D bioprinting. These traits are necessary for the self-
renewal of biosynthetic frameworks and long-term homeostasis [6]. Intricate bioma-
terials for 4D printing, also characterized as shape-morphing materials, distribute 
other elements or polymer composites by employing the layer-by-layer approach as 
previously employed in forging 3D objects. The choice of components and associ-
ated nature should be considered while choosing a bioprinter [7]. These sophisti-
cated biomaterials undergo 4D printing in the vicinity of several external stimuli, 
such as moisture, pH, temperature, electric field, biomolecule, magnetic field, light, 
enzymes and cell adhesion force. In the modern day, numerous 4D printing technolo-
gies are adopted, namely digital light processing (DLP), fused deposition modelling 
(FDM), selective laser sintering (SLS), inkjet printing (IJP), stereolithography (SLA), 
micro-extrusion, and direct ink writing (DIW) [8, 9]. 

Recent events in modern society, especially within the realm of 4D printing, have 
paved the way for breakthroughs across a broad spectrum of disciplines. Numerous 
dynamic micro-environment tissue engineering fields, such as and fabrication of 
vascular stents and tissue, cardiac, muscular, vascularization, neuro, bone tissue engi-
neering (BTE), have witnessed enormous advancements in 4D printing technology 
[10]. The discipline of tissue engineering strives to produce functional tissues that 
employs an assortment of cells, frameworks, biomaterials, and physiologically active 
components. Fabricating functional scaffolds that preserve and augment the functions 
of injured tissue is the prime objective of tissue engineering. It was first addressed in 
a meeting hosted by the National Science Foundation in the United States in the late 
1980s [11]. 3D porous frameworks with the inclusion of time composed of biocom-
patible materials are frequently alluded to as tissue-engineered scaffolds. They serve 
a variety of purposes, including promoting targeted tissue repair and regeneration as 
well as proliferation and cell adhesion [12]. Human cells, physiological, mechan-
ical and biochemical signals, as well as mechanical stabilization that is aided by the 
adoption of scaffolds—all collaborate together to promote healing [13]. The fabri-
cation of these frameworks is feasible via metals, ceramics, polymer composites 
polymers, or fibres. Since polymers offer great chemical and biological properties, 
excellent degradability, and the propensity to imitate the endogenous extracellular
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matrix, that is vital for a biomaterial since it is used in the design and construction 
of scaffolds [14]. In the recent era, photo or light has been employed as an alternate 
treatment method for ailments like melanoma, depression, acne, skin problems or 
tissue engineering. It is an especially enticing source of energy as compared to other 
energy types, such as thermal or magnetic energy, which are frequently utilized as an 
external push to govern stimuli-responsive biomaterials [15]. Firstly, modern optical 
device enables light to be aimed at a particular region. Moreover, the duration or 
degree of exposure to light might be employed to modulate the stimulation intensity. 
Eventually, light might be segmented into a spectrum of wavelengths that can be 
individually modulated via distinct biomaterials to inspire new bio-inductive stimuli 
for upregulating interactions. Thus, contrasted to temperature or pH value fluctua-
tion, light is a substantially less detrimental alternative for altering biomaterials in 
the physiological environment. As a corollary, light is a possible source of energy 
for constructing biomaterials that respond to stimuli for tissue engineering [16, 17]. 

So far, 4D bioprinting methodologies are still in its inception, and experts are 
continually learning about its mechanics and concepts. In this overview, we confer 
several types of stimuli-responsive materials (SMs), their shape-transformation 
mechanisms and their cell-inherent characteristics for 4D bioprinting and special 
emphasis is provided on photo responsive biomaterials as described in the literature 
at present [18]. A variety of approaches have additionally been explored to facilitate 
the functionalization and maturation of tissues or cells in 3D-printed structures over 
time. In addition, this chapter fuses the most recent research with potential thera-
peutic insights to prioritize on the development of tissue engineering 4D bioprinting 
and incorporate its sophisticated applications in tissue regeneration. Lastly, we confer 
about the foremost challenges that 4D bioprinting is facing as it develops and assess 
its potential future possibilities [19, 20]. 

2 Brief Assessment of 4D Bioprinting 

In numerous biological applications, namely drug delivery systems, wound repair, 
and, tissue engineering, 4D bioprinting methodology has demonstrated incredible 
potential. While employing 3D bio printing, it is challenging to generate blood 
vessels and hollow structures. The 4D bioprinting method, which prints a flat biolog-
ical scaffold that bends into the blood vessel in reaction to an external trigger, might 
be able to overcome this impediment [21]. Dynamic 3D-printed biological construc-
tions are generated employing the blend of 4D bioprinting approach alongside novel 
stimuli-responsive materials. There has been a tremendous surge in research into the 
4D bioprinting of smart polymers in the past few years [22]. There are primarily 
two sorts of SMs: Shape memory materials (SMMs) and shape-changing mate-
rials (SCMs). SMMs, construct printed parts of complex geometric structures via 
a shape-morphing effect and programming steps. SCMs contort as a consequence of 
environmental disparities, and after the cessation of external stimuli, these materials 
revert to their initial structure. In these materials, the deformation behaviour was
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Fig. 1 a Instances of 3D and 4D printing. b Schematics of stimuli on different shape morphing 
effects

therefore predetermined [23, 24]. Self-assembly, self-actuating, self-healing, self-
sensing, and shape memory, are five characteristic features of SMs discovered in 4D 
printed materials. External cues drive self-assembly to contour and merge into a pre-
programmed configuration. External stimuli are recognized and evaluated through 
self-sensing behaviour. Despite having a self-actuating process, external impulses 
drive the actuation of automated materials. With the self-healing phenomena, struc-
tural damage is automatically repaired without outside assistance. Materials that 
have shape memory morph into pre-set geometry in response to external cues [25, 
26]. As there are no substantial differences between 4D printing and 3D printing 
equipment, these two technologies are very compatible. The concept of additive 
manufacturing, which builds artefacts layer by layer from an array of materials, is 
the backbone for both 3D and 4D printing. A more refined iteration of 3D printing, 
4D printing exploits stimuli-responsive substances to precisely produce complex, 
dynamic objects is further illustrated in Fig. 1. The advancement of 4D printing from 
the year of inception is illustrated in Fig. 2. The following is a brief explanation of 
how 4D printing technology is employed in tissue engineering and other biomedical 
applications and it is further elaborated in Table 1. 

2.1 DLP 

DLP printing has been demonstrated as a viable means of rapidly creating intri-
cate 3D and 4D constructions since it leverages light as a crosslinking agent. This
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Fig. 2 Development of 4D printing year by year from the inception in various biomedical sector

approach provides an assortment of printing materials and could yield prints featuring 
improved print quality, print clarity, and print contour accuracy. In contrast to SLA, 
DLP cures liquid resin in a reservoir in approximately one second per layer adopting 
a digital light pattern. Since a DLP printer tends to make use of a surface-projection-
based fabrication technique, it can print at high rates that are in the range of numerous 
times greater than what is feasible with SLA [27, 28]. Zhang et al. (2021) fabricated 
UV-curable and mechanically sturdy SMPs via DLP approach that has consider-
ably increased the mechanical characteristics of SMP-relied 4D printing scaffolds, 
enabling their use in engineering applications like aerospace, intelligent furniture, 
and soft robots [29]. 

2.2 FDM 

The fundamental printing principles employed by the FDM approach are quite similar 
to those used in SLA printing. The peculiarity in this process is that the substance 
used to print the object is dispensed from the nozzle. Each layer cools and hardens 
when it gets into the interface of the bottom layer. Generally defined, the FDM
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process is applicable to composite materials and polymers. Thermoplastic polymers 
used in FDM need to be modified into a filament series before being ready for 
3D printing [30]. Polymer-relied substances in a variety of forms, including polycar-
bonate (PC), polyamide (PA), polyvinyl butyral (PVB), polycaprolactone (PCL), and 
polystyrenes (PS) could be employed in FDM, but acrylonitrile butadiene styrene 
(ABS) and polylactic acid (PLA) are most frequently exploited. FDM is frequently 
adopted in 4DP owing to its less expensive and simple maintenance, and research 
is continually been carried out to enhance it and render it accessible to new bioma-
terials [31]. Miao et al. (2018) by merging the surface coating method (FCT) and 
FDM, examined whether topographical cues affected how human mesenchymal stem 
cells responded to skeletal muscle tissues. The stairway flaw was transformed into 
the ideal bioengineering approach. This work tackles the field of 4D printing by 
employing smart constructs that demonstrate structural fix and recovery procedures 
via a layer-by-layer coating and SMP [32]. 

2.3 SLS 

A pretty recent 3DP technique called selective laser sintering (SLS) presents novel 
prospects for the manufacturing of pharmaceuticals. In order to develop incredibly 
intricate scaffolds, this approach precisely sinters powder particles in conjunction 
with a laser. Moreover, it prevents material waste and stimulates the recycling of 
feedstock since the unsintered powder remains accessible and could be employed 
again. Further, this demonstrates the technology’s affordability; in a technological 
comparison, the expense of SLS was discovered to be less expensive in contrast 
to SLA, FDM, and injection moulding [33]. Wu et al. (2021) manufactured the 
ubiquitous robotics structure known as a gripper employing SLS-relied 4D printing 
of magnetism-responsive substances, and its propensity to deform when subjected to 
an exterior magnetic field was investigated. Further investigations into 4D printing 
driven by magnets would elaborate on the insights. Additional exploration is vital to 
enhance the gripper’s framework for better integration. The amount of energy used 
while driving should also be considered [34]. 

2.4 Inkjet Printing 

One of the oldest frequently utilized 4DP techniques was inkjet printing, often 
referred as drop-on-demand (DOD) printing. Since inkjet printing causes the printing 
head’s ejection of photo resin droplets as a corollary of pressure and voltage pulses, 
it is referred to as DOD printing. UV-curable acrylate liquid is frequently included 
in inkjet printing fluids, since it quickly cures when exposed to UV light. On the 
building platform, with a second inkjet printing process, an inkjet printhead that may 
also move easily in 2D dispenses a liquid binder. The first pattern is lowered for the
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application of the second powder-liquid binder layer. Each step of the powder-inkjet 
printing process has to be repeated numerous times to produce the desired results [35]. 
The fabrication of 3D scaffolds continues to remain challenging as it’s complicated 
to confine cells in 3D frameworks, and regulate cell–cell arrangement in 3D, so Cui 
et al. (2020) built a framework for printing in 4D via inkjet. This technology generates 
micropatterns that fold themselves into 3D. As a result, the standard 2D cell-seeding 
approach is complemented by a user-friendly platform provided by 4D printing and 
allows users to create a customized 3D cellularized scaffold. This research showed 
that 4D printing holds great promise for tissue engineering applications [36]. 

2.5 SLA 

Another prevalent 4DP method is SLA, which employs light (laser) emitted at various 
frequencies to harden liquid resins and polymers. The technology utilizes lasers 
to layer by layer cures a liquid resin to fabricate a 3D framework. Simply stated, 
the reaction happens when a photo strikes the substance and the resin molecules 
link up to form a solid framework. After being dried, photopolymers transform 
into gels that cross-link to form solid polymers. In contrast to other methods, SLA 
could start designing with an elongation of up to 80%. It is frequently utilized to 
construct challenging and intricate buildings. Moreover, relevant materials for SLA 
printing have been discovered [37, 38]. Zhuo et al. (2022) supported the idea of the 
4D printing by the usage of poly (N-vinyl caprolactam) an adaptable polymer for 
temperature, which is typically produced using radical-free polymerization. This led 
to the successful preparation of 4D prints adopting SLA 3D printer. Under changing 
temperatures, these prints demonstrated adaptive and reversible expansion/shrinkage 
characteristics [39]. 

2.6 Micro-Extrusion 

Among the most popular forms of additive manufacturing processes, known as micro 
extrusion bioprinting, constructs layer-by-layer cell-laden frameworks by depositing 
cell-laden bio-inks in forging threads, filaments, or droplets via a tip or syringe. In 
order to dispense the biomaterial from the nozzle or syringe, micro extrusion uses 
force. A broad spectrum of substances with varying viscosities could be printed 
employing micro extrusion bioprinters. The viscosity and characteristics of the bio-
ink have a significant impact on the printing’s resolution and accuracy. However, 
additional factors should be considered, namely dispensing pressure or mechanical 
force, printing speed and distance. Micro extrusion bioprinting offers the benefit 
of allowing for the regulated fabrication of architectures with high cell densities 
in physiological circumstances [40, 41]. It is still challenging to execute 3D bio 
printing of living cellular entities featuring variability in cell types and extracellular
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matrices [ECMs) that are analogous to those of biological tissues. Thus, Wu et al. 
(2020) demonstrated how micro extrusion-based (ME) bioprinting techniques could 
substantially resolve this issue through the design of bio-ink materials. Ultimately, 
these findings demonstrated that complex structures comprising various cell types 
and ECMs might be bio-printed with potential applications in translational tissue 
engineering alongside basic biomedical research [42]. 

2.7 DIW 

Viscoelastic inks are dispensed via needles adopting this extrusion-based technique 
at high pressure to generate dynamic, intelligent structures in DIW. Biodegradable 
scaffolds have been constructed using this approach for tissue engineering purposes. 
UV-assisted DIW was employed to print self-healing, highly flexible SMPs for wound 
healing applications and biomedical repair devices [43]. Weng et al. (2021) offered an 
approach for constructing self-morphing frameworks with high modulus (4.8 GPa) 
and substantial deformation. Employing composite inks with a high-volume propor-
tion of fumed silica, solvent, short glass fibres, and photocurable polymer resin, the 
frameworks are printed utilising multi-material DIW. This technique for generating 
composite framework with programmable topologies and superior mechanical char-
acteristics suggests possible uses in the transformation of lightweight structures into 
load-bearing structures [44]. 

3 Key Considerations About Photo Responsive 
Biomaterials 

A light cue might be employed to alter the dimension or morphology of the structures 
utilizing photo-responsive materials, providing volume transformations, contrac-
tion, and bending. Externally transmitted optical signals could be captured by 
photo-responsive materials and translated into mechanical responses. Near-infrared 
(NIR), infrared (IR), and ultraviolet (UV) areas are among the light wavelength 
ranges that could activate photo-responsive biomaterials, that are widely used in 
biomedical applications including TE and controlled medication release [45, 46]. 
These substances encompass photosensitive nanomaterials, nitrobenzene, azoben-
zene, fulgide and stilbene-containing polymers, as well as their derivatives. Chro-
mophores are incorporated into polymer resins to develop photo-responsive poly-
meric products. The fabrication of these materials is also feasible by incorporating 
photosensitive nanoparticles into polymers. Depending on the type of chromophore, 
the system’s function might be either reversible or irreversible [47, 48]. 

The most prevalent reaction mechanisms for photo-responsive constituents, that 
have been extensively used to develop active 4D shape-changing frameworks, are
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photodegradation and photoisomerization of polymer chains. Further, real-time 
spatial and temporal control during hydrogel deterioration is provided through 
photodegradation of biomaterials [49]. By availing utilisation their photo-responsive 
properties, biomaterials could endure photodegradation, yielding dynamic hydrogel 
environments. Multiphoton lithography methodology with programmable 4D 
accredited for the simple creation of networks of microchannels with dimensions 
that are comparable to those of the natural human vascular systems. These photo-
responsive 4D bio inks demonstrate the ability to imitate the dynamic features of 
extracellular matrix deterioration [50]. Rosenfled et al. (2021) present an innova-
tive gelatin-methacryloyl (GelMA) hydrogel-derived from poly (ethylene glycol) 
methacrylate (PEGMA) that is biocompatible and naturally photodegradable and 
could be deployed to develop cells in 3D for at least 14 days. These hydrogels are 
quickly and easily segmented by exposure to UV light for 10 min, culminating in 
organized hydrogels featuring various shapes, sizes, and cell-filled hydrogel particles. 
On required, these structures could be fabricated arbitrarily. In addition, photopoly-
merization could substantially defer photodegradation, affording an opportunity to 
photopolymerization by adopting a photomask for the generation of hydrogel arrays 
[51]. Methodologies for photo responsive release of drug might augment therapeutic 
accumulation in light-sensitive areas. Current system’s use of photocleavable groups 
often entails exposure to UV or blue light that hinders tissue penetration in detail and 
is detrimental to living organisms and healthy cells. Thus, Lv et al. (2020) proposed 
a straightforward response to these concerns by embedding the two components 
in polymeric micelles that are both biocompatible and biodegradable. The low-
irradiance red photon-induced drug release system was designed with a dimension 
of about 40 nm with outstanding aqueous phase stability. The findings offer the first 
instance as well as a crucial reference for using photolysis resembling one-photon 
recreation in tissue engineering [52]. Watanabe et al. (2020) a method for producing 
hollow structures in photodegradable hydrogels produced in a microfluidic device is 
described. In order to create the desired hollow frameworks, an infrared femtosecond 
pulsed laser was used to analyse the hydrogel in a program-controlled manner. With 
the use of multi-photon excitation, the laser was used to cause photodegradation. 
After they added a microsphere suspension to the photodegradable hydrogel scaf-
folds, investigators were able to demonstrate that perfusable hollow structures could 
be constructed with specific designs applying the multi-photon excitation method 
[53]. Wu et al. (2022) created a tetra-ortho-methoxy-substituted Azo (mAzo) and CD-
functionalized hyaluronic acid (HA) hydrogel that responds to red light. A biocom-
patible, 625 nm light-sensitive polymeric guest with improved hydrogen bonding 
and decreased photoisomerization was produced by combining red-shifted, photo-
isomerized mAzo with HA. These hydrogels offer prospective benefits for tissue 
engineering, exclusively with regard to the restoration of functioning multi-tissue 
complexes [54]. Che et al. (2022) designed and prepared of a multi-sensitive hydrogel 
that responds to environmental factors that could be used to synthesize a biopolymer 
ink and can be employed for 3D bioengineering printing. While being subjected 
to visible light and body temperature, the N-succinyl hydroxybutyl methacrylated
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chitosan exhibits a sol–gel phase transition. The pH-responsive swelling of the opti-
mized hydrogel efficiently delays shrinkage at a neutral pH. Moreover, the optimized 
hydrogel exhibits outstanding biocompatibility and biodegradability. These findings 
demonstrate the constructed hydrogel’s tremendous potential to be implemented in 
an array of applications, encompassing delivery systems, wound healing, and tissue 
engineering [55]. 

A novel technique to generate methacrylated carboxymethyl chitosan (CMCS-
MA) hydrogel, a shielding layer that can be agglomerated by visible light, was 
investigated by Xing et al. (2022). This new optimized hydrogel demonstrated quick 
light cure, high biocompatibility, and lysozyme degradation. Hence, the flexible 
and convenient biocompatible prepared hydrogels might have a promising use in 
the regeneration of periodontal tissue [56]. Using MHBC and soluble collagen, 
a simplistic photo/thermo dual curing composite hydrogel layout was brought on 
by Liu et al. (2021). Integration of temperature-induced sol–gel transition and 
contraction by M/C composite hydrogel, the optimum microstructure, customiz-
able mechanical characteristics, enhanced cyto-compatibility, and biodegradability 
for three-dimensional cell culture. M/C composite hydrogel is a viable option for 
bio-ink that can be employed in in situ three-dimensional bioprinting [57]. Min 
et al. (2021) proposed the first hydrogel comprised of platelet lysate from human 
whole blood that could be methacrylate photopolymerized to produce a crosslinked 
hydrogel layer by layer, and then employed to construct cell-filled hydrogel frame-
works. Efficient proliferation and cell dispersion at small concentrations of bio-ink 
optimizes biocompatibility and moldability. The 3D-printable PLMA bioinks could 
represent a viable method for designing tailored microenvironments incorporating 
materials derived from live organisms for the repair of diverse tissues [58]. 

The substantial light attenuation attributed to biological tissues, however, causes 
concern. Investigating the implementation of ultra-IR light, that penetrates more 
deeply into the tissue than UV radiation and less phototoxicity and absorption in 
live tissue might aid in resolving this challenge. Owing to their unanticipated cyto-
toxicity, several photo-initiators have limitations in tissue engineering applications. 
It has become feasible to generate new photo-polymerized systems with substan-
tially reduced detrimental consequences on cellular metabolic activities and prolif-
erative potential, paving the way to activities like cell encapsulation and the bio-
fabrication of injectable hydrogels. Figure 3 further portrays the applicability of 
photo-responsive materials with their penetrability and ubiquitous optical attributes. 
The implementation of light responsive materials in biomedical field is represented 
in Table 2.

4 Applicability of 4D Printing in Biomedical Field 

The advent of 4D printing methodology has enhanced 3D-printed constructions 
throughout time via enabling for shape and functional change. Substances for 4D 
printing ought to be incredibly printable [66]. Due to their outstanding shape memory
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Fig. 3 a Schematics representation of penetrability of various light on different layers of skin. 
b Ubiquitous optical attributes. c applicability of photo-responsive materials

properties, biocompatibility and processing simplicity, SMPs have emerged as the 
most significant biomaterials with smart traits implemented for 4D bioprinting. which 
is depicted in Fig. 4. Researchers have recently devised many SMs, comprising 
biosensors and actuators, to be employed in biological applications [67]. Various 
aspects of 4D bioprinting that have recently been developed would be presented in this 
section. The implementation of 4D bioprinting technology has lately demonstrated 
tremendous potential for producing scaffolds as it’s utilized to construct complex 
tissues and alter the shapes and functionalities of polymeric materials, that ensure 
the necessary cellular stresses [68]. Complex multilayer tissue constructs might be 
constructed employing innovative 4D printing techniques that could be beneficial for 
tissue engineering as well as other applications. Here, we’ll concentrate on 4D tissue 
engineering and highlight several of the technology’s existing tissue engineering 
applications particularly in various aspects of tissues, including bone, skin, nerve, 
vascular, and other tissues are elucidated, these applications show undeniable superi-
ority in the repair of individualized tissue defects. 4D-printed structure’s capabilities 
for self-remodelling and functional maturation could be used to create biologically 
complicated hierarchical structures that resemble native tissue [69, 70].
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Fig. 4 Depiction of various aspects of 4D printing methodology, namely stimuli, stimuli-responsive 
material, fabrication technique with their applicability 

4.1 Skin Tissue Engineering 

The skin, the outermost and major organ of the human body, offers a physical barrier 
to shield individuals from hazards including diseases and microorganisms. Skin that 
has been wounded is consequently vulnerable to infection. While healing, uninfected 
wounds have a pH of 5.5–6.5, but infected wounds have a pH greater than 6.5. As 
a result, a condition brought on by bacteria is frequently considered prevalent when 
a wound’s pH shifts from acidic to alkaline [71]. Because of fragile nature of skin 
tissue, hydrogels are frequently utilized to print skin analogues in 3D with respect 
to time. Skin constructs are constructed using a plethora of 3D printing techniques, 
including laser-assisted bioprinting as well as extrusion-based printing. To treat burns 
or persistent wounds, complete skin structures are also generated employing tissue 
engineering. A substantial amount of printing research involves materials made of 
collagen since it is a key component of natural skin. Nevertheless, collagen has a slow 
crosslinking rate and poor printability. Due to its antibacterial qualities and capacity 
to induce haemostasis, chitosan is favoured over collagen for applications involving 
wound healing. Furthermore, skin constructions can be printed using alginate, gela-
tine, GelMA, and fibrin. Synthetic polymers like polycaprolactone (PCL), polyethy-
lene glycol, polyglycolic acid (PGA), polylactic acid (PLA), and related copolymers 
like polylactic-co-glycolic acids (PLGA) due to their higher compatibility with bodily
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tissues, are utilized for gathering matrices separately or as composites for the regen-
eration of tissues. Derived from rice and corn, PLA is a biodegradable polyester that 
has received FDA approval. PLA has indeed been extensively adopted in the appli-
cation of tissue engineering scaffolds to transfer cells to the site of the wound in spite 
of possessing drawbacks such slow degradation rate, limited elongation, poor cell 
interaction, and hydrophobicity, which can cause an inflammatory response [72, 73]. 
With a slower rate of deterioration than PLA and PLGA, PCL seems to be another 
popular biomaterial that has been utilized in various research for skin tissue regen-
eration. Originally employed to generate biodegradable films and moulds. Due to 
the development of electrospinning technology, PCL has been utilized to make drug 
delivery systems, scaffolds for tissue regeneration, and absorbable sutures. Consid-
ering its acidic by-products and relatively slow degradation rate, PCL could be a 
potential replacement to strengthen the mechanical attributes and reducing the rate 
of deterioration of natural biomaterials [74, 75]. PEG is a desirable synthetic bioma-
terial due to its chemical and structural characteristics, but it lacks interacting cell 
qualities. Liu et al. (2022), employing gelatine, sodium alginate, and fibrinogen, they 
developed a distinctive bio-ink. A dermal layer design including fibroblasts was orig-
inally developed, and then laminin and keratinocytes were subsequently added on top 
of it by adjusting the ratio of the bio-components, inks the 3D model’s layout, and the 
printing circumstances. Full-thickness skin tissue was generated through air–liquid 
interface (ALI) culturing adopting sterilized wire mesh. In addition to being physi-
cally similar to human skin, HE and immunofluorescence labelling revealed that the 
bio-printed skin also displayed particular markers relevant to epidermal transition 
and stratum corneum development [76]. 

4.2 Bone Tissue Engineering 

A tissue with high mechanical strength and mineralization is bone. To better imitate 
bone tissue, it is crucial to strengthen the mechanical attributes of printed polymer. 
Numerous researches have been published in the various literatures that high-
lighted the assembly of printed scaffolds for BTE [77]. The polymers are blended 
with minerals, notably tricalcium phosphate (TCP) and hydroxyapatite (HAP), to 
strengthen the printed products. For bone tissue scaffolds created via 3D printing, 
the most prevalent polymer is PCL. And for several medicinal applications, PCL 
is an FDA-approved, biodegradable and biocompatible polymer. The fact that this 
polymer has a comparatively low Tm and Tg (60 °C) makes it a great product for fused 
deposition modelling among the key reasons for adopting it. PCL, however, lacks any 
cell-attractive moieties and is a hydrophobic polymer. To boost the hydrophilicity of 
3D printed PCL scaffolds, it was incorporated with poly (propylene fumarate) (PPF) 
in a study [78]. The biological functions and microstructures, mechanical attributes, 
porosity, of 4D-printed SMPs scaffolds with collagen-dexamethasone (Col-Dex) and 
bioactive fillers (alendronate and hydroxyapatite) covering were thoroughly inves-
tigated in this research by Zhou et al. (2022). Under an alternating magnetic field,



Photo Responsive Material for 4D Printing in Tissue Engineering 447

the SMP scaffolds developed in the study might be generated into temporary forms 
of tiny sizes and recovered to functioning shapes and sizes to treat bone inade-
quacies. Additionally, the new 4D printed scaffolds with the Col-Dex coating and 
bioactive fillers would offer a suitable method for enhanced bone tissue regeneration 
and repair of customized bone tissue [79]. In the proposed investigation, Hwangbo 
et al. (2021) successfully used 3D printing, leaching, and coating techniques to 
create a hierarchical scaffold of biomimetic collagen/hydroxyapatite with multiple 
microchannels in each framework (i.e., one-way shape morphing, 4D printing). In 
a posterolateral lumbar spinal fusion mouse model, this biomimetic microchannel 
framework significantly increased blood vessel ingrowth as well as novo bone forma-
tion. It also displayed remarkable promise for osteogenic activities in vitro. These 
in vivo and in vitro results point to the possibility of using the microchannel collagen/ 
hydroxyapatite scaffold in place of bone grafts to facilitate effective fusion at high 
rates [80]. 

4.3 Vascular Tissue Engineering 

Among the crucial components of tissue regeneration is vascularization, thus, 3D 
or 4D printing provides vascularization approaches and contributes their capabil-
ities to generate vasculature and, as a result, vigorous vascularized constructions. 
Vascular regeneration, an extremely viable technique to regain the structure and 
functioning of affected organs and tissues by addressing the regeneration of blood 
vessels [81, 82]. The application of surgical bypass grafting, stents, angioplast, tissue-
engineered vascular grafts, and non-biodegradable conduits have become prevalent 
as strategies for vascular regeneration. Vasculature rebuilding is involved in vascular 
regeneration to create biologically both structurally as well as functionally vessels 
from endothelial cells, stem cells, bioactive compounds, biomaterials, smooth muscle 
cells, and spheroids or similar cell aggregates [83]. Techniques for reconstructing 
vessels include the decellularization of existing vessels, the construction of vascular 
scaffolds, the development and production of self-constructing vascular grafts, and 
subsequent vessel maturation methods including the addition of culture additives 
and the use of vessel-reactors. Tissue engineering innovation is a great complement 
to these alternatives, namely autografts and allografts. This results from the rectifi-
able shortcomings of inadequate donors and immunological response [84]. Vascular 
tissue engineering utilizes one among two techniques: scaffold-based approaches or 
scaffold-free ways. Compared to scaffold-free approaches, a scaffold-based strategy 
may drive cell colonization and proliferation along the path. Recent trends have 
shown that 3D and 4D printing technology has advanced significantly. Because 3D 
or 4D printing technology is based on the distinct stacking concept, scaffolds with 
complicated characteristics, such as graded materials and multiscale porous struc-
tures, can be easily obtained. With the multidisciplinary technologies of 3D and 
4D printing and scaffold-based tissue engineering, bio fabrication research is being 
conducted on a reasonable scale [85, 86]. Lin et al. (2020) adopted, two variants
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of shape memory, customized vascular stents with negative Poisson’s ratio, and are 
manufactured via 4D printing. The architecture is optimized adopting the genetic 
technique. The mechanical characteristics of the stents are examined using axial 
compression, three-point bending, and radial compression tests. The finite element 
technique is additionally employed to explore the fluid–structure connection and 
stress distribution during the form process of recovery. The stents exhibit remark-
able shape memory characteristics, and in vitro feasibility investigations show that 
they can rapidly broaden a mimicked constricted blood artery. For the management 
of vascular stenosis, 4D printed shape memory scaffolds with a negative Poisson’s 
ratio framework are therefore very interesting [87]. Creating a T-shaped vascular 
bifurcation using 3D printed shape-changing layers and a mathematical model by 
Kitana et al. (2023) is made possible for the first time using a 4D bio fabrication-
based methodology. Tubular constructions with different diameters might be created 
by carefully controlling the parameters (for example, crosslinking time). As a conse-
quence, when immersed in water that has a few centimetres in diameter, the 3D-
printed films show self-transformation into a T-junction. When the tubular T-junction 
is perfused with an aqueous liquid simulating blood flow via capillaries, it displays 
very little spillages with a peak flow velocity of 0.11 ms−1. Moreover, human umbil-
ical vein endothelial cells that have been planted on the inside of a simple T-junction 
exhibit exceptional growth characteristics and superb cell survival. The sizes that have 
been reached are comparable to those of natural blood vessels, which is still prob-
lematic to achieve using 3D bio fabrication. The formation of completely automatic, 
self-regulating vascular divergences as vascular transplants is facilitated through this 
method [88]. 

4.4 Muscle Tissue Engineering 

The advancement of ad hoc approaches to stimulate functional tissue regeneration, 
following muscular disease or injuries, is an actual necessity [89, 90]. However, in 
cases of tumour ablations, severe trauma, or congenital muscular abnormalities, these 
impairments, recognized as volumetric muscle loss (VML), could lead to an insur-
mountable loss of muscle functionality and mass. Skeletal muscle restoration due to 
VML is still a hard and unresolved problem. However, a good biomimetic technique 
to get functioning muscular constructs has not yet been identified. Several tissue-
engineered strategies for providing muscular grafts that truly rebuild and restore 
extremely enormous injuries have been formed. New techniques that can enable 
secure repair and regeneration of larger muscle tissue ought to be explored. The 
ideal biomaterial should have been able to fill the VML as well as the muscle basal 
lamina, stimulate cellular alignment, orientation, and maturation, and encourage 
cell and stem cell activity. This enables access to vascular and neural cells [91, 
92]. The necessity of innovative muscle regeneration methods, such as the use of 
biomaterials that can transmit regenerative signals to either host muscle cells or 
transplanted cells, is brought on by the overstretched state of the body’s normal
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muscle repair processes. Current research has focused on the utilisation of appro-
priate biomaterials that might be used as a prototype to direct tissue remodelling 
and eventually give cells the ideal microenvironment. These methods include using 
biomaterials solely as well as combining them with ex vivo-produced cells and exoge-
nous growth agents [93, 94]. Although various approaches for the management of 
serious muscular injuries have been developed so far though, functional engineered 
muscles remain a critical clinical issue that must be addressed. Skeletal muscle’s 
(SM) ability to regenerate is, in fact, insufficient for repairing significant damage, 
and SM reconstruction is still a challenging problem. In order to achieve this goal 
and encourage muscle regeneration, tissue-engineered muscles ought to offer a suit-
able biomimetic extracellular matrix (ECM) substitute that is defined by a myogenic 
milieu and an aligned/micro topographical structure. As a result, choosing the right 
materials and fabrication methods is essential to developing a successful therapeutic 
strategy. Tissue-specific decellularized ECM (dECM) is among the most potential 
material for assisting muscle repair and regeneration [95]. Technologically advanced 
bio fabrication strategies, like bioprinting, enables for the construction of frameworks 
laden with cells that could greatly speed up the healing process of tissue. Bioprinted 
cell-filled structures can imitate the extracellular matrix and offer a bioactive envi-
ronment for cells to grow, distribute, and distinguish, leading in the skeletal muscle 
tissue’s regeneration at the site of injury. In the analyses, Sonaye et al. (2022) devel-
oped bio-ink-capable alginate-gelatine composite inks. Then, they employed the 
inks inside an extrusion printing technique to create frameworks with customized 
contours for a potential VML therapy. Although the gelatine concentration was held 
constant at 6% w/v, the alginate concentration was changed between 4 and 12% w/ 
v. The alginate-gelatine inks with 12 and 6% w/v alginate and gelatine respectively, 
according to rheological study, were the best for creating architecture with good struc-
tural fidelity and high resolution [96]. In this study, they investigated the function 
of topographical variables on modulating behaviours of human mesenchymal stem 
cells (hMSCs) onto skeletal muscle tissues via blending surface coating methodology 
with FDM. This staircase defect will then be translated into an efficient bioengi-
neering strategy. This inclusive strategy provides to construct anisotropic scaffolds, 
contour-specific, multi-dimensional, employing distinct biomaterials. hMSC align-
ment is efficaciously aimed by 2D anisotropic frameworks, that were initially exhib-
ited here with varying quantities of polycaprolactone. This is certainly relevant when 
a support loop is employed to fix the framework. The polymer solution from within 
FDM-printed sacrificial frameworks is interface encased to produce 3D anisotropic 
frameworks featuring thin wall characteristics. Subsequently, using these frame-
works, seeded hMSCs are driven through a spinning bioreactor. Utilizing layer-by-
layer coating, including an SMP, smart constructs demonstrating contour stabiliza-
tion and recovery procedures are equipped, trying to bring this investigation into the 
domain of 4D printing. The topographical indications produced by FCT, based on 
immunofluorescence labelling and real-time quantitative polymerase chain reaction 
evaluation, significantly improve the interpretation of myogenic genes like desmin 
and myosin heavy chain-2. The fact that many organs and tissues, including skeletal 
muscle, contain highly coordinated and anisotropic extracellular matrix components
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leads researchers to the conclusion that this FCT method offers extensive application 
potentials in tissue engineering [32]. 

4.5 Nerve Tissue Engineering 

The anisotropic alignment of the nerve fibres generates the directional (uniaxial) 
architecture of nerve tissue. Since a lesion, a damaged nerve’s both distal and prox-
imal ends are brought together using nerve aides. Moreover, they could be constructed 
employing 3D printing to create patient-specific constructions with a sophisticated 
internal layout. Products for nerve tissue engineering are frequently made using an 
AM approach, including ink jet printing, SLA, FDM, and bioprinting. To manu-
facture constructions for nerve applications in tissue engineering, polyurethane, 
collagen, fibrin, gellan gum, PLA, carboxymethyl chitosan, GelMA, agarose, and 
PEGDA were also employed [97, 98]. The constructs primarily contain neural stem 
cells (NSCs), although investigations on nerve regeneration have also used glial 
cells, astrocytes, bone marrow stem cells (BMSCs), retinal ganglion cells (RGCs), 
Schwann cells (SCs), and primary cortical neurons. Since the nervous system is 
comprised of various cell types, including neurons, SCs, and glial cells, numerous 
researches have focused on printing these types of cells to construct a complete nerve 
tissue. The direction of these cells is also crucial because of the anisotropic nature 
of nerve tissue. This issue can be successfully handled by bio printing which makes 
it possible to print cells on fibres or in tubes of hydrogel with a specified align-
ment. The 3D or 4D printed frameworks can also include biochemically significant 
molecules [6, 99]. Apsite et al. (2020) highlight the employment of the 4D bio fabri-
cation approach to construct a synthetic nerve graft. Electrospinning was designed 
to create bilayer scaffolds that included randomly aligned methacrylated hyaluronic 
acid (HA-MA) fibres and uniaxially aligned polycaprolactone-poly (glycerol seba-
cate) (PCL-PGS) fibres meant for the incubation of PC-12 neuron cells. After a 
fibrous bilayer is immersed in an aqueous buffer, tubular structures immediately 
form. The width of these tubes might be altered by adjusting bilayer variables like 
the thickness of each layer, the medium counterion concentration, and the overall 
thickness. Over the course of four weeks of real-time deterioration, the scaffolds 
were designed to reveal a self-folding scroll-like structure with remarkable stability 
[100]. Low-level light treatment (LLLT) has been demonstrated to be effective in 
treating neurological disorders and degenerative nerve diseases. In light of this, Zhu 
et al. (2017) hypothesize that integrating LLLT with a 3D-printed neural scaffold 
would culminate in an innovative approach to managing neural degeneration. To 
accomplish this, they applied red laser light to stimulate neural stem cells on 3D 
printed scaffolds, and afterwards we investigated at how the cells responded in terms 
of differentiation and proliferation. Thus, they demonstrate that after 15 s of laser 
stimulation and one day of culture, the rate of proliferation of cell and the generation 
of intracellular reactive oxygen species (ROS) were both significantly elevated [99].
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4.6 Other Tissue Engineering Applications 

Applications for tissue engineering of the cornea, meniscus, cartilage, and urethra 
have used 4D or 3D printing. A significant contributor to chronic impairment is 
cartilage deterioration, which is typically treated with highly invasive treatments. 
The emergence of 3D bioprinting as a prospective tissue engineering methodology 
to address this problem. The structures created with this technique lack the dynamic 
reactivity of native tissues and are stagnant. Moreover, it was still difficult to fabricate 
curved or tubular structures, particularly while using soft tissues. The above issues 
might be addressed by 4D bioprinting, a recently developed, next-generation bio-
fabrication technology [6]. The application of corneal transplantation is anticipated 
to be a viable approach for a myriad of corneal disease requirements. Although 
it has been used as an effective treatment for the majority of corneal problems, 
patients still have a number of difficulties since rejection is one unidentified hazard 
of corneal transplant material, and there aren’t sufficient healthy donor corneas attain-
able. A lot of emphasis has been put on the creation of tissue-engineered scaffolds 
for corneal regeneration and healing utilizing corneal tissue engineering (CTE). The 
development of a substrate with equivalent mechanical and transmittance qualities is 
investigated by employing various methods in order to enhance corneal tissue regen-
eration. Due to their amazing spatial control, which results in a 3D corneal framework 
filled with cells, bio-printed scaffolds have recently attracted enough attention in this 
regard to simulate corneal structure [101]. In spite of the fact that tissue engineering is 
frequently utilized to create intricate, three-dimensional biocompatible architectures, 
researchers are currently working to expand the approach into the fourth dimension. 
This 4D is the gradual metamorphosis of three-dimensional materials, specifically 
the alteration of their composition, function, and/or shape in retort to certain external 
cues. The study explores the creation of a 4D biomaterial with an intrinsic stimulating 
function by Miotto et al. (2019). Contractile cells change the form and structure of 
tissues by acting as bio-actuators. Namely, curving collagen-based hydrogels under 
controlled, cell-driven conditions to produce cornea-shaped, curved stromal tissue 
analogues. The following is accomplished by leveraging a contraction-inhibiting 
peptide amphiphile to modify the activity of the bio-actuators in particular regions 
of the gels. The ability of the self-curved structures to promote the in vitro devel-
opment of a corneal epithelium is then assessed, along with the gel stiffness, cell 
phenotypic, and cell and collagen fibril rearrangement. The results show that self-
curved gels made using a 4D engineering technique have structural and mechanical 
properties that are much better than those of planar 3D scaffolds and more like native 
tissue. From this aspect, the study shows how versatile cell bio-actuators are for 4D 
tissue engineering applications [102]. 

SLS, ink-jet bioprinting, and extrusion-based bioprinting, for instance, have 
all been employed to cartilage tissue engineering. The printing polymers include 
polyurethane (PU), nanocellulose, collagen, alginate and agarose. The most often 
used cells in cartilage regeneration are chondrocytes [103]. The innovative 4D
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bioprinting technique described by Kalogeropoulou et al. (2020) relies on the multi-
material extrusion of two hydrogel-based (bio) inks. This method enables the creation 
of bilayer scaffolds with an alginate and HA-Tyr hydrogel composite on top and a 
bottom component made of a HA-Tyr precursor. The varying swelling capacities of 
the two inks prompted the scaffolds to demonstrate self-bending while immersed 
in aqueous solutions. Rheological assessment of the inks was carried out to vali-
date their suitability for extrusion printing. By adjusting the layer thickness, printing 
angle, and infill density, the resultant curvature might be controlled. Eventually, Alg/ 
HA-Tyr ink was blended with human mesenchymal stem cells, and self-bending 
live scaffolds were bio-printed. For up to 14 days, the shape-shifting scaffolds could 
sustain a high cell viability, and they could continue to do so for up to 4 weeks [104]. 

A healthy knee joint requires an adequately functioning meniscus. This fibrocarti-
laginous tissue, which maintains proper biomechanics, is intricate and vital. Meniscus 
injuries, especially those to the interior section of the meniscus, seldom heal and typi-
cally worsen, leading to structural collapse, meniscus degeneration, and the beginning 
of osteoarthritis. Existing research in meniscal tissue engineering integrates cell-
based therapies, polymeric biomaterials, 3D or 4D-printed frameworks and growth 
factors, to aid in the mending of meniscal anomalies. Today’s orthopaedic sector 
have a huge opportunity to generate more precise implants attributable to 3D or 4D 
printing technology, which also accelerates up the production of meniscal structures 
and alters how orthopaedic surgeons approach therapies [105]. In their investigation, 
Li et al. (2021) offered a poly(-caprolactone) framework that has been modified with 
a poly (lactic-co-glycolic acid) microsphere that is loaded with the pharmaceutical 
kartogenin (KGN) to act as a drug delivery system prior to getting injected having the 
meniscus extracellular matrix (MECM). As a result, they recommended a strategy to 
enhance meniscus regeneration leveraging the 3D porous PCL/MECM frameworks 
that released KGN. The overall findings indicated that the PCL/MECM framework 
constructed had massively improved bioactivity and hydrophilicity. The introduc-
tion of MECM components appeared to aid cell adhesion and proliferation as well as 
preserve a promising capacity to promote cell migration, according to in vitro studies 
using mesenchymal stem cells generated from synovium. Moreover, PLGA micro-
spheres loaded on scaffolds with KGN-incorporating revealed a prolonged release 
profile and enhanced SMSC’s chondrogenic development over the course of a 14-day 
period [106]. 

Urethral strictures are indeed a prevalent and significant diagnosable disorder 
that can harm organs and adversely impact one’s life. Experts and doctors are fasci-
nated in urethral TE owing to the hunt for the best materials for urethral repair. 
A substantial number of preclinical research and tremendous advancement have 
been seen throughout the past few decades. On the other hand, urethral TE has thus 
far only achieved modest advancements in clinical practise. These analyses laid the 
groundwork for future research into the utilization of 3D and 4D bioprinting, urethral 
frameworks could be created that closely aligns the cellular activity and mechan-
ical behaviour of native urethral tissue [107]. In this study, Gu et al. (2021) used a 
hydrophilic monomer that can be reconstituted with visible light is 2-hydroxyethyl 
methacrylate. The composite hydrogel’s sodium alginate combined with a natural
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gel network equilibrium water content, mechanical and physical characteristics, and 
cytotoxicity were investigated, and an attempt was made to 3D print the hydrogel. 
Then, the viability of urethral tissue engineering with the hydrogel was assessed. 
The results demonstrated that the hydrogel made of poly (2-hydroxyethyl methacry-
late) (p-HEMA) underwent visible-light curing at 405 nm and it was accomplished 
using the composite photo initiator system. The p-HEMA hydrogel’s mechanical 
characteristics, biocompatibility, and other qualities were enhanced by the addition 
of sodium alginate [108]. Zhang et al. (2017) have constructed in vitro urethras with 
various polymer varieties and structural features adopting 3D bioprinting technology. 
The usage of PCL and PLCL polymers with a spiral scaffold design may be used 
to simulate the structure and mechanical properties of a rabbit’s natural urethra, and 
a fibrin hydrogel containing cells may offer a better environment for cell devel-
opment. Adopting an integrated bioprinting methodology, tubular constructs were 
fabricated, and smooth muscle and urothelial cells were uniformly distributed into 
the interior and exterior regions of the framework within the cell-laden hydrogel. The 
native urethra of the rabbit was mechanically comparable to the spiral PCL/PLCL 
(50:50) structure. When the bio-printed urethra’s cell bioactivity was evaluated, it 
was discovered that SMCs and UCs still had more than 80% of their original viability 
7 days after printing [109]. 

5 Current Hinderance and Future Outlook 

The next era of tissue engineering techniques, referred as 4D bioprinting, that inte-
grates “time” as the fourth dimension to 3D bio printing, is anticipated to facilitate 
the construction of complex entities featuring potentially controlled shapes and func-
tionalities on request. With the emergence of stimuli-responsive biomaterials such as 
light responsive biomaterials and improved knowledge of tissue regeneration over the 
past several years, the biomedical enterprise and clinical applications have garnered 
4D bioprinting innovation a significant amount of attention [110]. To illustrate, the 
domain of customized tissue regeneration offers tremendous application potential for 
4D bioprinting innovation. For the 4D-printed implantation, the lesion sites would be 
precisely geometrized with a specified size and form. In the post-printing phase, the 
operational modification of the transplant would include characteristics that mirror 
biological processes, promoting tissue development and remodelling. Personalized 
tissue engineering now has new possibilities to design neo-tissue growth owing to 
recent breakthroughs in computational model systems. By developing self-growing 
frameworks, the transformational capabilities of 4D bioprinting could also help treat 
adolescent patients [111]. 

A Hi-tech, innovative technique named 4D bioprinting generates tailored elements 
of sophisticated component by interpreting digital medical imaging and demon-
strates remarkable automation control. Via constructing and creating 3D cell-laden 
dynamical constructs, this technology is progressing and paving the way for novel 
approaches in biological research [112]. Exorbitant researchers recently shown how
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to construct several stimuli-responsive biopolymers utilizing 4D bioprinting and 
assessed their biomechanical qualities by taking in consideration various therapeutic 
applications notably tissue engineering, biosensors, implants, wound healing, actu-
ators and DDSs [113]. The fields of expertise that ought to be investigated into in 
the near future are as follows: advances in the vascular tissue’s biocompatibility and 
cohesion, necessitating empirical modelling, the research on innovative multi-stimuli 
materials, and the adoption of 4D bioprinting methodology in the market [114]. In 
order to hasten tissue regeneration and strengthen patient’s life quality who seem to 
have organ anomalies, tissue engineering has become a massive breakthrough. It is 
regarded as a perfect substitute for organ transplantation. The use of various biomate-
rials and their mixtures, whether derived from natural sources (such gelatine, zein) or 
artificial sources (like polyurethanes PCL and PLGA), offers a wide range of choices. 
In general, natural polymers are preferred over synthetic ones for use. Specifically, 
the use of biopolymers generated from plants is strongly recommended over those 
derived from animals since they have fewer ethical concerns, are simpler to extract, 
and are less expensive. The prerequisites of the targeted tissue govern the precise 
biomaterial utilization, although the application of composite constituents provides 
the ability to precisely alter the attributes of the applied frameworks. Moreover, 
utilizing bioactive mineral fillers, such as titanium, niobium pentoxide, and silica, 
in tissue regeneration is a beneficial means of making utilization of their inherent 
mechanical and tissue-regenerating capabilities. It is absolutely amazing how sophis-
ticated procedures have developed in the field of tissue engineering, where the use 
of stem cells has been deemed dependable because of their capacity to distinguish 
into diverse tissues. Frameworks can also be constructed in 3D and 4D leveraging 
modern, affordable technology. Although numerous researchers have done substan-
tial research on tissue engineering, there are still limited therapeutic applications and 
therefore need additional research [14]. 

Contemplating that 4D printing is still a relatively fresh discipline, there remain 
numerous constraints and hurdles to be resolved. The implementation of 4D printing 
is still in its early inception, and the components used for fabricating it are still being 
investigated. In fact, there is currently not any printer available that is made exclu-
sively for 4D printing. In anticipation of developing more highly precise medical 
devices, the related technology must be progressively developed. This criterion 
cannot be met, however, with the printing accuracy and material performance as they 
currently stand. The biological environment is also intricate, changing, and unique 
to each individual. In the hopes of bringing 4D printing to biomedicine, the printed 
objects need to be customized to the organism’s microenvironment, for example via 
microfluidic systems. Microfluidic devices biomimetic milieu creates the ideal plat-
form for cells to reach their biological potentials and produce a functional tissue [115]. 
Although many nanocomposites and advanced polymers can change their shape or 
function in response to stimulation, they frequently lack crucial characteristics, such 
as a certain mechanical strength, biocompatibility, no cytotoxicity, and the response 
stimulus strength that does not harm tissues. These characteristics are necessary for 
the materials used in bioengineering. As a result, a few dynamic materials satisfy 
the criteria listed above. Further, the vast majority of materials primarily react to one
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stimulation, and the large majority of these cues are exclusively temperature-related, 
which confines the spectrum of biological applications they can be utilized for. There 
might be the potential to adopt new devices for biomedical applications because 
to developments in functionalizing current monomers and polymers to strengthen 
their biocompatibility or render them printable [116]. The recently created and 
then used 4D system known as soybean oil epoxidized acrylate is an example of 
a new material. Rapid initiatives are required to investigate and create innovative 
multi-responsive hydrogels and SMPs. Further, the fabrication of versatile func-
tional bioengineered tissues exhibiting remarkable biomechanical attributes can be 
accelerated by the augmentation of MNP nanoparticles, ceramic, and graphene into 
hydrogels and SMPs. The development of printed products is booming attributable 
to 4D bioprinting technology, which also holds the potential to completely transform 
TERM and DDS. However, it has a number of drawbacks, including the inability to 
forecast and design structural resilience into 4D-printed structures [117]. To address 
these difficulties, focused study on the empirical modelling of this technology is 
required. Given that 4D bioprinting has been implemented in applications involving 
tissue implantation, it is vital to create novel bio-ink substances that have dynamic 
behaviour, improved multi-stimuli sensitivity, cellular adherence, and optimal stiff-
ening for in-vitro testing. Innovative bioprinters, structural designs and procedures 
are anticipated for 4D bioprinting expertise in addition to the bio-ink materials listed 
above [118]. The hurdles preventing the invention in 4DP from being commercial-
ized provide an opportunity to examine strengths, weaknesses, opportunities, and 
risks. By overcoming each of these obstacles, 4DP of polymer-relied composites 
will broaden the range of biomedical applications it may be used for, including 
those for medical devices, cardiac, cartilaginous, bone, skin, neuro, DDSs, and indi-
vidualized medicine. Further, the tremendous improvements in the contemporary 
iteration of 4D printing approach would help us better understand stimuli-response 
substances with their characteristics, and prospective biological attributes. In addition 
to the TERM applications, 4D bioprinting might potentially be employed to facilitate 
organ replacement in chronic disorders or fatal accidents [114]. Hence, it remains 
difficult to create printed things that can simultaneously respond to many stimuli and 
go through intricate shape-transformation processes. To actualize the manufacture 
of complicated self-transforming items, computer design advancements and intri-
cate adaptable stimuli-responsive approaches must be incorporated. This will help to 
accelerate the scaling-up of fabrication and acknowledge the intricately foreordained 
regulation of 4DP in tissue engineering. Platform designed by MIT called Project 
Cyborg that allows for the simulation of self-assembling systems and the integration 
of architectures with programmable substances. The tracking of bodily motion has 
been done using biosensors and bio-actuators. However, more research is needed to 
offer accurate, least invasive control of the stimuli delivered to bio-printed structures. 
Yet, these programmable and stimuli-cues biomaterials could be expensive, and it 
is often expensive to produce such materials using advanced computer design tools. 
Production expansion should be feasible and affordable in the interim. As a result, 
there is still a trade-off between the excellence of 4D bio-printed constructions and 
their manufacturing viability [9].



456 Amisha et al.

In spite of these restrictions, 4D printing’s prospects are encouraging. All ground-
breaking discoveries and methods are first only visible at their exposed edges, while 
enormous “icebergs” lie concealed below the surface. Many only perceive the tran-
sition from 4 to 5G in the communication sector as an increase in speed; they are not 
aware of the economic potential it opens up. Moreover, the aforementioned restric-
tions would logically be lifted with the advancement of engineering technology. 
Instead of popularization, the early creation of individualized medical devices will 
help to address this constraint. As for adapting to the body, items might be made of 
a variety of dynamic materials to retort to an assortment of stimuli [119]. 

6 Conclusion 

The 4D printing industry has made great strides during the past ten years. Since 
its inception, it has expanded its influence into a number of industrialized regions. 
In 4D printing, a shape-changing mechanism is often induced over time employing 
additive manufacturing processes and stimuli-responsive materials. Single-printed 
object might be exploited for numerous procedures, improving flexibility and adapt-
ability. To put it another way, 4D printing represents a new advancement in 3D 
printing. The utilization of stimuli-responsive components in this approach is crucial 
for smart materials, and 3D printing technology enables dynamic printed frame-
work. This trait demonstrates the tremendous future potential of 4D printing. So far 
it has been successfully applied to fields that seek for dynamic constructs, such as 
tissue engineering and organ transplants. As a corollary, the combination of tissue 
engineering and light-responsive biomaterials used in 4D printing led to significant 
improvements in our understanding of therapeutic processes based on the interest in 
how monochromatic light interacts with biological tissues. A comprehensive under-
standing of photodynamic mechanisms would be made possible by the science of 
tissue engineering which is currently undergoing rapid expansion. The state of the 
graphics in this domain of expertise could be directly improved with the help of this 
review chapter. Retrieving and exhibiting crucial data for the oversight of endeav-
ours that seek to use these sophisticated protocols. There is no disputing about the 
immense potential of combining these principles, which are at the forefront of tech-
nology of knowledge and can aid in the creation of new biological assays used 
in a variety of clinical therapies. Moreover, 4D printing can be developed to create 
specialized prosthetics, tailored implants, and anatomical models using imaging tech-
niques like CT scans and MRI. Although there have been numerous improvements, 
4D printing is still in its initial stages. The aspects of 4D printing methodology, 
such as imaging techniques, additive manufacturing methods, stimulus-responsive 
materials and stimuli, thus need more exploration. Nevertheless, not all biomate-
rials are stimulus-responsive materials, and all stimulus-responsive materials might 
not be utilized for printing equipment. Sensitive materials should be employed for 
4D printing. Moreover, often these materials only adapt to a unique stimulation. 
Thus, by searching into unique responsive materials and attempting to make the
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current responsive materials printable, this technology can advance. Notwithstanding 
these difficulties, the future of 4D printing technology is optimistic. As a result, the 
limelight could seek the development of larger-scale printers combining robotics, 
AM techniques, and multi-stimuli sensitive materials to print them, as well as more 
advancements on the nanoscale focusing on medical medication delivery deploy-
ment inside the body. In summation, 4D bioprinting shows promise as a means to 
establish the active and multiple-layered organization of tissue structure. Addition-
ally, it affords the opportunity to fabricate functional, shape-programmed entities in 
a regulated manner. The development of 4D bioprinting will offer a potential method 
for meeting medical needs and examining its broad use in the biomedical industry. 
However, before the technology can be used to construct dynamic and hierarchical 
native cellular architectures, a few issues that coexist with promising application 
prospects must be resolved. 
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Surface-Modified Biomaterials 
in Medical Device Development 

Bindu Soni, Riya Shivgotra, Manjot Kaur, and Shubham Thakur 

Abstract Biomaterials refer to materials used in direct interaction with biological 
systems. Biocompatible and surface-modifiable metallic, polymeric, and ceramic 
biomaterials are currently used in various applications, allowing for adjustments to 
improve their performance while maintaining their bulk properties. Surface modi-
fication is done to enhance biocompatibility and come into contact as a bioactive 
substance for certain applications, such as protein surface modification on ceramics, 
polymers, metals, and composites. Surface modification techniques include calcium 
phosphate deposition, covalent binding of poly (ethylene glycol) and poly (heparin), 
and plasma polymerization. Analyzing the surface chemistry, structure, morphology, 
and topography of biomaterials is crucial in surface modification to improve interac-
tions with blood, fight infection, interact with soft tissues, repair and regenerate nerve 
cells, manage stem cell growth and differentiation, and interact better with bone. 
Biomedical devices that can replace or repair damaged tissues and organs depend 
heavily on the usage of substances that can interact with people’s bodies without trig-
gering negative reactions. Although joint replacement surgery is a standard proce-
dure, the inserted biomaterial may not last for a long time. Factors such as unfavorable 
immune system responses, the development of biofilms, or issues with the implants’ 
fabrication, biocompatibility, manufacturing processes, and their mechanical, chem-
ical, or tri-biological processes may lead to their failure. Altering the surface of 
biomaterials can prevent these failures and improve the way the body responds to 
their implantation. Thus, the current chapter aims to show novel methodologies 
and applications of surface-modified biomaterials in the development of medical 
devices. It suggests novel studies on extending the lifespan of medical equipment 
and biomaterials. 
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Abbreviations 

CVD Chemical vapor deposition 
EPD Electrophoretic Deposition 
Co-Cr Cobalt-Chromium 
MRI Magnetic Resonance Imaging 
CT Computer Tomography 
UHMWPE Ultra-High Molecular Polyethylene 
DDS Drug Delivery System 
PEG/PEO Polyethylene glycol/oxide 
PLA Polylactic acid 
PGA Polyglycolic acid 
TMC Tri-Methyl Carbonate 
PDS Polydioxanone 
PE Polyethylene 
PA Polyamide 
PMMA Polymethyl methacrylate 
PU Polyurethane 
PET Polyethylene terephthalate 
SR Synthetic Rubber 
PTFE Polytetrafluoroethylene 
PS Polystyrene 
PLA Polylactic acid 
PGA Polyglycolide 

1 Introduction 

In various fields of medicine, there has been extensive use of biomaterials throughout 
a significant duration, and their perception has varied over time. Williams gave the 
first comprehensive explanation of biomaterials in 1987, describing them as “Non-
living materials utilized in healthcare devices with a focus on interacting with biolog-
ically systems”. These substances had to be risk-free, non-carcinogenic, chemically 
and physiologically stable, and mechanically robust enough to withstand repeated 
loads during their existence [1]. As advancements in the applications and composi-
tions of biomaterials progressed, these definitions were modified to incorporate these 
developments [2, 3]. The following examples illustrate the evolution of biomaterial 
definitions.

• “Synthetic substance utilizes to modify a component of a living system or to 
interact closely with living tissue.”

• “A pharmacologically and systemically inactive material intended for integration 
with or implantation among biological systems.”
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• “A nonviable substance employed in a medical apparatus meant to communicate 
with biological systems.”

• “Materials that interact with biological fluids such as blood, tissues, and fluids 
have been developed that can be used in prosthetic devices, diagnostics, ther-
apeutics, and storage without negatively impacting a living organism and its 
constituent parts. These materials come from both synthetically produced and 
naturally occurring substances.”

• “Any chemical (apart from a medicine) or mixture of compounds, whether artifi-
cial or of natural origin, that can be utilized to treat, improve, or replace any tissue 
for any period of time, either in its overall terms or as a system component.” 

Any substance designed by the manufacturer for a medical purpose, whether used 
alone or in conjunction, including a piece of equipment, an implant, a machine, a 
material, reagent, software, or other related item, is referred to as a medical device. 
Medical devices have become valuable tools in disease diagnosis, therapy, prevention 
and screening, and palliative care and are widely used in various settings, including 
at home by individuals, in remote clinics by paramedical staff and clinicians, by 
dentists and opticians, and in advanced medical facilities by healthcare professionals 
[4]. Recent advancements in manufacturing techniques have made it possible to 
produce medical devices using different materials (composites, metals, polymers, and 
ceramics). However, living tissues are sensitive to material surfaces which initiates 
several immune reactions (inflammation, rejection, and infection). 

Long time ago understood that a medical device’s success depends on how well 
it interacts with the host tissues. Significant advances in material science have been 
made as a result of extensive research into this interface issue, with the goal of 
enhancing the interface in biological and medicinal applications [5]. The ability to 
modify a surface of a device in order to give it particular physicochemical properties 
has emerged as a workable way to produce desired biological reactions. One major 
benefit of surface modification is that it only affects the device surface, resulting 
in minor modifications to the devices’ bulk physical and/or chemical properties 
and easier regulatory approval processes. Regardless of the materials’ classifica-
tion, numerous techniques have been established to alter their surfaces to maintain 
control biological reactions and enhance device performance. 

These techniques are utilized to lessen protein adsorption, slow down osseointe-
gration, increase electrical conductivity, and improve wear and resistance to corro-
sion [1]. The two major types of surface modifications are (i) physicochemical 
modifications, which involve chemical reactions (oxidation, reduction, salinization, 
acetylation), etching, mechanical roughening, and changes to the surface’s atoms, 
compounds, molecules, or topography, and (ii) surface coatings (noncovalent, cova-
lent, and thin-film coating), which use materials other than the underlying support that 
bind the biomolecules [6]. The techniques of surface modification are widely recog-
nized as being easily adopted by existing researchers and medical device companies 
due to its exciting multi-disciplinary opportunities. 

This chapter’s main emphasis is on surface modification of biomaterials utilized 
with devices for medical purposes, since it is currently increasing popularity as a
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Table 1 Selection of biomaterial in various therapies 

S. 
no. 

Therapy 
branch 

Implants Material References 

1 Dentistry Dental implants Calcium pyrophosphate, Cobalt chromium 
alloys, Polymethylmethacrylate, Gold, 
brushite, etc 

[8, 9] 

2 Orthopedic Artificial joints, 
ligaments and 
tendons 

Zirconia toughened alumina, cobalt 
chromium molybdenum alloy 
Polyetheretherketone, etc 

[10, 11] 

3 Cardiac Heart valves, 
stents and grafts 

Dissolvable zinc stents, ptfe (teflon), 
cobalt alloy (e.g. Stellite 21, Haynes), 
Lti pyrolytic carbon polyacetal, 
Polypropylene knitted (Dacron), etc 

[12, 13] 

flexible method of creating custom device interfaces. The chapter is structured to 
begin by going over the criteria for choosing biomaterials to have their surfaces 
modified and the techniques for doing so, then to look at how biomaterials and 
their surfaces interact, subsequently various approaches and thorough procedures 
for surface modification are described, along with legal and ethical concerns. The 
application of surface-modified biomaterials in medical devices is addressed in the 
final section, along with the current gaps and potential remedies. 

2 Selection of Biomaterials for Surface Modification 

Biomaterials have been chosen for surface modification in biomedical applications 
based on bulk characteristics such as non-toxicity, free from corrosion, minimal 
degradation, elastic modulus, and wear resistance. A functional group must be 
attached to the surface in order to change the surface’s wettability, sealability, print-
ability, dye uptake, glazing resistance, adherence to different materials, and interac-
tion with the environment’s biological organisms, among other biomaterial barrier 
qualities [7]. Due to the body’s extremely sensitive chemical stability, implanted 
materials ought to possess bio-inert properties to avoid rusting and the unintended 
release of metallic ions. The selection of biomaterial in various therapies as shown 
in Table 1. 

3 Provision for Biomaterial Surface Modification 

Due to their higher affinity for a wider range of proteins than others, albumin, 
fibrinogen, IgG, fibronectin, and Von Willebrand factor make up the majority of 
plasma proteins found in utilized biomaterials. The process of protein adsorption
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and interaction can change the shape of the biomaterial that is produced. Espe-
cially fibrinogen, which becomes more adhesive when in contact with biomaterial or 
implant surfaces, can cause denaturation of biomaterials. In order to prevent neoepi-
tope exposure after cell and tissue interactions and preserve the biomaterial for the 
duration of its intended duration of storage, it is crucial to change the biomaterial’s 
surface. 

Protein adhesion, cell disruption, and inflammatory response are all significantly 
influenced by the surface chemistry and structure of biomaterials. For instance, 
in vitro cell adsorption can be produced by changing the surface chemistry of a 
biomaterial. However, traditional chemistry is not a requirement for the in vivo mech-
anisms of externally applied biomaterials. Typically made of polymers, ceramics, 
metals (cobalt-chrome, titanium), and other materials, biomaterials have a variety 
of surface properties that affect how they react in vivo, ranging from hydrophilic to 
hydrophobic and tough to soft. In order to construct highly friendly biomaterial archi-
tectures, a variety of different techniques, including physical modifications, chemical 
alterations, and radiation, are employed to alter the surface of biomaterials. 

Surface modification methods that significantly affect protein adsorption and 
biological responses in vitro include those that modify polymer chemistry, wetting 
capacity, and domain. Additionally, it has been demonstrated that protein adsorption 
and cellular responses are significantly influenced by the structure and design of 
biomaterials. Several topical experiments have made use of methods for changing 
surfaces that have been mentioned in the literature, such as plasma therapy, chemical 
graft modification, and self-assembled monolayer methods [14]. This instance of a 
foreign body reaction is typical of how cells in higher organisms react to artificial 
biomaterials that have been inserted. 

4 Interaction of Biomaterial at the Surface 

The method that tissues and the implant surface interact is always varying. 
Within the initial several seconds following implantation, dissolved ions, unbound 
biomolecules, and water are everywhere over the implant surface. Figure 1 illus-
trates how the bio fluid surrounding the wound changes in composition and a layer 
of biomolecules is adsorbing to the surface to begin the healing process. The adsorbed 
layer then controls how the cells behave once they reach the surface. Eventually, a 
tissue integration or fibrous capsule will form as the types of cells and their activity 
on the surface alter. The atomic, molecular, and higher-level physical textural prop-
erties operate as contact points for biological elements like proteins, cells, tissues, 
etc. At the same time, it’s crucial to understand that the biomolecules react to the 
chemical activity of the implant surfaces.

The various bonding modalities connected to each of these biological units have 
an impact on how a surface is integrated hierarchically into its bonding environment. 
Chemical species that start distinct levels of bonding have an impact on adhesion 
qualities. A component experiences various chemical processes depending on the
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Fig. 1 Biomaterial interaction at the surface

surroundings, which makes it more difficult to understand the specific nature of the 
interactions [15, 16]. 

5 Different Techniques Used for Surface Modification 

Surface modification involves using physical, chemical, and mechanical techniques 
to modify or coat a material’s surface, resulting in desired properties that differ from 
the original material. In regenerative medicine and the engineering of tissues, acti-
vating the surface is essential to allow for the binding of adhesive biomolecules 
to scaffolds. Achieving high binding efficiency requires selecting an appropriate 
technique to conjugate biomolecules or biomaterials onto scaffold surfaces, consid-
ering factors such as the presence of reactive functional groups, hydrophobicity, and 
hydrophilicity. Recent years have seen significant attention given to chemical and 
physical methods due to their effectiveness in achieving high binding efficiency, 
while mechanical modification techniques are widely used because of their strong 
impact on cell adhesion and growth. The various surface modification techniques 
and different types of cell adhesion molecules that can be used to modify scaffold 
surface characteristics [17]. 

Surface modification of biomaterials is performed to create a particular physical 
and chemical environment that favorably influences the biological response in either 
soft tissue or hard tissue. Macro, micro, and even nano-scale elements should all 
be present in the physical environment that promote cell adhesion, proliferation, 
and migration in situations when tissue integration is required. The functionality 
of various devices, such as articulating surfaces or cardiovascular apparatus, might 
occasionally be negatively impacted by textured surfaces, it is crucial to note [18]. 
The different techniques of surface modification are shown in Fig. 2.
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Fig. 2 Different techniques used for surface modification of Biomaterial 

5.1 Mechanical Methods 

5.1.1 Blasting 

Blasting is a common method utilized for sterilizing surfaces, roughen surfaces, or 
make surfaces smooth. It involves applying harsh, abrasive particles to metal surfaces. 
In biomedical devices, such as orthopedic implants, the blasted surfaces must be 
biocompatible. Therefore, ceramic particles like titanium, alumina, or hydroxyapatite 
are commonly used for blasting [19, 20]. Blasting can produce rough surfaces that 
strengthen the bond between implants and bone, promoting osseointegration. The 
chemical makeup of the surface may change as a result of blasting, which could have 
an impact on biocompatibility. 

Medical device surfaces need to be handled carefully to keep them biocompatible 
after treatment. In addition, nano-rough surfaces can be created by blasting, which 
are far more resistant to corrosion, wear, and corrosive wear than conventionally 
grained or sandblasted surfaces. A further approach for producing micron, submi-
cron, and nanostructures on metal surfaces is laser ablation. It has some benefits, 
including the ability to use it on geometrically difficult implants and a minimal risk 
of contamination. On titanium implants, laser ablation can make nanoscale grooves 
that greatly improve osseointegration and increase the extent to which bone develops 
when the treated implants were in connect with it. Additionally, surfaces that have 
been ablated by lasers may be extremely hydrophobic and selectively inhibit bacterial 
adhesion.
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5.1.2 Grinding System 

The expected electrical grinding system and the grinding’s electrochemical opera-
tions. In this process, an electrode is positioned above a metallic bond grinding wheel 
that is conducting, with a gap of around 0.3 mm, or nearly 1/6 the size of the surface 
of the wheel. The electrode is given a negative potential, while the grinding wheel is 
given a positive potential. It employs an expert pulse generator. The potential during 
the process electrolytically breaks down the conductive alkaline machining fluid used 
in the grinding procedure, producing hydroxide ions. When the work piece receives 
the proper amount of positive potential, free hydroxide ions (OH-) are attracted to 
the surface being processed by substances, which are present in the machining fluid. 
This emphasizes the ions to the surface, which results in the formation of a stable 
oxidized layer. For our investigation, we used test pieces made of type 316 stainless 
steel and the Ti6AI-4V alloy, each of which is frequently used as metallic biomate-
rials. A grinding wheel with a metal-resin-hybrid bond (#8000, diamond abrasives, 
with a diameter of approximately 2 microns) was used. [21]. 

5.2 Chemical Methods 

5.2.1 Sol-Gel Method 

For the purpose of developing biomaterials for drugs, the sol-gel method is a straight-
forward, wet chemical process that doesn’t necessitate a high pH or high sintering 
temperature. The term “sol-gel coating” refers to the colloidal dispersion of solid 
particles (1–500 nm) in a liquid solution. The techniques of spraying, dipping, spin-
ning, and doctor-blading can be used to apply a sol to a substrate. To create the top 
layer, the substrate gel is dried or calcined. By immersing a metal sample in a calcium 
and phosphorus gel at lower temperatures, calcium phosphate layers are created on 
the sample using this approach. The covering coating is calcined at 400–600 °C 
depending upon the material since the layer produced is porous and less dense [22]. 

5.2.2 Anodization 

Anodizing is a process that is widely used to treat titanium and its alloys. It is similar 
to acid etching. In this procedure, the substance is dissolved in an ionic solution of 
H2SO4, H3PO4, or acetic acid while being exposed to anodic voltage. The process 
results in the surface of titanium and its alloys developing a thicker oxide layer, 
increasing their corrosion resistance. However, because this oxide layer is porous, 
sealing is frequently needed. On titanium substrates, titanium nanotubular structures 
can develop when fluoride-containing electrolytes are employed. The voltage, elec-
trolyte concentration, and reaction time are some of the anodization parameters that 
significantly affect the shape and structure of these nanotubular layers.



Surface-Modified Biomaterials in Medical Device Development 473

Researchers have looked into how these anodized structures affect bacterial adher-
ence, cell function, and bone formation. Studies have demonstrated that compared 
to normal flat titanium substrates, anodized surfaces with titanium nanotubes of 40– 
60 nm in diameter significantly increase adhesion and proliferation of bone marrow 
cells. Additionally, calcium deposition on anodized substrates is significantly higher 
than on conventional titanium substrates. S. aureus and S. epidermidis are two bacteria 
that are impacted by the diameter of the nanotubes’ effects on bacterial adhesion to 
nanotubular titanium surfaces. The lowest bacterial adherence is seen on surfaces 
with 80 nm diameter nanotubes, which are less rigid than ordinary flat surfaces or 
nanotubular surfaces with tube diameters of 20, 40, and 60 nm. 

5.2.3 Chemical Vapor Deposition (CVD) 

Numerous commonly used formal techniques include CVD, low-pressure CVD, 
molecular beam epitaxy, and deposition of physical layer procedures like heat evap-
oration and laser ablation deposition. It is a technique used to deposit thin films onto 
substrates using gas-phase chemical processes. The more contemporary methods 
include sputtering, plasma atomic layer deposition, and plasma-enhanced CVD. In 
order to construct electronic devices that use electricity, magnetism, and photonics, 
including their utilization in biological contexts, these procedures are useful for 
depositing metal, semiconductor, and dielectric layers. 

5.3 Mechanical Methods 

5.3.1 Thermal Spray Technique 

The thermal spray technology is rapidly evolving, with exciting developments 
focused on innovative uses of coatings. One area of particular interest is the applica-
tion of coatings in cutting-edge energy generation processes, biomaterials, electronic-
based features, and self-disinfecting surfaces enabled by photocatalysis, electrolysis, 
and various other applications. These advancements in thermal spray technique are 
driving progress in multiple directions and hold great promise for the future. [23]. 

5.3.2 Ion Implantation and Deposition 

Ion implantation and deposition, a method that includes bombarding a substrate 
with high-energy ions to modify its surface properties. The deposition technique is 
a crucial step in micro- and nanofabrication. This process involves adding a layer 
of material to a bare silicon wafer to prepare it for subsequent lithography steps. 
Deposition can be performed using different methods, including plasma-based and 
non-plasma-based techniques.
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5.3.3 Electrophoretic Deposition 

The process of movement of charged particles in the electrolytic solution is necessary 
for the electrophoretic deposition (EPD) process, which has been intensively inves-
tigated. In an electric field, ceramic particles acquire charges whether they are in an 
aqueous or non-aqueous medium. When the initial surface oxide layer provides suffi-
cient protection, depositing nanoparticles onto the surface of a material can enhance 
its resistance to wear and corrosion, particularly in the case of titanium implants. 
EPD system is used to achieve this, with a suspension containing uniformly dispersed 
powder particles in an aqueous or non-aqueous medium, as well as the appropriate 
anode and cathode electrodes. Hence, better deposition is achieved with a homoge-
nous particle dispersion that possesses a suitable conductivity and medium dielectric 
constant [24]. 

6 Methods of Surface Modification of Biomaterial 

Different methods with their advantages and disadvantages of biomaterials used in 
medical devices as shown in Table 2. 

Table 2 Advantages and disadvantages of metals, ceramics, and polymers in medical devices 

Different 
materials 

Metals Ceramics Polymers Composites 

Advantages Strength and 
Durability 
Biocompatibility 
Corrosion 
Resistance 
Ease of 
Fabrication 
Radiopacity 

Biocompatibility 
Wear Resistance 
Corrosion 
Resistance 
Strength and 
Hardness 
Radiolucency 

Biocompatibility 
Flexibility 
Lightweight 
Versatility 
Durability 

Non-toxic 
Strength and 
durability 
Light weight 
Moldability 
Radiolucency 

Disadvantages Metal Allergies 
Thermal 
conductivity 
Costly 

Lack of 
Flexibility 
Brittleness 
Rough surface 
finish 

Limited 
temperature range 
Moisture 
absorption 
Biocompatibility 

Limited material 
option 
Lack of 
standardization 
Limited shelf life 
Difficulty in 
manufacturing
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6.1 Metallic Biomaterials 

The widespread usage of metallic materials in biomedical technology is a result 
of their favorable mechanical and chemical characteristics. Stainless steels, cobalt-
chrome, the metals titanium, and their alloys are among the most widely utilized. 
In load-bearing implant applications, these metals can be alloyed to tune attributes 
among the most often utilized metals are titanium and its alloys. to satisfy biological 
requirements. Surface modification techniques can be employed to enhance biocom-
patibility, reduce osseointegration time, and prevent corrosion without altering bulk 
properties. 

Stainless steel (SS 316L), titanium alloy (Ti-6Al-4V), and cobalt-chromium (Co-
Cr) alloy have attracted the most interest for orthopedic applications among the 
reported metallic biomaterials. It has been attempted to alter the bulk characteristics 
of metallic biomaterials to have mechanical properties similar to those of native 
bone in order to lessen stress shielding at the interface between tissue and metallic 
biomaterials. The recommended material for dental implants in dental applications is 
commercially pure titanium (CPTi). because of its better properties and the escalating 
cost of Pd. Titanium and its alloys have low Young’s modulus, which is seen as 
a biomechanical advantage for replacing hard tissues. In cardiovascular implants, 
certain alloys, such as nickel-titanium alloy (Nitinol), have drawn increased interest 
in magnetic resonance imaging (MRI) due to their inert, robust, and non-magnetic 
qualities [25, 26]. 

6.1.1 Steel 

Since stainless steel has a high level of corrosion resistance and strength, it is 
frequently utilized for biomedical implants. To keep the nickel content low, nickel-
free stainless steel is used, and nitrogen is added to increase biocompatibility. Despite 
stainless steel’s lower biocompatibility and corrosion resistance compared to tita-
nium, temporary bone fracture therapies and implant studies frequently employ it 
since it is more affordable. Custom-sized stainless-steel implants can be created using 
3D printing, and 3D dental implants can be created using liquid phase sintering. 

Implants composed of pure metals, which had lesser corrosion resistance and 
mechanical strength, had been developed before stainless steel entered the biomedical 
business. The two types of stainless steel utilized in biomedical applications are 
standard stainless steel and Ni-free stainless steel, which is devoid of nickel. Stainless 
steel is widely used for bone fracture treatments, such as screws, nails, and fracture 
plates, and for fabricating durable implant trials. Compared to titanium, stainless 
steel has inferior biocompatibility, osseointegration, and corrosion resistance [27].
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6.1.2 Titanium and Ti-Based Alloys 

The Titanium and Ti-based alloys are well suited for usage with a high pace of loading 
than stainless steel for the reason that they have a higher strength-to-weight ratio. 
In comparison to steel, titanium implants have a significantly stronger bond with 
tissues because of the titanium dioxide layer’s high dielectric constant, which forms 
quickly on the surface of bare titanium. It may increase the mechanical durability 
of titanium alloy by annealing, quenching, and thermal aging, and it can be further 
modified by alloying other elements like aluminum and niobium. For functionally 
demanding anatomically complex locations like cranio-maxillofacial surgery, 3D-
printed titanium implants can be tailored. 

Techniques for melting electron beams and directly sintering metal have been used 
to create customized titanium prostheses. To reduce stress shielding, porosity might 
be added to the implant’s structure. To reduce stress shielding and encourage tissue 
regeneration or vascularization, porosity might be added to the implant’s structure. 
The structure is rich in interconnected grooves and has 3D Ti-6Al-4V dental implants’ 
Young’s modulus gradient changes from 104 GPa at the metal inner core to 77 GPa 
for the very porous outer shell when gradient porosity is generated utilizing the 
selective remain sintering procedure [28, 29]. 

6.1.3 Cobalt-Based Biomaterials 

Since Co-Cr alloys have a higher wear resistance compared to Ti alloys, they 
frequently used in prosthetic hip joints. Although they are less biocompatible and 
less capable of osseointegration than Ti, their higher elastic modulus and stiffness 
result in higher stress shielding compared to Mg, Ti, and Ti alloys. Ti is frequently 
utilized in clinical settings for components higher stress shielding compared to Mg, 
Ti, and Ti alloys, while Co-Cr is the preferred material for components that do not 
come into contact with the bone [30]. At the point where Co-Cr and Ti come into 
contact, metal corrosion and shredding remain serious problems. 

6.1.4 Bio Implants Based on Tantalum 

Tantalum has been studied for usage in a range of applications where outstanding 
durability against corrosion even under acidic conditions and biocompatibility in 
biomaterials are required. Tantalum’s ability to resist corrosion is because a protective 
coating of natural, stable Ta2O5 forms over the implant surface. The functioning of 
porous tantalum to connect with bone makes it a promising material for use in 
artificial joints as a polymeric matrix or includes a coating on titanium and implants 
are constructed from stainless steel to improve osseointegration and prevention from 
corrosion [31]. Tantalum has a density of 16.6 g/cm3 and an elastic modulus of



Surface-Modified Biomaterials in Medical Device Development 477

more than 186 GPa Because they are significantly different from native cortical (12– 
18 GPa) and cancellous bone (0.1–0.5 GPa) in these respects, these features are 
detrimental when used in orthopedic implants. 

It is challenging to produce this metal in large quantities due to its refractory prop-
erties, especially given its unusually high melting point of approximately 3017 °C. 
Due to Ta’s high temperature conductivity, patients who undergo cranioplasty may 
also experience temperature-dependent headaches. To meet the growing need for 
orthopedic applications, metallic bioimplants have been developed using cutting-
edge manufacturing techniques. An efficient method to create implants of the proper 
size may be discovered through a three-dimensional visualization of the patient and 
printing of the modified implant. Laser sintering is a technique that can be used 
to produce high-fidelity copies of pre-packaged implants using reasonably priced 
316L stainless steel. Another use of liquid phase sintering is the fabrication of 
stainless-steel 3D dental implants. 

Current Challenges with Metals 

The utilization of 3D printing in numerous industries, including building, aerospace 
engineering, and clothing, has significantly advanced the discipline. The development 
of sophisticated multi-material scaffolds for tissue regeneration and the fulfillment of 
the needs of personalized medicine in the medical and healthcare sectors are all made 
possible by 3D printing, which has the potential to revolutionize tissue and organ 
engineering. [32]. It is clear that a key aspect of 3D printing is its capacity to produce 
implants that are exactly suited to the anatomy of the patient. This is especially true 
in surgeries to treat craniofacial ruptures or fractures, for children with dwarfism, 
or in cancer patients, when the implant is tailored to match the excised tissue and 
may lessen pressure exerted on the existing bone compared to a travail-customized 
implant. 

However, combining these two approaches offers the most promise for person-
alized therapy [33]. The model is then used to provide data for the implant’s high-
accuracy quick prototyping, as well as to prescribe the implant’s macroscopic features 
and give the material a desired structure. An example of this is the modification of 
porosity, in which the dimensions, orientation, size, and connectivity of the pores 
may be changed to promote the formation of capillaries, the ingrowth of tissues, and 
the supply of nutrients to support the developing tissues. Theoretically, printing many 
materials at once would allow for the construction of complex objects like tissues 
and organs utilizing a single technique. Metals, synthetic polymers, glass, ceramics, 
active molecules like proteins and factors, and living cells and organic materials can 
be found in one particular structure. [34]. 

The excessive structural rigidity of Co-Cr alloys can be mitigated by employing 
3D printing to include nano- and micro-geometry into the bulk of the alloy. This 
lessens the stiffness differential between the alloy and bone and lowers the elastic 
modulus. He was able to effectively create his Co-Cr implants with the appropriate 
macro-geometry and interconnected pore architecture using his EBM, the preferred
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method for his 3D printing of Co-Cr alloys. After 26 weeks in adult sheep femurs, 
the implants were shown to have satisfactory overall bone-implant connection. The 
implant’s surroundings gradually underwent tissue ingrowth and densification, and 
the generated bone’s mineral crystallinity, apatite to collagen ratio, and carbonate 
to phosphate ratio differed between Co-Cr and Ti-6Al. It was in the range of 4 V 
implants [35]. 

Printing implants, both solid and mesh, is possible using EBM. Co-29Cr-
6Mo alloy mesh-strut and foam-ligament microstructures both produced columnar-
directed Cr23C6 precipitate architectures that were spaced about 2 m apart in the build 
direction to represent the directional solidification of solid cylindrical components 
during the assembly process in the melt pool. While similarly manufactured solid Ti-
6Al-4V implants displayed acicular platelets in the - phase, mesh and foam implants 
largely displayed residual 0-martensitic phase. It displayed a fine cellular microstruc-
ture with enriched Mo and depleted Co grain boundaries when the CoCrMo implant 
was created using SLM. This provides the implant more corrosion resistance than a 
cast alloy by reducing carbide precipitation and the creation of the Martensitic phase 
on its surface. These characteristics, which also limit the discharge of metal ions 
into the peri-implant environment, lower the possibility of developing metallosis. 
Rates of ion release and corrosion were correlated with the number of laser melt 
pool borders [26]. 

There are many technological obstacles that are keeping 3D printing from devel-
oping. The presence of a vascular network poses the toughest challenge from a 
biological standpoint. An adequate supply of nutrients, correct gas exchange, and 
effective waste disposal are necessary for the growth of 3D tissues or organs during 
perfusion; these processes would not occur in the absence of such a network. As 
a result, the artificial organ’s overall efficacy and cell longevity would be affected. 
However, there is still a significant obstacle to overcome before a system can success-
fully deliver nutrients, growth hormones, and oxygen to the cells without interfering 
with their metabolic activities [36]. 

Despite multiple attempts by researchers to develop vascular trees using computer 
models, it has not yet been possible to produce fractured veins with branched chan-
nels that are advantageous mechanically. For instance, electro-hydrodynamic inkjet 
printing (e-jetP) has the ability to generate prints with far higher resolution than 
traditional inkjet printing techniques. By utilizing an electric field to overcome 
surface tension, a metallic nanoparticle solution, such as Ag, Cu, Au, or Co, is 
evacuated as droplets in e-jetP [37]. Rapid layer-by-layer assembly with fine control 
over the form, dimension, and resolution of micro- and nano-scale features is made 
possible by accelerated solvent evaporation. Although there are currently few macro-
scopic implants that utilize this technology, these forms may be ideal for implantable 
electrodes and sensors [38].
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Using Additive Manufacturing (AM) Surface Modifications on Metallic 
Biomaterials 

For all metallic devices to perform their function efficiently and to endure for a long 
time, AM-based surface changes of metallic biomaterials are essential [39]. Passi-
vating materials (Al, Cr, Ti) are added, as well as surface energy, topography, and 
crystalline structure to increase osseointegration, biocompatibility, and prevent corro-
sion without affecting the bulk properties of implants [40, 41]. Although including 
roughness to implant surfaces may reduce their mechanical properties, it can improve 
tissue integration [42]. 

It has been demonstrated that porous materials with purposeful topology promote 
adhesion and advantageous differentiation. Based on computer tomography (CT) 
images, AM is used to build biomimetic surface structures that have substantially 
identical surface characteristics to those found in living cells. The most prevalent 
technique for preventing corrosion is the incorporation of self-passivating materials 
(Ti, Cr, and AL). Implant of the lifespan is increased by the desirable wear qualities 
of some alloys, such as CoCrMo, as opposed to softer metals like titanium. But 
even these artificial limbs can become worn down gradually, releasing cobalt and 
chromium ions that can lead to metallosis and osteolysis. Degradation of UHMWPE, 
which leads to the creation of microparticles, might come from the incompatibility 
of hardness between the metal and the polymer. 

6.2 Ceramic Biomaterials 

Ceramics are utilized in various medical fields such as dentistry, orthopedics, and 
medication delivery. They are very helpful in the construction of bone scaffolds for 
the vital repair of fractures and other injuries in which the normal healing capacity of 
the bone is compromised. Ceramics are also used in dental procedures for enamel and 
root replacement, bone cement for minor fractures, ceramic-on-ceramic articulating 
surfaces for joints, and the hip, knee alignment, and shoulder area implants as coatings 
healing, and other drug release applications [43]. Ninety-nine percent of the calcium 
in the human body is found in bones and teeth, making it the fifth most common 
element in the body. The fact that many biomedical ceramics are calcium-based is 
therefore not surprising. Both bone and teeth are mostly made of ceramic materials, 
which have the right chemical makeup and crystallography for these uses. 

Due to the similarities in chemical and crystal structure, as well as in micro-
and nano topography, biomimetic devices are made that replicate the appearance 
and functionality of biological tissue, thereby preventing inflammation or rejection 
brought on by immune reactions to foreign objects [44]. The additional benefit of 
biomimicry is that it breaks down into ions and calcium phosphates the fact that 
the body is able to rapidly resorb or excrete. Whether used as a restorable material, 
degradation has a minor impact, and the rate of product absorption can be modified in 
accordance with the speed of healing of the tissue by altering the surface, the structure
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of the crystals, or the calcium phosphate phase. Calcium phosphate scaffolds have a 
high degree of elemental resemblance to actual bone in applications that come into 
touch with it, although they lack trace elements like Si4+, Mg2+, Sr2+, Zn2+, Cu2+, and 
Fe2+/Fe3+, among others. Recent studies have concentrated on ionic elements that 
are naturally present in bone that can be added to bone scaffolds. Further improving 
the biomimetic features of ceramics in biomedical applications are the ionic’ roles 
in angiogenesis, osteogenesis, and osteo induction [45]. Different ceramic materials 
used for surface modification of biomaterials are given below. 

6.2.1 Alumina 

Alumina is a bio-inert material with excellent immunological compatibility, good 
biocompatibility, and protection against rust. It is utilized in joint prosthesis, 
including the acetabulum and femoral heads in hip arthroplasty on worn surfaces 
due to its strong mechanical resistance to wear and polish ability. Two components 
are often polished together throughout the manufacturing process to achieve the best 
possible agreement between them. This lessens the production of harmful residues 
for the patient as well as friction between joint components. In order to attain lower 
wear values, it is also typical to attach an alumina femoral head with an ultra-high 
molecular polyethylene (UHMWPE) acetabular component. 

6.2.2 Zirconia 

With the use of proximal femur, zirconia was first examined as a biomaterial in the 
late 1960s. The combination of zirconia and yttrium, known as Tetragonal zirconia 
polycrystals, often known as TZP (tetragonal zirconia polycrystals), is the most 
common widespread after testing various chemical composition possibilities and 
is most frequently utilized in femoral heads [46]. It is one of the ceramic materials 
used in prosthetic equipment most frequently because of its mechanical and chemical 
qualities. It combines with oxygen and produces the biocompatible zirconia oxide 
(ZrO2) as a result. Due to their great biocompatibility, good flexural strength, and 
fracture resistance, ZrO2 implants are mostly employed in femoral heads for hip 
arthroplasty and dental implants. 

6.2.3 Hydroxyapatite 

Apatite crystals constitute the minerals found in bone tissues. The chief inorganic 
constituent responsible for the development of bones and teeth is a high hardness 
calcium phosphate salt, known as HA. Due to its chemical makeup and structural 
similarity with natural HA, HA ceramic exhibits exceptional biocompatibility.
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6.2.4 Carbon 

Carbon implants have an advantage over metallic implants in that they do not expe-
rience fatigue. However, because of their fragility and low tensile strength, they are 
not suitable for situations that necessitate support for substantial loads. Although it 
is legal to use it in blood-contact devices, it is still a good idea to double-check. 

6.2.5 Bio-Glass and Vitro-Ceramic 

A versatile and varied class of biomaterials, bio-glass has various capabilities 
depending on its composition. In order to generate a substance that might adhere 
to bone, Larry Hench originally developed it in 1969. A type of glass commonly 
known as “Bioglass” or “45S5” is composed of 46.1 mol% SiO2, 24.4 mol% Na2O, 
26.9 mol% CaO, and 2.6 mol% P2O5. These biomaterials are used in prosthesis when 
highly hard tissues are required, such as in dentistry. Vitro-ceramic glass is ideal for 
application in dental implants. and bone development due to its strong mechanical 
qualities, good biocompatibility, bioactivity, and lack of toxicity. There currently 
exist a number of variations of the original 45S5 composition, each of which has a 
particular function or use as a biomaterial based on its chemical make-up. 

Current Challenges with Ceramics 

Because they perform better than metals and polymers in terms of compressive 
strength and corrosion resistance, additively produced ceramics are mostly used in 
dental applications. However, resorbable drug delivery systems are the main focus 
of surface modification of ceramics through AM. The low breakdown temperature 
of the additional material is one of the major difficulties, which makes it challenging 
to sinter an AM ceramic loaded with pharmaceuticals or biomolecules. The ceramic 
powder particles are held together by a binder, but they are nevertheless prone to 
bulk disintegration and the early release of loaded molecules. 

Using AM Surface Modifications on Ceramics Biomaterials 

In order to achieve consistent release profiles and ensure implant stability in vivo, 
surface modification techniques can be employed. One such approach is to introduce 
layers of polymeric coatings to the surface to prevent the sudden release of medica-
tion. Another technique involves coating ceramics with polymers and dosing them 
with desired medicine after calcination to regulate drug elution. Trace elements have 
also been utilized as additives or dopants to accelerate bone development and vascu-
larization. When the drug delivery system (DDS) is subcutaneous or gastrointestinal, 
several binder formulations have been employed to create components with a bulk 
interior chemistry and a less soluble, polymer-enhanced outer surface chemistry. [47].
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Mesoporous silica/bioglass scaffolds can be surface-modified to control the release 
profile of medications that have been adsorbed. The potential of surface-modified 3D-
printed composite scaffolds was established in a study looking at bone replacement 
therapy for patients needing surgical bone removal due to osteoarticular pulmonary 
disease. These printed scaffolds are intriguing for further investigation in the area 
of bone treatment since they can compete with CaP scaffolds while maintaining a 
consistent drug release profile. 

6.3 Polymeric Biomaterials 

Polymers are extensively utilized as biomaterials in the field of biomedical engi-
neering for various purposes, such as cartilage and bone repair, articulating surfaces 
for hips, knees, and shoulders, drug delivery systems, skin coatings for burn treat-
ment, and optical applications. One of the most impressive qualities of poly-
mers is their ability to biodegrade into components that can be processed by the 
body. Biodegradable polymers like polyethylene glycol/oxide (PEG/PEO), poly-
lactic acid (PLA), polyglycolic acid (PGA), tri-methyl carbonate (TMC), and poly-
dioxanone (PDS) are frequently employed for this purpose [48–50]. Medical appli-
cations utilize a variety of polymers, including polyethylene (PE), polyamide (PA), 
polymethyl methacrylate (PMMA), polyurethane (PU), polyethylene terephthalate 
(PET), synthetic rubber (SR), polytetrafluoroethylene (PTFE), polystyrene (PS), 
polylactic acid (PLA), and polyglycolide (PGA). The foundation for composites 
such as PEEK reinforced with glass or carbon or a variation like UHMWPE can be 
made from some of the above-mentioned polymers. 

Latex, cellulose, gums, and starch are naturally occurring polymers, synthetic and 
semi-synthetic polymers with biodegradable or non-biodegradable polymers are the 
three categories of polymers now in use. Syringes and other disposable medical equip-
ment, orthopedic uses, contact lens and corneas, sutures, cardiovascular devices, 
membranes, dental reconstruction, and adhesives are just a few of the medical fields 
where polymers are commonly used. It is also very important to consider the degree 
of crystallinity when choosing a polymer for medical purposes. The three states of 
polymers in this situation are amorphous, crystalline, and semi-crystalline [26]. 

6.3.1 Natural Polymers 

Natural rubber latex is a colloidal system best recognized for its use in dental tools, 
condoms, and other medical supplies. Extensive research and documentation have 
been conducted on allergies to natural rubber latex. However, a recently developed 
manufacturing technique that avoids the use of carbamates or sulfur has resulted in a 
more biocompatible product. This development has opened up new possibilities for 
using the product as a delivery system for drugs, proteins, and nanoparticles, as well
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as for aiding in the controlled formation of bones and the healing of soft scar tissue 
[26]. 

6.3.2 Synthetic Polymers 

Polyolefins are plastic resins that are produced from either propylene or ethylene, 
depending on the type of polyolefin. These plastics are hydrophobic and inert, 
meaning that they do not break down in the body. Polyethylene, or PE, is a type of 
polyolefin that comes in five different variants: high-density polyethylene (HDPE), 
low-density polyethylene (LDPE), linear low-density polyethylene (LLDPE), ultra-
low-density polyethylene (ULDPE) and ultra-high-molecular weight polyethylene 
(UHMWPE). PE can be processed by various methods such as blowing, extrusion, 
and injection molding, utilized in sutures and netting and is physiologically inert. 
UHMWPE, which is one variant of PE, is commonly used for artificial joint surfaces 
because of its high impact strength, chemical stability, and good biocompatibility. 
However, the release of particles due to the friction of the components can cause 
reactions in the body that can lead to mechanical failure of the prostheses. 

To resolve this issue, highly cross-linked polyethylene has been used, and the 
material is treated to gamma radiation to improve its biocompatibility and wear 
resistance. Antioxidants like vitamin E were added to the biomaterial to produce the 
second generation of cross-linked UHMWPE. Numerous medical fields, including 
orthopedics, cardiology, and neurology, use UHMWPE. Some examples of products 
made of UHMWPE are surgical cables for bone fractures, high-strength orthopedic 
sutures for soft tissue repair, catheters, stent grafts, heart valves, and disc replace-
ments for spinal repair. Similar to polyethylene, polypropylene is a type of polyolefin 
that is biologically inert and used to manufacture nets and sutures. 

6.3.3 PVC 

It needs to be handled carefully when used in medical applications. The application 
of stabilizing and plasticizing agents causes the receptor to become poisonous in an 
unwanted way. It is typically utilized in catheters, blood bags, and tubes. 

6.3.4 Silicones 

These are hydrophobic, exhibit without additionally the application of plasticizers, 
biological stability and depending on their intended use, elicit completely different 
biological reactions in the host. It is frequently utilized in ophthalmological applica-
tions, breast implant encapsulation, and the induction of an inflammatory response in 
the synovial membrane in intra-articular implants. Hepatic cancers have been linked 
to silicone oil residues.
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6.3.5 Acetal 

It is a hard plastic substance made from formaldehyde that is highly durable and has 
a low coefficient of friction. This makes it a useful material for machining to create 
prototypes of medical devices and parts. Acetal is susceptible to the radiation used 
in sterilization, so it should be kept in mind that this could make the material brittle 
and easily break. 

6.3.6 Polyamides 

The most widely used synthetic polyamide used in medicinal uses is nylon. Due to 
its great tensile strength, it is utilized in suture lines. A composite material of nylon 
and PU with nylon strength and elasticity makes up the balloons of the catheters used 
in angioplasty. Recent studies have concentrated on synthetic polymers with assur-
ance for use in soft and hard tissue regeneration, such as polycaprolactone (PCL), 
polypropylene fumarate (PPF), polyether ether ketone (PEEK), and functionalized 
polyurethanes [50, 51]. Furthermore, due to their attraction as naturally occurring 
biopolymers or their degrading properties, natural polymers including collagen and 
fibrin as well as polysaccharides like alginate, silk, hyaluronic acid, and chitosan 
have been investigated for biomedical uses. 

Collagen, the most common protein and naturally occurring polymer in the ECM, 
is commonly used for surface modification. Cell mobility is supported and adhered 
to by collagen. The less biodegradable and even permanent polymers are polyte-
trafluoroethylene (PTFE) and poly (methyl methacrylate) (PMMA). PMMA, with 
its excellent optical properties, is used for contacts and intraocular lenses. However, 
foreign body reactions can occur, leading to the need for surface modification [52]. 
PMMA is used frequently in bone cement to anchor and secure implants. In partic-
ular, the difficulties of enhancing ocular compatibility and maintaining the duration 
of implantable ocular devices, the organ’s shape, and the primary physiological roles 
of the component tissues influence the choice of biomaterials for ocular implants. 

Current Challenges with Polymeric Biomaterials 

Co-polymerization allows for greater customization of a polymer’s chemical and 
mechanical properties, including biodegradability, toughness, and stiffness. To meet 
the requirements of each application, a different composition is used. Devices like 
sutures or bone screws, for instance, require stronger toughness or higher modulus, 
and include a rate of degradation which is comparable to the rate of tissue healing. Due 
to its excellent biocompatibility and ease of modifying its degradability, poly lactic-
co-glycolic acid or PLGA), which degrades compared to formulations with a greater 
glycolide concentration, significantly more slowly, is one of the most often used 
polymers. Polymers frequently have high surface energies that make implants less 
wettable and without charges that promote cell and protein attachment. Its restricted
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bioactivity may hinder cell adhesion, prolonging the healing process, and perhaps 
causing the development of fibrotic tissue. 

Using AM Surface Modifications on Polymeric Biomaterials 

Polymeric biomaterials have limited biomedical applications due to the lack of 
surface characteristics. While AM techniques can modify hatch and strut dimen-
sions, they minimal changes to surface energy. However, through nano- and micro-
topography, crystallography and modifications to chemical composition including 
AM can be used to modify surface energy. For instance, type I collagen was found 
to promote more effective bone replacement than CaP or CaP/5% wt.% collagen 
scaffolds when it was added to the binder of a ceramic 3DP process [53]. Simi-
larly, according to plasma or other chemical methods to attach functional groups can 
increase cell adhesion and proliferation, but are lengthy and require post-processing 
[54]. AM can create drug delivery systems with specific surface chemistries, topogra-
phies, and morphologies, which affect the rate of device resorption as well as the 
rate at which the drug dissolves into the tissue throughout it. The increased surface 
roughness can also increase the fixation of the implant [55]. 

6.4 Composite Biomaterials 

A composite material is a material formed by combination of two or more resources 
with the aim of achieving properties that are greater than those of the individual 
constituents. The composite material consists of a base material, the reinforcement, 
and a matrix. For instance, carbon fibers can be added to a polymer to increase 
its hardness, mechanical strength, and fatigue resistance. Bioenergetics and bioac-
tive ceramic materials are often used to produce composite materials that improve 
mechanical strength and bioactivity. For example, zirconia and hydroxyapatite (HA) 
can be used in combination to enhance HA’s mechanical qualities while main-
taining the ability to attach to bone tissue. Ceramic coatings are applied to metal-
based composite implants to increase biocompatibility, strengthen the implant, and 
facilitate the growth of bone on its surface. 

Ceramic reinforcements in polymer matrix implants, including HA, bio-glass, or 
calcium phosphates, can boost biocompatibility and raise the elastic modulus of the 
base substance, resulting in the mechanical properties of implants a closer resem-
blance to those of bone. This reduces the likelihood of stress shielding. Additionally, 
unlike metal implants, polymer-based composite materials have advantages over 
them, such as the lack of corrosion and toxicity brought on by the release of nickel 
or chromium metal ions, which could cause allergic reactions in patients. When 
compared to metal alloys and ceramic materials, polymer composites are suitable 
for diagnostic procedures like computerized tomography and magnetic resonance 
imaging (MRI), and do not obstruct radiographs [22].
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6.4.1 Ceramic-Ceramic Composites 

As comparison to HAP alone, biocomposites with a bioactive glass layer offer higher 
adhesion and mechanical strength while retaining the bioactivity of HAP. The Ti-6Al-
4V with bioglass-apatite coatings have been the subject of numerous research, which 
have revealed better mechanical properties. Particularly, ZrO2 and Y2O3 composites 
on Ti-6Al-4V have shown enhancement on mechanical characteristics and increased 
bioactivity [42, 43]. It has also been discovered that bioceramic-free composites, like 
porcelain wollastonite, have improved mechanical characteristics. Also, an animal 
investigation using composites of HAP and bio-inert alumina demonstrated excellent 
osseointegration with bone [56, 57]. 

6.4.2 Polymer-Ceramic Composites 

Metal oxides like ZnO, Al2O3, TiO3, and SiO2 are examples of inorganic materials 
that can be coupled with novel, high-performance materials. Thanks to research on 
polymer (organic)-inorganic composites. To enhance adhesion and microstructural 
homogeneity, a homogeneous PEEK/bioactive glass composite coating was created 
for NiTi. The PEEK polymer, which was present in the composite, provided the mate-
rial with good resistance to chemical and tribological effects as well as high strength, 
according to the researchers [58]. The different materials used for manufacturing 
biomaterials for medical devices are as shown in Fig. 3.

7 Sterilization of Medical Devices and Biomaterials 

Sterilization is a significant development in the production of many medical devices, 
as most devices must be free of living organisms and pyrogens to ensure patient safety. 
However, the choice of sterilization method is often not given due consideration 
during product development, and it is sometimes assumed that the process will be 
straightforward. There are many sterilization methods available, including traditional 
techniques such as autoclaving and ethylene oxide (EO) sterilization, as well as 
newer technologies like gamma irradiation and sterilization utilizing gas plasma at 
low temperatures. Every technique has both advantages and disadvantages, and no 
one approach works for all kinds of medical equipment [59]. 

Sterilization can affect the physical and chemical characteristics of biomedical 
polymers, and can lead to the production of toxic degradation products. Some steril-
ization methods, such as autoclaving, may not be suitable for certain types of biomed-
ical polymers due to changes in mechanical characteristics or the creation of degra-
dation products. EO sterilization is widely used in industry due to its ability to kill 
bacteria, spores, and viruses at low temperatures, but it has drawbacks such as residual 
gas and toxicity. Gas plasma sterilization is effective at sterilizing many materials, 
but it uses oxidative chemicals that can damage some biomedical elastomers [60].
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Fig. 3 Materials used in medical biomaterials

In conclusion, the choice of sterilization method is an important consideration in the 
development of medical devices. Each method has its own benefits and drawbacks, 
and it is essential to carefully consider the sterilization’s effect on chemical and 
physical characteristics of biomedical materials [61]. 

8 Regulatory Issues Regarding Biomaterial in Medical 
Device 

The advancements in additive manufacturing (AM) technology, particularly in 
creating nanoscale features and interacting with the human body, have opened up a 
range of possibilities [62, 63]. However, the increasing use of nanomaterials in AM 
also raises new concerns related to safety and regulation. The safety risks associated 
with nanomaterials are still not fully understood, in particular when these materials 
come into interaction with membranes and body fluids. Nanoparticles have been 
found to pose a specific risk owing to their extensive surface area, which can signif-
icantly alter the means by which chemical reactions react with their surrounding 
atmosphere.
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Additionally, these particles can pass through defenses like the blood-brain barrier 
because they are small enough. Regulatory restrictions are required for AM materials 
that come into touch with the human body in order to address these risks. The FDA 
has recognized the value of personalized medicine and the potential of AM in the next 
years. Devices developed using AM methods were to be subject to a set of regulatory 
standards to be established by the FDA. In May 2016, the FDA released a drafting 
guidance for 3D-printed medical devices that included its most recent opinions on 
device design and testing [64, 65]. 

The primary obstacle the business is now facing is acquiring FDA certification 
for the materials used in additive manufacturing. There needs to be minimal variance 
in mechanical attributes from build to build and testing criteria need to be estab-
lished. There are now just three ASTM standards in use for testing materials made 
via additive manufacturing. Additionally, the FDA is responsible for ensuring that 
patient-specific devices, also known as objection-of-care products, adhere to regu-
latory standards. These devices, along with those used for pharmaceutical and cell 
treatment produced via AM, are not yet covered by the drafted guidelines [25]. 

9 Future Prospectives 

Today’s implantable devices, although being the ultimate achievement of bioma-
terial science and the outcome of numerous years of research, struggle with the 
same challenges that have only permitted implants to be implemented as a support 
to non-surgical or grafting approaches. Despite being in its early stages, additive 
manufacturing has already caught the attention of biomaterials researchers as a fresh 
and potent tool for creating new devices and modifying the basic manner that we 
approach design. The future prospects of surface modification of biomaterials for 
medical devices are extremely promising. There is a growing emphasis on developing 
novel approaches for functionalization by grafting techniques, which can improve 
the performance of medical devices at the interfaces of biomacromolecules, cells, 
tissues, and biomaterials. 

One of the key areas of focus for future research is the development of surface 
modification methods that can enhance the biocompatibility of medical devices [66– 
68]. This is especially crucial in the case of implantable medical devices, where 
poor biocompatibility can lead to complications such as implant rejection or infec-
tion. Novel approaches such as plasma-induced graft polymerization and photo-
induced graft polymerization hold great promise in this regard. Another important 
area of future research is the development of surface modification methods that can 
improve the antimicrobial properties of medical devices. This is particularly impor-
tant given the growing problem of antibiotic resistance, which makes it difficult to 
treat infections that arise in the context of medical device implantation. 

However, more in-depth studies are necessary to address several issues in the 
future. Novel approaches such as ozone graft polymerization and radiation-induced 
graft polymerization may offer potential solutions in this regard. In addition to the
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creation of novel surface modification approaches, future research in this field is 
likely to focus on achieving greater precision and control over the grafting process. 
This may involve the use of advanced analytical techniques to better understand 
the mechanisms underlying surface modification, as well as the invention of new 
materials and scaffolds that are more amenable to surface modification. 

Overall, the future of surface modification of biomaterials in medical devices 
with the continued innovation and investment in this field, it is likely that we will see 
significant advancements in the design and performance of medical devices, leading 
to better patient outcomes and improved quality of life for individuals around the 
world. As global attention on medical implants and devices increases, the technology 
behind surface modification of polymeric biomaterials is expected to extend to an 
industrial level, opening up a wider range of biomedical applications [69, 70]. With 
continuous progress in this field, it is reasonable to believe that various biomedical 
applications will finally be achieved. However, more in-depth studies are necessary 
to address several issues in the future. 

10 Conclusion 

In conclusion, while implantable devices have come a long way through years of 
research in biomaterial science, they still have drawbacks that limit their application 
in comparison with non-surgical or grafting techniques. However, the emerging tech-
nology of additive manufacturing (AM) has the capacity to revolutionize the way we 
think about design and develop novel devices. By allowing for direct control over both 
bulk and surface characteristics in the three-dimensional space, AM enables the use 
of materials that were previously unsuitable for certain applications. Additionally, 
surface modification methods such as nanometer-scale electrochemical anodizing 
have the potential to improve cellular interactions and protein adhesion in biomed-
ical applications. With AM, we can look forward to personalized implants being 
created for each patient that are reliable, match their demands, and become the stan-
dard treatment for the many people throughout the world who are afflicted with 
illness and strategy that leverages. 
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Nanoporous Materials as Versatile 
Nanoplatforms for Drug Delivery 
Applications: Properties, Recent 
Progress, and Challenges 

R. Abdel-Karim 

Abstract Nanoporous materials (NPMs) are a class of materials in the quest for 
high-surface-area conductive and catalytic materials. Developing a broad spectrum of 
nanoporous materials has enhanced their extensive applications in catalysis, sensing, 
separation, and environmental, energy, and biomedical areas. Various types of pores 
like open, closed, transport, and blind pores in the porous solid allow them to adsorb 
drugs and release them in a more reproducible and predictable manner. According 
to the composition of the materials, the nanomaterials used in nano drug delivery 
systems (NDDSs) can be classified into organic, inorganic, and composite materials. 
In this book chapter, we present an overview of newly developed synthetic strategies 
for producing NPMs along with an in-depth discussion of the application of NPMs 
for drug delivery. The remarkable characteristics of NPFs are highlighted throughout 
this book chapter. Finally, challenges and future perspectives relating to nanoporous 
materials foams are concluded. 

Keywords Nanotechnology; nano drug delivery systems NDDS · Drug loading ·
Drug release · Drug loading content · Drug loading efficiency ·Mesoporous ·
Porous MOF · Porous organic carriers · Porous inorganic carriers 
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SCF Supercritical fluid method 
POPs Porous Organic Carriers 
MOFs Metal-organic frameworks 
HTCC Chitosan chloride 
NPCs NanoPorous Carbon 
OPL Oil palm leaves 
CaPNPs Nanoporous Calcium Phosphate 
ACP Amorphous calcium phosphate 
NPSi Nanoporous Silicon 
MPS Mesoporous Silica Nanoparticles 
CUR Nano-encapsulated curcumin 
PDT Presumptive Drug Test 
DMMA 3,4-Dimethoxy-N-methylamphetamine 
NPG Nanoporous Gold 
MPA Mercaptopropionic acid 
MNs Microneedles 
PMMNs Stainless-steel-based porous metallic microneedles 
NAA Nanoporous Alumina 
TNT Nanoporous Titana 
MCNPs Mesoporous carbon nanoparticles 
EPR Enhanced Permeability and Retention Effects 

1 Introduction 

The distinctive surface and structural characteristics of nanoporous materials NPMs 
include a large surface area, controllable pore sizes and pore geometries, and 
porous structures on the surface of the material [1]. These distinctive properties 
of nanoporous materials highlight their use in biomedical applications such as tissue 
engineering [2], implants [3], and targeted drug delivery [4]. 

NPMPs are favored in drug delivery systems (DSS) due to their superior bioavail-
ability, solubility, and retention time. Drugs that have been encapsulated in nanopar-
ticles are more effective than microparticles because of the nanoparticles’ enhanced 
localization, especially after extravasation. When a medicine is encapsulated, it is 
shielded from a breakdown in the bloodstream and can therefore reach its destination 
in one piece. To prevent the medicine from being diluted too much along the way, 
nanoparticles can be adjusted to target a specific organ or tissue. The use of nanopar-
ticles as drug carriers improves the drug’s efficacy, which may reduce adverse effects 
and healthcare expenditures [5]. Materials engineering is the basis for a wide variety 
of reactive stimuli systems, including those that are affected by changes in pH [6], 
temperature [7], magnetic strength [8], ultrasound [9], and light [10]. 

DDS is a vehicle that is able to control the rate of drug release and can be directed 
to certain areas of the body by adding specific groups to the applied materials. The
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therapeutic effectiveness of a medicine may vary greatly depending on how it is 
administered. DDSs are made to maintain a therapeutic effect throughout the course 
of treatment, all the way to the intended site. The small carrier structure must meet 
the following criteria: (1) it must be non-toxic and biodegradable; (2) it must have 
a high loading capacity; (3) it must be able to prevent drugs decomposition; (4) By 
modifying pore openings with caps, it must seal the drug to shield the body from any 
side effects and avoid the early drug release before reaching the target-location; (5) 
it must be able to guide the small carrier structure toward the target-site [11]. 

The nano drug delivery systems NDDs are classified into four primary groups 
based on the fabrication technique of nanomedicines. The first type is based on 
inert carriers, such as inorganic porous carriers. The carrier containing drugs as part 
of, such as linear and branched PDCs and infinite coordination polymer (ICP) I-
type nanomedicines is an example of the second type. Drug nanocrystals (DNCs), 
amphiphilic drug-DCs (ADDCs), metal-biomolecule frameworks (MBioFs), and ICP 
II-type, are some examples of the third type of nanomedicine, where no carrier is 
used [4]. 

The weight percentage of drug-loading content and drug-loading efficiency are 
calculated using Eqs. (1) and (2), respectively. 

Drug Loading efficiency (wt%) = Mass of loaded drug 

Initial mass of NPMs 
× 100 (1) 

Drug Loading efficiency (wt%) = Mass of loaded drug 

Mass of total drug in feed 
× 100 (2) 

Drug-loading efficiency is a measure of how well medications in the feed are 
utilized during the production of nanomedicines, meanwhile, drug-loading content 
is a measure of the weight ratio of drugs to nanomedicines carriers. Drug-loading 
efficiency is affected by the process of drug-loading, and the weight of the drugs in the 
feed. The drug-loading content is dependent on the structure, as well as the physical 
and chemical characteristics of the drug carrier. Crystallization and covalent and 
coordinate bonding frequently result in high drug-loading efficiency, while physical 
and electrostatic adsorption often leads to a reduction of drug-loading efficiency 
during the drug-loading process [4]. 

NDDS has been investigated in a number of different porous nanomaterials, both 
organic and inorganic, as well as hybrids. Many synthesizing techniques such as elec-
trochemical methods [12, 13], non-electrochemical methods [14, 15], sol-gel [16], 
microwave-based fabrication [17], combustion methods [18], ion beam irradiation 
[19], and pulsed laser approaches [20] are used in the production of NPMs. 

This book chapter presents an overview of newly developed synthetic strategies 
for producing nanoporous materials NPMs along with an in-depth discussion of the 
application of NPMs for drug delivery. The remarkable characteristics of NPMs are 
discussed throughout this book chapter. Finally, challenges and future perspectives 
of nanoporous materials are included.
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2 Drug Loading Techniques 

As illustrated in Fig. 1, drugs have been loaded into mesoporous matrices using a 
variety of approaches, including the process of physical mixing, techniques that are 
solvent-based, melt operations, processes based on supercritical fluids, techniques 
using microwave irradiation, the technique of co-spraying drying, and the surfactant-
assisted drug loading method [21]. 

2.1 The Solvent-Based Techniques 

In accordance with Budiman et al. [22], the solvent evaporation approach was used 
to efficiently load drugs onto meso silica (MS) using chloroform as the solvent. Due 
to its high efficiency and well-known unit activities like filtering and drying, this 
approach is appealing. 

2.2 The Co-spray Drying 

It is one of the solvent-based techniques. Jaime-Escalante et al. [23] presented an 
overview of the application of the spry drying technique for drug loading. The type 
of precursors, solvents, aging time, drying temperature, and pressure can affect the 
features of drug-loaded particles.

1) Solvent –based Methods 

Absorption 

Solvent evaporation 
Incipient wetness 

impregnation 
Diffusion supported 

loading 

Supercritical fluid technology 

One-pot drug loading 

Co-spray drying 

Covalent grafting 

2) Solvent- free Methods 

Physical mixing 

Melting method 

Co-milling 

Microwave -based 

Fig. 1 Schematic illustration of different methods of drug loading into porous matrix 
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2.3 The Supercritical Fluid Method SCF 

A review of the application of supercritical fluid technology for drug loading and 
delivery systems was presented by Chakravarty et al. [24]. SCF is non-toxic, inert, 
affordable, and ecologically benign. Many materials such as H2O, N2, Xe, SF6, N2O, 
C2H4, CHF3, ethylene, propylene, propane, ammonia, n-pentane, and ethanol have 
been used for the SCF process, with CO2 exhibiting the best behavior. 

2.4 The Physical Mixing 

It is one of the solvent-free techniques. The drug and mesoporous materials must 
be physically mixed to achieve a homogeneous dispersion. The adsorbent is added 
to the drug solution and stirred with a magnetic stirrer for an appropriate amount 
of time, followed by drying at 60 ºC. This technique can be applied for preparing 
multiple drugs [21]. 

2.5 The Melting Technique 

It is one of the solvent-free techniques. Melting the drug and the carrier together at 
high temperatures to create a physical mixture is the basis of the melting approach, 
which is both simple and solvent-free [21]. However, drug stability and thermal 
qualities are crucial and may restrict the process’s usefulness. 

2.6 Microwave-Based Methods 

It is one of the non-solvent-based techniques. Using microwave heating and/or elec-
tromagnetic field could cause drying, polymeric cross-linkages, and drug-polymer 
interaction, and can affect the structure of drug crystallites. Microwave technology 
has the possibility of managing physicochemical characteristics and drug delivery 
profiles without the use of excessive heat, drawn-out procedures, or hazardous 
chemicals [25].
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Table 1 Types and classifications of porous materials/carriers NPMs for drug delivery. Modified 
after Ahuja et al. [26] 

Pore category Pore 
aperture 

Pore formation 

1. Microporous <2 nm Mesoporous 

2. Mesoporous 2> and <50 
nm 

This type of pore is formed due to the presence of some 
structural defects 

3. Macroporous >50 nm The macroporous structure is a result of some structural defects 
such as cracks, fissures, and etching grooves 

Fig. 2 Different forms of 
porous solid particles. 
A—Surface roughness, 
B—ink bottle porosity (blind 
pores), C—closed porosity 
type, D—transport porosity 
or porosity through the solid, 
and E—cylindrical blind 
type [26] 

3 Properties and Characterization of Nanoporous 
Materials NPMs 

As indicated in Table 1, and according to the International Union of Pure and Applied 
Chemistry, micropores are defined as pores with a diameter of 2 nm or less, mesopores 
span 2–50 nm, and macropores are defined as those greater than 50 nm in diameter 
[26, 27]. 

As illustrated in Fig. 2, the pores in the solid particles could be irregularly shaped 
and connected. The open pores are connected to the solid’s external surface and can 
facilitate the drug’s diffusion through the solid. On the other hand, a closed pore is 
an isolated vacancy within a solid and does not permit the diffusion of an adsorbate 
through the solid materials. Blind pores do not lead to other pores or surfaces and 
connect to the outside surface to the internal microporosity [26]. 

4 Classifications of Nanoporous Materials (NPMs) Applied 
for DDS 

Below is a discussion of a number of organic, inorganic, and hybrid porous 
nanomaterials (Fig. 3) that have been investigated for drug delivery [28–35].
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NPMs in DDS 

Polymer 
POPs 

Natural 

Polysaccharides 
Chitosan, Dextran 
Cyclodextrins 
Alginates, Pectins 
Xanthan gum 

Proteins 
e.g SLPs , ELPs 
Gelatin, Collagen 
Albumin 

Synthetic 

Polyethers 
e.g PEG 

Polyester 
e.g PLGA 
PNIPAAM 

Poloxamers 

RP Polymers 
CPS, Lectins 
Transferrin 
SELPs 

Inorganic NPs 

e.g CaPNPs, 
Carbon-based, 
nPSi, Silica NSNs. 
np-Au, St St, 
Alumina , Titania, 
MOF. 

Intelegent 
NPs 

DNA 
RNA 

Fig. 3 Classification of porous nanoparticles NPMs in drug delivery systems DDS. Abbreviations 
SLPs: silk-like proteins type, ELPs: Elastin-like proteins type, PEG: Polyethylene glycol peloric 
type, PLGA: Poly (lactic-co-glycolic acid), PNIPAA<: Poly (N-isoppproplylacryla-mide), PF127: 
Pulronic F127, CPPs: Cell-penetrating peptides, SELPs: Silk-elestinlike protein type [28] 

4.1 Porous Organic Carriers POPs 

Porous organic substances are more frequently used in drug delivery systems due 
to their higher biocompatibility, lower cost, lower cytotoxicity, and lower immuno-
genicity than inorganic nanoparticles. This section reviews the main porous organic 
particles that are currently being explored and their most recent developments 
[30]. The morphologies of porous organic polymeric carriers include microspheres, 
porous fibers, porous microneedles, and hydrogel systems. As illustrated in Fig. 3, 
several synthetic polymers as well as many natural polymers, including chitosan, 
poly-sucrose, and alginate, have been used to create porous particles [31]. 

POPs are long-lasting porous substances produced by controlling the covalent 
bonding of stiff, multi-dimensional, organic building blocks using π-conjugation. 
POPs with interconnected gaps that are permeable to liquids, gases, and tiny 
molecules are created by the stiff building blocks. By adjusting the linker lengths, one
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may precisely control the pore volume, while functional groups serve as a foundation 
for further adjustments. POPs have an advantage over other materials because, like 
metal-organic frameworks MOFs, their constituent parts can be assembled precisely 
with enhanced atom economy. In addition, they can be strongly or weakly crys-
talline, and their crystallinity is dependent on how reversible the covalent connec-
tion that connects them is formed [32]. There are mainly four different types of 
synthetic methods for the preparation of crystalline polymers, (i) Ionothermal, (ii) 
Solvothermal, (iii) Microwave, and (iv) Mechanochemical grinding techniques [33]. 

Porous organic polymers (POPs) with low toxicity and high specific surface 
area are ideal as drug delivery vehicles. However, their potential applications were 
severely limited because POPs could not be metabolized and would accumulate in the 
body. By condensing D-Mannitol (MA) and biodegradable hexa (p-formyl phenyl) 
cyclotriphosphazene compounds, a well-designed and straightforwardly fabricated 
acetal-linked porous organic polymer, HCTP-MA, was produced. The oxygen-rich 
acetal links endowed the porous skeletons with strong polarity, which improved the 
drug loading capacity. Hydrogen bonds and van der Waals’ forces helped the poly-
hydric drug loading into the porous skeleton. The pH could allow for the acetal 
gatekeepers’ degradation and regulated release of cancer drugs [34]. According to 
Liu et al. [35] materials with an organic composition can have either natural or 
synthetic ingredients [35]. Sajid et al. [28] have investigated some natural as well 
as synthetic types of polymers as efficient drug-delivery tools for protein. Natural 
polymers were further subdivided into polysaccharide-based and protein-based poly-
mers. Meanwhile, synthetic polymers were subgrouped into polyesters, polyethers, 
poloxamers, and recombinant protein-based polymers. 

4.1.1 Natural Polymers 

Chitosan, albumin, alginate, hydroxyapatite, and hyaluronic acid are popular natural 
polymers that are currently used as drug delivery systems [36]. Additionally, some 
natural polymers such as apoferritin DN-Apo [37], arginine, dextrin, polysac-
charides, poly (glycolic acid), and poly (lactic acid) are involved in polymeric 
drug delivery systems [38]. Lv et al. [39] have encapsulated N-((2-hydroxy-3-
trimethylammonium) propyl) anticancer drug on chitosan chloride (HTCC), with 
enhanced drug transportation across the intestinal barrier to the target site. Small 
interfering RNA (siRNA)—a class of nucleic acid-based drugs—was applied as a 
targeted therapy protocol in combination with polymeric, organic, and inorganic 
nanoparticles. 

According to Suresh et al. [40] functionalized antibodies were added to gelatin 
nanoparticles. Collagen’s cousin, gelatin, is another natural molecule with a practical 
application: lowering the body’s immune response to drugs being administered intra-
venously. Gelatin was synthesized via a two-step desolvation procedure. Tris-glycine 
was used to quench excess glutaraldehyde. The obtained, porous gelatin hydrogels 
can provide high delivery efficiency with low toxicity due to the presence of the 
aldehyde groups.
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4.1.2 Synthetic Polymers 

POP morphologies, pore structures, and particular surface areas can be controlled 
using template techniques, template-free techniques, mechanical techniques, and 
control techniques such as electrospinning and 3D printing. The regulated release 
provided by POPs’ dual action, molecular receptors, and stimuli-response to heat, 
pH, and light can positively affect cancer treatment. There are many factors that 
can affect the performance of polymeric DDS such as; the polymer assembly and 
manufacturing with specific porous structures, hydrophilicity, functionalization, and 
stimuli-responsiveness with the right choice of preparation techniques. Some poly-
mers such as sodium polystyrene sulfonate and poly (fluoro acrylic acid) can serve 
as active drugs themselves [41]. 

According to Hao et al. [42], a triazine-based porous polymer containing thio-
phene units (2, 4, 6-tris (5-bromothiophene2-yl)-1, 3, 5-triazine [TBrTh]–1, 3, 5-
benzene-triyltriboronic acid pinacol ester [BTBPE]–CTF) was synthesized using 
one-pot Suzuki cross-coupling reaction. This material exhibited good drug loading 
and releasing behavior due to π-π stacking as a result of the highly conjugated struc-
ture and abundant nitrogen sites in triazine rings. Bialik et al. [43] presented a review 
on the application of biodegradable synthetic polyesters as macromolecular carriers 
of antihypertensive drugs. 

4.2 Inorganic Porous Carriers 

This category of NPMPs for drug delivery includes carbon-based, metals, metal 
oxides, calcium phosphates, and metal-organic frameworks (Fig. 3). 

4.2.1 Nanoporous Carbon NPCs 

Nanostructured carbon is an important vehicle for the delivery of therapeutics for 
a range of disorders [44]. As illustrated in Fig. 4, carbon nanomaterials are classi-
fied as CNT, fullerenes, nanodiamonds, and graphite as well as nanoporous carbon. 
Nanoporous carbon can be synthesized using one of the following techniques; 
activation, self-activation, template method, or self-templating.

Yallappa et al. [45] extracted biocompatible NPC from Oil palm leaves (OPL) by 
pyrolysis at 600 °C in N2 atmosphere, using a mixture of sulfuric and nitric acids 
(3:1 vol/ vol). NPC was combined with coumarin-6 (a fluorescence dye) for cellular 
imaging and drug delivery to cancer cells. 

Ejsmont et al. [46] synthesized ordered mesoporous carbon drug carriers applying 
a soft-templating method altered with the use of nitrogen precursors and via a hard-
templating method followed by chit with various morphologies. The loading capacity 
and drug release of carbon carriers toward losartan potassium (a drug used to treat 
high blood pressure) are affected by the specific surface areas and the amount of
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Fig. 4 Classification of carbon-based nanomaterials CBNs according to their shape and geometrical 
structure

acidic/basic oxygen-containing functional groups. Chen et al. [47] studied a drug 
delivery system of encapsulated protein/peptide molecules (Zadaxin) from CNTs 
controlled by electric fields. 

Ine´s A´vila [48] the efficiency of porous carbon materials prepared by an alumi-
nosilicate nano-templating technique and served as the carrier for sodium ibuprofen 
drug was investigated. The loading procedure conducted by either adsorption or 
evaporation under the effect of the pH of the release medium (1.8 and 7.4) was also 
studied. 

The kinetics of drug release can be calculated using different mathematical 
relations, such as the Higuchi equation (Eq. 3), the mathematical model by 
Korsmeyer–Peppas (Eq. 4), or the first-order model (Eq. 5) 

f = kH .t1/2 (3) 

f = kK .t
n (4) 

f = 1 − exp(−kF .t) (5) 

where f is the fraction of drug loading, kH is the constant used in the Higuchi method, 
kK is called the constant used in Korsmeyer–Peppas mathematical relation, n is the 
exponent, kF is called the rate constant in the first order equation, and t is the time 
taken for drug release [48, 49].
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4.2.2 Nanoporous Calcium Phosphate CaPNPs 

Rout et al. [50] fabricated magnetic nanoporous amorphous calcium phosphate/ 
CoFe2O4 nanocomposite with high surface area for anticancer drug delivery and dual 
imaging. The surface modification of the composite was achieved by the addition 
of N-phosphonomethyl iminodiacetic acid (PMIDA) and the formation of an imin-
odiacetic acid group. Sun et al. [51] synthesized porous amorphous calcium phos-
phate (ACP) with a surface area of over 400 m2/g-based on the Brunauer–Emmett– 
Teller BET method- by mixing phosphoric acid and methanol suspension containing 
amorphous calcium carbonate nanoparticles. The ACP synthesized showed cytocom-
patibility and high efficiency as a drug carrier for the bisphosphonate drug alendronate 
(AL) in vitro. The modified ACP showed long-term stability in the air, and water as 
well as in the α-MEM cell culture medium. 

4.2.3 Nanoporous Silicon NPSi 

NPSi is an excellent drug carrier based on its high porosity and surface area, biocom-
patibility, as well as biodegradability. For drug delivery systems, pore size is impor-
tant because drug molecules must be suitable in order to pass through the pores. The 
quantity of medicine absorbed by pores is directly proportional to their porosity [52]. 
Their photoluminescent properties and simple silicon electrochemical anodization 
manufacturing are two of their many benefits [53]. Some review articles can provide 
significant studies about preparation technologies, properties, and application of 
nanoporous silicon for drug delivery [54–56]. 

Yang et al. [57] synthesized highly porous Si by electrochemical etching tech-
nique. Porous Si nanoparticles are safe and have low toxicity because they degrade 
into orthosilicic acid in the body. Colloidal instability, decreased blood circulation 
retention times, and unpredictable behavior in vitro and in vivo systems are some 
of the disadvantages of this biodegradable and biocompatible material. Hernández-
Montelongo et al. [58] synthesized nPSi layers by electrochemical etching. The 
nanocomposites composed of oxidized nPSi (nPSi-Ox) microparticles cascade were 
treated with chitosan (CHI) and β-cyclodextrin (βCD) biopolymers. The as-received 
nPSi– βCD composites allowed a higher control in the drug release kinetic of flor-
fenicol (FF) compared to nPSi-Ox microparticles. Perrone Donnorso et al. [59] 
fabricated water-soluble nanoporous silicon nanoparticles (NPS) with the anodizing 
approach. Annealed nPSi can be used to load both hydrophilic and hydrophobic 
drugs. They showed improved luminescent properties and can prevent aggregation 
in a water solution with a higher therapeutic index compared to traditional drugs. 

4.2.4 Mesoporous Silica Nanoparticles (MPS) 

In 1992, liquid crystal shaping was first used to synthesize the M41S family of 
silicate and alumina silicate-mesoporous materials MPS. Members of this family
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include MCM 41 (Mobil Composition of Matter 41) with two-dimensional arrays of 
cylindrical pores 2–5 nm diameter, MCM-48 with a cubic three-dimensional structure 
having well-recognized bi-continuous channels with 2–5 nm diameter, and MCM-50 
with a laminar structure [60, 61]. 

Zhao et al. [62] fabricated SBA-15 and SBA-16 drug carriers characterized by 
thicker walls and larger pore sizes compared to MCM-X-type silica. The MCM-41 
and SBA-15 are ordered MS materials [62]. The mesoporous silica drug carriers are 
classified based on their size, shape, and country of production, such as Santa Barbara 
Amorphous-1, Santa Barbara Amorphous-15, Santa Barbara Amorphous-16, Mobil 
Composition of Matter type No. 41, Fudan University-type mesoporous material-
12, Korea Advanced Institute of Technology-6, and Korea Advanced Institute of 
Technology-5 type are examples. MS groups. MSU (Michigan State University), 
TUD (Technische Universiteit Delft), FSM (Folded-Sheet Mesoporous Material), 
as well as MPS (synthesized mesoporous silica), are also some categories of MS 
[63, 64]. 

Ahmidi et al. [65] presented a review of MPS nanoparticles as an important vehicle 
for anti-cancer. A normal MPS has a particle size of about 100 nm, a pore volume 
of about 0.9 cm3/g, a pore volume surface area of about 900 m2/g, and pore sizes 
of about 2 nm [66, 67]. Generally, the bioactive cargo is loaded into the extremely 
stable pores of silicon mesoporous materials. In a perfect world, cargo-loaded pores 
would be sealed off and discharged inside the cell. The capacity of MPS to withstand 
environmental stresses like changes in temperature and pH is a major benefit of these 
nanoparticles. Their large surface area and high pore volume enhance the loading of 
comparatively higher amounts of drugs. Meanwhile, their controllable and uniform 
pore size (3–50 nm) allows the functionalization of specific molecules onto the 
surface [68]. 

The mesoporous silica-based materials used for drug delivery systems have high 
biocompatibility, large surface areas, excellent compatibility with other materials, 
resistance to high temperatures, and chemical stability [69]. The drug release process 
using silica-based materials is dependent on the diffusion process, drug loading 
technique, the physicochemical properties of the drug, and the hydrophilicity of the 
platform [70]. 

Vallet-Regi et al. [71], manufactured two types of mesoporous silica (MCM-
41s) with different pore sizes as drug carriers for ibuprofen (model drug). Ibuprofen 
(under static conditions) showed different release profiles based on the drug charging 
technique. The rate of the ibuprofen drug release decreased by using MCM 41 with 
finer pore size. Wang et al. [72] synthesized mesoporous nano silica hollow spheres 
(NSHS) with an average dimension of 190 nm and SSA of 330 m2 g−1 using a 
microwave technique. These NSHS remained functional up to 700 °C when exposed 
to air. 

Mesoporous materials based on silica are useful for many DDS, such as imme-
diate drug delivery, targeted drug delivery, and stimuli-responsive systems. (CDDSs). 
The drug release rate from mesoporous silica can also be controlled by introducing
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suitable polymers or functional groups, such as CN, SH, NH2, and Cl. Multifunc-
tional DDS based on MSNs are currently under development to release anticancer 
medications on demand and in a targeted way while limiting the drug’s premature 
release. 

Manzano et al. [73] presented an overview of synthesizing, characteristics, and 
most recent applications of mesoporous silica for drug delivery. The siliation process, 
as well as the co-condensation process, are the techniques applied for functionalizing 
the surface of MPSs with the desired functional groups [74]. 

El-Ghannam et al. [75], investigated the efficiency of a porous silica–calcium 
phosphate nanocomposite (SCPC) as a drug delivery vehicle for 5-Fluorouracil (5-
FU) anti-cancer in vitro and in vivo, with minimal side effects. Meihua et al. [76] 
prepared superior core-shell mesoporous silica MPS coated with a CaP-hyaluronic 
acid hybrid for the drug delivery of anticancer. An additional hyaluronic acid layer 
was applied in order to target CD44 over-expressed cancer cells. 

Chen et al. [77] provided a review on nano-encapsulated curcumin (CUR) and 
its function in biomedical applications. It allows many pharmacological roles such 
as anti-inflammatory, anti-bacterial, anti-cancer, anti-Alzheimer, and anti-fungal. It 
has low bioavailability due to its limited absorption of water. 

According to Ellahioui et al. [78] photosensitizers’ anti-cancer efficiency can be 
improved through integration within MPSs, which decreases their tendency to aggre-
gate. Recently, Presumptive Drug Test (PDT) using MPSs modified with ruthenium 
(III) compounds was attempted, along with the ensuing sensitization. The ruthenium 
complex makes tumor cells more sensitive to light, which then destroys them. 

Liu et al. [79] took a different tack, employing the MPS as a synergistic inorganic 
nanohybrid instrument. Two distinct changes to the MPS surfaces turned them into 
“Janus” nanoparticles. Lung cancer cells’ CD44 receptors were successfully targeted 
by the HA ligand on the modified Janus MSNs, and the acidic pH of A549 cells 
triggered charge reversal in the DMMA molecules- a psychoactive drug, leading to 
increased absorption. 

Mesoporous silica nanoparticles (MSNs) can contain pharmaceuticals and bioac-
tive drugs that can be released when a variety of stimulus-responsive molecular 
“gatekeepers” or “nano valves” are activated by redux stimuli-, pH, temperature, and 
magnetic field stimuli [80]. 

4.2.5 Nanoporous Gold (NPG) 

Many important references are recommended for reviewing the production, char-
acterization, and modification of NPG as a tool for drug delivery systems [81, 
82]. As illustrated in Fig. 5, there are three common electrochemical techniques 
for the production of NPG on a solid support. (1) electrochemical etching, (2) 
electrodeposition, and (3) chemical and electrochemical dealloying [83].

Neupane et al. [84] developed NPG wires modified with thiolated β-cyclodextrin 
HS-β-CD drug delivery system containing DOX- anti-tumor drugs. The drug release 
from this implantable and biocompatible material was activated by pH- stimuli,
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1) Electrochemical Etching 

• Advantages:Ease of fabrication, no corrosive electrolyte, and few 
surface contaminations. 

• Disadvantages: Challenging control of pores and ligaments size 
and long duration. 

2) Electrodeposition 

• Advantages: Simple procedure, no alloy preparation is required and 
it is possible to construct a stable, highly pure structure. 

• Disadvantages: The formation of thicker structures and controlling 
the size of pores and ligaments  are all challenging. 

3) Dealloying 

• Advantages: Simple process, large batches of samples can be 
created simultaneously. pore and ligament sizes can be simply 
adjusted, ideal for np-Au complexes that can support themselves, 
better control over the size of the pores and ligaments by using 
layers, no requirement for extremely corrosive solvents 

• Disadvantages: Corrosive solvents, presence of impurities from 
less noble elements, fragile nature, time consuming in case of 
thick and large electrodes, fresh electrolytes should be used for 
echa batch due to electolyte contamination. 

Fig. 5 Different approaches of nanoporous np-Au fabrication, advantages, and disadvantages of 
each process

showing a lower rate at the physiological condition and an accelerated release under 
acidic conditions. NPG materials are characterized by ease of size regulation, ease of 
manufacturing, mechanical and chemical stability, control of pore size, and ease of 
surface modification and drug loading. On the other hand, NPG is not biodegradable 
and should be removed after application. 

The regulated porous architecture of np-Au is very important for the field of 
nanomedicine. The stability and efficiency of drug distribution are enhanced by 
capping groups on the surface of the porous gold carriers, and the mechanism of 
action is determined by the size of the carriers [85]. 

Kang et al. [86] synthesized NPG using templated pulsed electrochemical deposi-
tion technique for producing Ag–AgAu nano-segments followed by selective etching 
of the more active Ag phase. The dimercaptosuccinic acid (MSA) modified NPG 
showed the best performance of light-stimulated drug-releasing response for doxoru-
bicin drug compared to those of the mercaptopropionic acid (MPA) modified NPG 
and the bare NPG.
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4.2.6 Nanoporous Stainless Steel StSt 

Bae et al. [87] synthesized nanoporous stainless steel by surface electropolishing at 
a steady voltage of 20 V and 10 A for 10 min in an acidic atmosphere (50% H2SO4). 
The drug loading and release rates of everolimus (EVL-immunosuppressive agent) 
were studied. The pre-polishing group had a greater drug storage rate (i.e., a lower 
drug release rate), and the post-polishing group had a higher overall amount of EVL 
on the surface (i.e., a higher drug storage rate). 

Microneedles (MNs) are one of the biomedical tools that can facilitate transdermal 
drug delivery by piercing human skin and providing transport conduits across the 
stratum corneum with a thickness of 10–15 μm. Stainless steel-based porous metallic 
microneedles (PMMNs) are fabricated by hot embossing, debinding, and sintering 
processes using stainless steel powder, pore fillers, and binders [88]. 

4.2.7 Nanoporous Alumina NAA 

Nanoporous anodic alumina (NAA) is an important inorganic porous material used 
recently for biomedical applications. A two-step anodization process is applied for 
synthesizing NAA templates with the superior ordering of nanopores. NAA is char-
acterized by low conductivity, optical transparency, chemical inertness, and more 
recently, biological stability and biological compatibility [89]. Pourmadadi et al. [90] 
presented a review of the biomedical application of porous alumina with a focus on 
drug delivery systems. Properties such as biocompatibility and cytotoxicity as well as 
production techniques and novel strategies for improving the therapeutic efficiency 
of alumina-based nanocarriers have been reported. Synthesis methods for preparing 
alumina and alumina-containing composites include co-precipitation, hydrothermal, 
sol-gel, evaporation-induced self-assembly, as well as electrochemical anodizing. As 
illustrated in Fig. 6, in addition to the conventional anodization strategies mentioned 
above, there are several other types of modified anodization approaches that can be 
applied to obtain more complex structures [91]. Jeon et al. [92] created a hybrid 
system that combines NAA chips with electrically sensitive polymers, using electro-
polymerizing polypyrrole doped with dodecyl benzenesulfonate anion (PPy/dB) on 
top of NAA templates. This polymeric blend was subjected to a large volume change 
in order to accomplish pore mouth actuation by an external electrical stimulus.

4.2.8 Nanoporous Titana TNT 

TNT-based implants are significant nanomaterials for regulated drug delivery. 
Numerous electrochemical techniques are used to create porous titanium nanotubes 
(TNTs). The drug delivery procedure can be controlled by many factors such as; 
the dimensions and charges of drug molecules, the dimensions of nanotubes, the 
charge and surface chemistry of nanotubes, the interfacial interaction between drug
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• Production of anodic Alumina nanotubes1) Pulsed anodization 

• Funnel like structure.2) Modified anodizing 

• Multilayered.3)Stepwise pulsed anodozing 

• Hierachical.4) Assymetric two steps anodizing 

• Serrated nanochanels5) Anodizing approch using low 
voltage and high temperature. 

• Modulated 6) Alternating mild anodizing MA 
and hard anodizingHA conditions. 

Fig. 6 Different anodization approaches used for fabrication of NAA with different morphology

molecules and nanotube surface, the rate of drug solubility, the diffusion coefficient, 
and finally the pH of the electrolyte [93]. 

The drug delivery system is a diffusion-controlled process, which can be studied 
by Fick’s first law. The molar flux (J) of drug molecules is dependent on the concen-
tration gradient (dc/dx), as presented by Fick’s first law of diffusion presented in 
Eq. (6). According to Fick’s second law presented in Eq. (7), the second derivative 
of the concentration change with distance determines how fast the concentration of 
a solution c is changed at a given position in space. It addresses how the gradient of 
concentration can alter over time and at any distance. When a drug release complies 
with Fick’s law, it is referred to as Fickian diffusion; when it does not, it is considered 
as non-Fickian or anomalous diffusion [94]. 

J α 
dc 

dx 
orJ = D. 

dc 

dx 
(6) 

dc 

dt 
= D. 

d2c 

dx2 
(7) 

where dc is the change in drug concentration in (g/cm3), dx is the change in distance 
(cm), D is the diffusion constant in (cm2/s), J flux in (g.cm−2 s−1), and dt is the time 
in (s). 

Aw et al. [95] created TNT-based drug delivery systems with an extended-release 
capacity, preventing the breakdown of fragile drugs and proteins. Furthermore, 
polymeric carriers containing different drugs were loaded in the TNTs providing 
a time-controlled drug release system. Combined NAAs and TNTs were structures 
designed with sensing functions by applying external stimulating resources (thermal, 
magnetic, electromagnetic, ultrasonic, or mechanical activation) [89].
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4.2.9 Metal–Organic Frameworks (MOFs) 

The drug release process from MOFs is characterized by controlled, delayed liber-
ation of the drugs via matrix breakdown, in contrast to other nanocarriers, which 
usually release the drug molecules in a burst. BioMIL-1 MOFs containing iron 
demonstrated up to 75% higher nicotinic acid loading and controlled drug delivery 
compared to native MOF structures. MOF-based delivery devices have been used to 
accomplish multimodal medicine administration and imaging by combining these 
approaches. Notably, MOFs can carry different types of drugs utilizing the nonco-
valent approach, including drugs with controlled drug release patterns and no burst 
effects, such as cisplatin and ibuprofen. Zeolite and mesoporous silica are useful for 
constructing robust frameworks because they do not trigger a burst-release reaction 
in MOF complexes [89]. 

Yang et al. [96] provided a review focusing on the stimuli and multi-stimuli-
responsive. MOFs applied for drug delivery systems. MOFs-based DDSs are char-
acterized by accurate pore size, adjustable composition and structure, controllable 
size, variable functionality, high loading capacity, and improved biocompatibility. 
Many metals such as Fe, Zn, Zr, Mn, Mg, and Cu are widely used for the manufac-
turing of MOFs, due to their reasonable toxicity as measured by oral lethal dose 50 
(LD50). MOF-based materials are characterized by malleable structures that allow 
for a wide range of morphologies, compositions, sizes, and chemical properties, 
making them ideal as drug delivery systems. Finally, weak coordination connections 
allow MOFs to be biodegradable [97]. 

The chemical characteristics of MOFs can be modified by adding some inorganic 
clusters and/or organic ligands, which is not the case with other porous materials. 
Some metal-organic frameworks (MOFs) have lanthanide elements, for instance, 
fluoresce when exposed to ultraviolet light. Furthermore, the organic compounds 
can be modified either before or after synthesis to incorporate the desired func-
tional groups [98]. Production techniques of MOFs include; microwave-assisted 
solvothermal synthesis, reverse-phase microemulsion synthesis, electrochemical 
synthesis, techniques of dry-gel conversion, preparation techniques using a microflu-
idics device, mechano-chemical or sonochemical synthesis, synthesis using step-by-
step, and high-throughput methods. Figure 7 summarizes the benefits and drawbacks 
of the above-mentioned manufacturing techniques [99].

One of the most crucial and significant properties of MOFs’ is their capacity to 
interact with biological systems in response to a variety of stimuli, including pH, 
temperature, light, magnetic field, pressure, glucose level, and numerous stimuli-
responsive systems. This characteristic enhances the solubility of amorphous and 
poorly soluble medicines and allows for precise and sustained drug release [100]. 

According to Al Haydar et al. [101], different types of biocompatible MOFs such 
as Ca-MOF and Fe-MILs (53, 100, and 101) were synthesized using a solvothermal 
process and applied for FBP delivery. The percentage of FBP drug release was 
evaluated using the following Eq. (8);
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1) Nonsolvothermal Approach
- Working under normal 
pressure, simple process.
- Long process duration, low 
yield, large particles size. 

2) Solvothermal 
Approach

- Finer and more uniform 
crystals than non-
solvothermal. 
- Long duration process. 

3) Microwave -Assisted 
Solvothermal Approach

- Environmently-friendly, fast.  - 
Regulated structure and pore size 
with high yield.
- Recognized particles mono-
dispersity.
- Special device is needed. 

4) Sonochemical Approach
- Simple and environmently-
friendly with short duration. 
- Recognized monodispersity.
- Excesive soni
- Low yield process. 

5) Mechanochemical 
Approach

- No Solvent, low-cost and high-
throughput production.
-High energy and high materials 
consumption, and remarkable 
structure change. 

6) Electrochemical 
Approach

- Increased solids content.
- Special equipments are 
required. 

Fig. 7 Schematic illustration of MOFs manufacturing techniques and their characteristics

%Release = Actual drug released at any time (mg) 
Amount of drug loaded within MOF (mg) 

(8) 

Zhang et al. [102] synthesized mesoporous silica nanoparticles (MSN)-ZnO 
hybrid composite through electrostatic contact. The amine-functionalized meso-
pores were loaded with 0.02 mg/mg of indocyanine green (ICG). These QDs were 
combined with the drug erlotinib (ER) in order to target overexpressed EGFR recep-
tors. EGFR is the epidermal growth factor receptor protein involved in cell signaling 
pathways that control cell division and survival. The hybrid’s surface functionaliza-
tion with N-(4-bromopthaloyl)-chitosan has positively affected the interaction with 
ER and increased its solubility. 

According to Sun et al. [103] gold NRs-Capped and Ce6-doped mesoporous silica 
nanorods hybrid, were for photosensitive and hyperthermic anti-cancer treatment. 
The removal of gold nanorods from the MPS nanorods’ surface under the effect of 
photothermal therapy (PTT) was followed by photodynamic therapy (PDT). Zhao 
et al. [104], synthesized a fluorescent mesoporous silica-carbon dot nanohybrid via 
a microwave-assisted solvothermal process. 

5 Conclusions, Challenges, and Future Prospective 

Nanoporous materials NPMs with controlled porous structure, microstructure, 
specific surface functionalization, and varied geometries are significant tools as 
drug delivery systems DDS. Different manufacturing technologies, including elec-
trochemical methods, non-electrochemical methods, sol-gel, microwave-based fabri-
cation, combustion methods, ion beam irradiation, and pulsed laser approaches, can
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easily synthesize nanoporous materials. Currently, research is shifted toward the 
use of several materials in combination to combine various therapeutic modalities 
and regulate drug release. In addition, researchers working in these areas should 
concentrate on the scalability of the synthesis methodologies. 

Advanced DDS include biodegradable, natural or synthetic polymers, inorganic 
(metals, ceramics, carbon-based), and hybrid porous nanomaterials. For example, 
mesoporous carbon nanoparticles (MCNPs) still encounter the following unresolved 
issues in drug delivery systems: (1) standard technologies to produce MCNPs with the 
suitable size and hydrophilic surfaces for injection of medication; (2) inappropriate-
ness of conventional oxidation methods used for the surface modification of MCNPs 
due to partial destruction of the carbonaceous framework and the mesostructure of 
MCNPs; and (3) the constrained availability of MCNPs [4]. In the case of NAA, 
more research should be focused on some industrial factors, such as the processing 
technique of the nanoporous alumina NAA powder, and the sintering temperature, 
rate, and time, which can affect the behavior of alumina [90]. 

• Some ideas are recommended for the future development of porous organic 
polymers POPs: 

• Standard nPOP synthesis techniques need to be allocated in order to facilitate the 
clinical transition of anti-cancer drug delivery, 

• The majority of POPs are made for passive targeting based on Enhanced Perme-
ability and Retention (EPR) Effects; adding an active targeting technique will 
support drug presented at the location of cancer cells. 

• More focus on the post-synthetic modification capability of POPs may enable 
liposome and biomolecule-modified nPOPs, 

• Crystallinity is occasionally neglected in favor of shape, size, stability, and bio-
dispersibility. However, a full investigation of how crystallinity affects cancer 
therapeutic effectiveness is still lacking. 

• Studying the high toxicity of cancer medications has been a major worry [32]. 

Organometallic frameworks MOFs with their morphology, substantial surface area 
and porous structure, adaptable pore size, and simplicity of chemical functional-
ization are promising nanocarriers for DDSs. For synthesized MOFs, it is essential 
to thoroughly evaluate the biocompatibility, toxicity, and solubility of the chosen 
building blocks and metal nodes [96]. 
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Abstract Cardiovascular diseases are a worldwide issue, accounting for a significant 
number of deaths each year. Various types of prostheses made of synthetic textile 
fibers were initially used to treat cardiovascular diseases but were later abandoned. 
This is because it was found that the degradation of the implantation causes some 
of the polymers to lose mechanical strength. These polymers would also pollute the 
environment significantly. It became crucial to create a biomaterial that would be 
stable for a longer time while generating little to no pollution as a result. As collagen 
defines the majority of tissues, it is extensively used in cardiac tissue engineering and 
regeneration. Collagen networks are typically highly organized three-dimensional 
structures that entrap other materials. This chapter will discuss various methods for 
using collagen-based biomaterials in treating cardiovascular diseases, both existing 
and in development. 
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CB Cardiovascular Biomaterials 
CVD Cardiovascular disease 
DDS Drug Delivery Systems 
ECM Extracellular Matrix 
GAGs Glycosaminoglycans 
MI Myocardial Infarction 
PCL Polycaprolactone 
PEG Polyethylene glycol 
PET Polyethylene terephthalate 
PHEMA Poly (2-hydroxyethyl methacrylate) 
PNIPAAM Poly (N-isopropyl acrylamide) 
SM Stem cell 
TE Tissue Engineering 
VEGF Vascular Endothelial Growth Factor 
3D 3 Dimensional 

1 Introduction 

A multitude of illnesses affecting the heart and blood vessels are referred to as “car-
diovascular diseases” (CVDs) [1, 2]. They consist of cerebrovascular disease, coro-
nary heart disease, congenital heart disease, pulmonary embolism, deep vein throm-
bosis, etc. [2–6]. Myocardial infractions and strokes commonly occur suddenly. A 
blockage that halts the flow of blood to the heart or brain, respectively, is the main 
cause of the acute episodes. The most prevalent cause of this is fatty buildup on 
the inside surfaces of blood arteries that transport blood to the brain or heart [3, 4]. 
Strokes may be caused by blood clots or hemorrhages from a brain blood vessel. The 
word “biomaterial” refers to any material that interacts with biological systems. They 
can be created in the lab using metallic, polymer, ceramic, or composite materials, or 
they can be natural or synthetic materials derived from nature [5–7]. To enhance or 
replace a natural function, biomaterials are commonly used in medical devices [3– 
5]. Examples include hip replacements, heart valves, and supplies frequently used in 
surgery and dentistry. Biomaterials play a crucial part in modern medicine, helping 
patients recover from illness or damage by restoring function [6]. In therapeutic 
settings, biomaterials are employed to sustain, enhance, or replace damaged tissue 
or bioactivity. Ancient Egyptians were the first to use biomaterials; they did it by 
using sutures made of animal sinew [2, 5, 6]. The study of biomaterials nowadays is 
influenced by a variety of scientific fields, including engineering, medical science, 
biology, physics, and chemistry [5]. The growth of field has been significant over 
the past decade as a consequence of developments in TE, regenerative medicine, and 
other fields. Implants for hearing loss, dental implants, prosthetic joints, ligaments, 
tendons, heart valves, stents, and grafts are all examples of medical implants [7–9]. 
Using dissolvable bandages, stitches, clamps, and staples to close wounds can all
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hasten the healing of human tissues [10]. Cells, bioactive substances, and biomate-
rial scaffolds have all been used to regenerate human tissues [3, 8, 10]. One example 
is a lab-grown human bladder, and another is a hydrogel that regenerates bone [8– 
11]. Additionally, biocompatible molecular probes and nanoparticles are employed 
to help cancer molecular imaging and therapy [12]. Biosensors are used to quantify 
and communicate information about the presence and amount of certain chemicals. 
Sensors that gauge brain activity and blood glucose levels are two examples [10–12]. 
Researchers are looking towards drug delivery systems that either apply or transport 
drugs to a medical goal [5–8]. Examples include vascular stents coated with drugs 
and implanted chemotherapy wafers for cancer patients [8–10]. The cardiovascular 
system is one of the most significant applications for biomaterials. Cardiovascular 
biomaterials are anticipated to account for most of the market for biomaterials in 
2014, with a value of around $20.7 billion [10–12]. Cardiovascular biomaterials 
(CB) must mix with the surrounding environment and be compatible with blood 
to be employed [5–8]. When utilizing CB, two important considerations should be 
given equal weight: the material’s physical and mechanical qualities, including its 
strength, deformation, fatigue, creep, resistance to friction and wear, flow character-
istics, pressure loss, and other designed features [7–9]. There should also be consid-
eration for biocompatibility, which describes how a substance interacts with tissue 
[8]. To analyze and evaluate these features, various in vivo and in vitro experiments 
must be carried out [7–10]. 

1.1 Synthetic Methods and Their Issues with Environment 

Traditional tissue-engineering frameworks will not be applicable to the myocardium 
and the treatment of conditions like myocardial infarction; instead, the concept 
of an implanted biological substance that transmits information and perhaps cells 
is significantly more important [13]. The overwhelming majority of injected cells 
die as a result of environmental stress brought on by the absence of a dimension-
ally flexible biomimetic microenvironment, as well as direct exposure to free radi-
cals, oxygen stress, and inflammatory cytokines for any cells administered into the 
myocardium [14, 15]. Since hydrogels are the most likely choice, this necessitates 
the development of specialized biomaterials that can successfully transport cells to 
the myocardium [12, 16–18]. Natural and synthetic hydrogels were investigated. In 
addition, while poly (ethylene glycol) (PEG), poly (2-hydroxyethyl methacrylate) 
(PHEMA), and poly (N-isopropyl acrylamide) (PNIPAAM) have some applicable 
characteristics, they are unlikely to satisfy all the criteria in the absence of additional 
biological functionalization and activity [14]. Due to the fluid nature of the heart’s 
setting, strong elastomeric hydrogels should also provide ideal tissue compliance, 
and conductive materials could allow electrical signal transmission during cardiac 
action [14, 17, 18]. 

Again, collagen and fibrin are of special relevance as natural ECM components 
that could offer a firmer basis for building the necessary hydrogels [9–12]. Given
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that it is challenging to give such hydrogels the essential stiffnesses, more advanced 
molecular engineering techniques may be required [13–15]. The development of 
“small molecular hydrogels” is dependent on peptides like DFEFKDFEFKYRGD, 
which in turn has been proven to provide a scaffold for mesenchymal stem cells 
altered with hepatocyte growth factor to maintain cardiac rhythm, post infarction 
while reducing ventricular remodeling in an animal model [17, 18]. It is important 
to investigate this approach even if these are obviously quite different from the 
previously established cellular engineering scaffolds [15–18]. 

1.2 Development of Biomaterials From Collagenous Tissue 

Collagen is perhaps the most widely utilized organic polymer for uses in tissue engi-
neering since it is present in the ECM of almost all human tissues [11–14]. Since the 
first analysis of the relationship between cells and acquired collagen was conducted 
in the early twentieth century, collagen has been employed as a biomaterial [15–18]. 
Collagen is used for biological applications because of a variety of characteristics 
that make it a great material: Benefits include biodegradability, poor antigenicity, and 
excellent biocompatibility. Cell receptors which can recognize a particular sequence 
of peptide inside collagen molecules help to further increase cell adhesion [12, 13, 
15, 16]. As an added bonus, collagen, one of the most common and well-preserved 
proteins in vertebrates, may be extracted from a variety of sources. Bovine tendons 
and skin are frequently used in extraction of collagen, which makes it an affordable 
option for scaffold-based tissue engineering [19–22]. Since the 1970s, the applica-
tion of collagen as a framework for the construction of a DDS has piqued the interest 
of numerous investigators throughout the world for multiple applications, like regen-
eration of bone, ocular, heart, and brain medicine [18–20]. Various role of collagen 
in cardiovascular medicines is shown in Fig. 1.

As a result of complicated design of cardiac structure, such as heart valves, tissue 
engineering solutions for heart disorders primarily rely on implantation and colo-
nization of the acellular matrix. However, the effectiveness of xenogenic cellular 
heart valves remains a concern because of their high immunogenic potential and 
proclivity to calcify [23–25]. This immunologic problem prompted the creation of 
readily accessible human acellular scaffolding for heart and vascular reconstructive 
surgery, such as Cryolife®, which provides tissue replacement spanning from valves 
in the heart to vascular conduits [25, 26]. Collagen-based biomaterials are crucial for 
regenerative medicine and transplantation. Collagen is still the protein of priority for 
production of biomaterials due to its low immunogenicity and great biocompatibility 
[23]. It can be taken from a variety of tissues and combined with other molecules like 
stem cells, angiogenic factors, or grafted during CABG surgery [19, 23, 25]. In the 
laboratory, it can be used to replace decellularized ECM for fundamental investiga-
tions or as a tissue substitution material for medical purposes [27–30]. The majority of 
current research is directed at improving the mechanical strength, biodegradability,
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Fig. 1 Role of Collagen in Cardiovascular medicines

or delivery features of collagen-based composites for medical purposes [31–34]. 
Effect of collagen scaffold with various materials is shown in Fig. 2. 

Collagen-based biomaterials can be created using two basic processes. The first 
is a decellularized collagen, also known as a matrix, that preserves its original cell 
shape and ECM structure [30–32]. The second method creates a useful scaffold 
by purifying, extracting, and polymerizing collagen [33–35]. Both procedures can

Fig. 2 Effect of collagen scaffold with various materials 
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go through a range of cross-linking technologies and methods that are suitable for 
different tissue sources and species of origin [35–37]. 

Collagen can be utilized as a vascular implant (or stent), a component of artificial 
heart valves, and an outer coating for cardiovascular stents since it is “hypoaller-
genic,” or less prone to induce allergies [37–39]. Heydarkhan-Hagvall et al. devel-
oped a 3D electrospinning hybrid scaffold for cardiovascular tissue engineering that 
utilizes collagen/elastin/polycaprolactone (PCL) [37, 38]. Recently, a functional, 
bilayer PCL/silica nanofibrous and PCL/collagen vascular graft with a tiny diameter 
was created. Its makeup encourages quick healing and delays blood vessel aging or 
replacement by native blood vessels [38–40]. 

1.3 Advantages and Disadvantages of Collagenous Tissue 

Although collagen has been widely used in the synthesis of biomaterials in recent 
years, it comes with a lot of benefits and drawbacks. As the primary protein in 
all connective tissues and a component of ECM, the collagen family is one of the 
most prevalent protein families, and has been recognized for a long time as having the 
potential to serve as the foundation for biomaterials, either as natural, unaltered tissue 
grafts or as manufactured goods for cardiac repair [41]. It has been proposed that 
therapy using an injectable collagen-based matrix might mediate apoptosis, vascular-
ization, and regeneration to offer functional recovery in models of ischemia, necrosis, 
and/or infarction. The adhesion of cells to scaffold and grow has been facilitated by 
the use of them as matrices in conjunction with various anchoring materials [42, 43]. 
Collagen matrix has been shown to mediate several healing pathways and stop the 
progression of cardiac decompensation after MI. The healing of the myocardium is 
also observed to be significantly impacted by the timing of the collagen hydrogel 
application. Timing of collagen matrix hydrogel distribution impacts its ability to 
inhibit adverse remodeling, minimize scar size, and enhance infarcted heart perfor-
mance [44]. Collagen is typically added to hydrogels formed of fibrin to boost their 
mechanical strength and to attract endothelial cells for heart regeneration. A study 
using hydrogels has demonstrated that the production of cardiac cells from embryonic 
cells may be controlled by the addition of collagen to the ECM. Hydrogels with lower 
concentrations of collagen in the ECM are less capable of differentiating hESC into 
cardiac cells than those with higher collagen content [45, 46]. Another key advantage 
of collagen as a biomaterial is that there is very little chance that an immune reaction 
will arise. In addition to this collagen has the capability to interact with the host and 
either support new host tissue or act as a scaffold for the production of new tissue 
before reabsorption [47]. In order to reduce blood loss and improve biocompati-
bility with the surrounding tissues, collagen is also employed as a coating material 
for PET grafts [48]. Another interesting characteristic of collagen is its composite 
formation with other polymers. Increased angiogenesis and thickness of ventricular 
wall were seen after a VEGF-collagen patch was put onto a heart with a damaged 
right ventricular free wall. When given with a fibrin glue hydrogel rather than alone,
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intramyocardially delivered BM-MSC in a rodent Myocardial Infarction model lived 
longer. The result was an upgrade in Cardiac function, and recovery was associated 
with a smaller scar. These results suggested that growth factor immobilization on a 
collagen patch enhances heart healing through the encouragement of cell recruitment 
and proliferation [49, 50]. The strong thrombogenicity of collagen has led to its use 
as a hemostatic agent. One of the key players in the coagulation cascade is collagen. 
Numerous collagen-based hemostats are available or being tested in clinical settings 
for a variety of surgical procedures. A sealant made of cow collagen and bovine 
thrombin is one of these, used for spinal and cardiovascular surgery [51]. 

Despite the above said advantages, there exist certain disadvantages of using 
collagen tissue as a biomaterial for treating cardiovascular diseases. Low immuno-
genicity, a porous structure, high permeability, biocompatibility, and biodegradability 
are only a few advantages of collagen. Although collagen may be obtained and puri-
fied from a number of sources, type I collagen is difficult to get since the pure form is 
costly. Collagen scaffolds lose their structural stability and mechanical strength after 
being hydrated, which limits their application in certain tissues [52]. Collagen’s 
biodegradability is an intriguing quality that can be both a benefit and a draw-
back. The treatment is rendered worthless if the collagen breaks down before the 
treated tissue has healed entirely. Bovine spongiform encephalopathy and trans-
missible spongiform encephalopathy are risks connected with biomaterials made 
from collagen taken from cattle. When used as a biomaterial alone, collagen has 
a poor mechanical strength. However, when mixed with other polymers, such as 
GAG and chitosan, their impacts increased their mechanical strength while simulta-
neously lowering the porosity of the resultant scaffold [53]. Collagen isolated from 
different sources has variable crosslinking density, fiber size, impurities, and porosity. 
Comparing Endothelial Progenitor Cells embedded in blood vessel-derived dECM 
to collagen hydrogel, they showed greater capacity for proliferation and improved 
creation of vascular networks during the healing of cardiovascular injury [54]. 
Another problem is the brittleness and temperature sensitivity of collagen scaffolds, 
whether crosslinked or decellularized. As a result, these biomaterials are usually 
unable to withstand physiological burst pressures [55, 56]. Another drawback is that 
the scaffolds cannot be sterilized using normal high-heat techniques. The molec-
ular makeup of the collagen scaffold is altered by alternative sterilizing techniques 
using low-dose gamma irradiation, which also reduces its mechanical and enzymatic 
resilience [57–59]. The potential for producing a substrate for arrhythmia is yet 
another significant worry with the use of biomaterials. ECM-based biomaterials also 
have limited control over the kinetics of their degradation. Purified non-crosslinked 
collagen hydrogel, for instance, survived only for a few days after injection into 
the heart, yet, after seven weeks, crosslinked high-density collagen scaffolds in pig 
muscle only partially degraded [60–62]. Despite the generally low immunogenicity 
of ECM-based biomaterials, it has been demonstrated that leftover nucleic acids and 
cell membrane epitopes may cause an unfavorable immune reaction after implanta-
tion [63, 64]. Progressive collagen degradation in swine valves has also been shown 
to result in significant ultrastructural, pre- and post-implantation alterations. This 
process appears to be accelerated by the removal of the endothelium and acid muco
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polysaccharides during commercial processing of swine valves, which allows plasma 
proteins to diffuse into the valvular structure [65, 66]. 

1.4 Challenges and Future Scope 

Despite the enormous discoveries and improvements made in the field of cardiac 
tissue engineering, a lot more research is still needed to effectively treat cardiovas-
cular illnesses, which are a significant global concern. One such field is the application 
of biomaterials. Biomaterials are widely employed in the disciplines of regenerative 
medicine and tissue engineering. While there are number of different biomaterials 
accessible today that are utilized to treat different heart problems, these materials do 
offer a risk to the body, and the rate of cardiac muscle regeneration is not always 
100%. Much research is presently being conducted in this area to reduce problems 
from the employment of these biomaterials and improve the effectiveness of the 
therapy. Finding the appropriate biomaterial-cell type combination for tissue regen-
eration is the aim of biomaterials and tissue engineering. The danger of producing a 
substrate for arrhythmia is the main worry with employing biomaterials to treat heart 
illness. Although this topic hasn’t received much attention in the literature, a recent 
study did discover that the biomaterials’ spreading characteristics have an impact on 
how much the electrophysiological alterations are altered [67]. We need to identify 
beneficial cells that stimulate myogenesis, reroute apoptotic mechanisms, and restart 
the dormant-cell process in order to treat heart failure. More research is required 
on the type of biomaterial, dose, delivery technique, and timing. It is crucial to get 
through these obstacles and increase our knowledge of injectable cardiac tissue engi-
neering from every angle [68]. Another difficulty is to limit the immune response to 
avoid the encapsulation of biomaterials or tissue constructions since doing so hinders 
transplanted cells from completely integrating with their original environment. As 
the heart is the body’s main source of bioelectricity, creating conductive polymers 
that can help cardiomyocytes beat in unison will improve communication between 
transplanted tissues and the native myocardium [69, 70]. This is crucial because 
electrical field stimulation improves electrical signal propagation, cell polarization, 
and protein structure [71, 72]. 

Despite these difficulties, research in biomaterials and tissue engineering has 
achieved significant strides over the past two decades and holds out a great amount 
of hope. The end goal is to partially or fully regenerate an organ using biomaterial 
scaffolds in conjunction with the proper cell types. In the end, this will lessen the 
need for organ transplants, treat present irreparable illnesses, and enhance quality 
of life. More study is required in this field, but injectable cardiac tissue engineering 
combined with previously existing medications may reduce mortality and enhance 
quality of life in MI patients [72].
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2 Conclusion 

The extraction and modification of collagen for the creation of biomaterials for 
cardiac tissue engineering are the main topics of current research in this area. Bioma-
terials based on collagen are a great option for transplantation and regenerative 
medicine. Collagen continues to be the protein of choice for creating biomaterials 
due to its great biocompatibility and low immunogenicity. It may be taken out of 
many tissues and mixed with other substances. It can be used to replace decellu-
larized ECM in the lab for basic research or as a tissue replacement for medic-
inal applications. Collagen can also be used in conjunction with other polymers to 
improve cell adherence and proliferation of cardiac tissues. Other naturally occur-
ring polymers can also be used to treat cardiovascular diseases. In order to improve 
collagen-based composites’ mechanical strength, biodegradability, or transport prop-
erties for medical applications, the majority of current research is concentrated in this 
area. Further study attempts to incorporate natural polymers into more challenging 
procedures and formulations of biodegradable, injectable, and mechanically stronger 
components for restoring the performance of diverse organs. 
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Abstract In the past decade, “Stimuli-responsive materials” have emerged as effec-
tive drug delivery systems (DDSs) that are expected to continue advancing. These 
materials react to various triggers like light, temperature, magnetic fields, electricity, 
pH, and redox potential to release drugs at specific locations, enhancing drug effi-
cacy. They can be shaped and possess unique characteristics, such as mechanical, 
chemical, electrical, optical, and biological properties. The main advantage of these 
materials is their ability to provide targeted drug delivery, minimizing side effects 
and increasing effectiveness. Understanding the stimuli that trigger desired responses 
and designing polymer systems accordingly, as well as characterizing the resulting 
changes, is crucial. Smart polymers alter their shape, chemical structure, or mechan-
ical properties in response to triggers, allowing precise drug delivery at specific 
times and locations within the body. Such “intelligent polymers” are gaining popu-
larity in the pharmaceutical industry due to their ability to release drugs at targeted 
times and locations. Examples include chitosan, cellulose, PEGs, gelatin, albumin, 
and polyacrylic acid, which are used for various drug delivery routes. However, 
ensuring their safe and effective use in clinical applications requires considering 
factors like biocompatibility and drug stability. Smart polymers also hold potential 
in biotechnology and biosensors. Challenges remain, including environmental inter-
actions and the complexity of their structures. Durability and long-term stability 
need improvement, but stimuli-responsive materials can be tailored to target specific 
cells or body parts in forms like pH-sensitive, temperature-sensitive, and magnetic-
responsive materials. They can regulate drug release, protect drugs against degra-
dation, and enhance bioavailability, promising transformative advancements in drug 
delivery and treatment. This chapter provides a summary of stimuli-responsive mate-
rials’ role in controlled drug release, highlighting different material types, required 
stimuli, advantages, and disadvantages in developing novel DDSs. 
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1 Introduction 

The effective and precise delivery of drugs to diseased tissues is essential for treating 
numerous disorders, such as cancer, cardiovascular, and inflammatory diseases [1]. 
However, traditional drug administration methods often lead to non-specific targeting 
of different tissues and organs, requiring large amounts of drugs and causing poor 
therapeutic efficacy and adverse effects to normal tissues [2]. To tackle these obsta-
cles, molecular prodrugs have been developed to increase the targeting of affected 
cells and tissues and enhancement of treatment effectiveness [3]. However, designing 
and preparing prodrugs can be a complex process, requiring special drug modifica-
tions for individual drugs, making it difficult to establish a standardized method 
for prodrug development [4]. To tackle these challenges, an alternative approach 
involves utilizing nanocarrier systems based on nanoscale materials to deliver medi-
cations to particularly affected tissues [5]. Nanoparticles used to transport drugs have 
numerous advantages, including safeguarding therapeutic drugs against degradation, 
allowing the administration of drugs at low dosages, prolonging the time they stay 
in the body, and boosting their effectiveness in treating diseases while reducing their 
impact on healthy tissues [6]. Applying specialized groups on the surface of nanopar-
ticles shields the therapeutic cargo from harsh conditions in the body, ensuring it 
stays intact. Furthermore, these modified nanoparticles can be accurately directed 
to affected cells and tissues, leading to better treatment outcomes with negligible 
adverse effects [7]. 

Achieving spatiotemporal regulation over the targeted drug delivery is critical to 
enhancing treatment efficiency once nanocarriers have accumulated in pathological 
areas via passive or active targeting [8]. Due to the swift advances in nanobiotech-
nology, artificial biomaterials that react to stimuli have become increasingly popular 
because of their possible application in medical and pharmaceutical fields, such 
as medical transportation, biosensing, and tissue adhesion. These materials exhibit 
quick fluctuations in structure, solubility, or polarity on utilizing external or internal 
triggers, such as temperature, light, magnetic fields, pH, or enzymes [9]. By making 
use of these materials as carriers for drugs on a nanoscale, it becomes possible to 
transport medications with precision to specific locations in a safe and controlled 
way. This method helps to prevent harmful side effects that may arise from harming 
healthy tissues. 

The idea of SRDD relies on the ability of biological systems to react to different 
stimuli. For instance, drugs can be released as a reaction to changes in pH levels, 
such as when the stomach environment changes from acidic to alkaline. Bacteria 
also react to fluctuations in environmental factors, such as temperature and pH. 
The development of DDSs that respond to stimuli has become feasible thanks to 
advancements in nanotechnology, materials science, and chemistry. These systems 
typically consist of a stimulus-sensitive component, a drug, and a carrier matrix. The 
stimulus-sensitive component, which can be a polymer, liposome, or nanoparticle, 
is designed to react to a specific stimulus to trigger drug release. The drug is usually



Stimuli-Responsive Material in Controlled Release of Drug 537

Fig. 1 Various forms of stimuli and stimuli-responsive material 

encapsulated or bound to the carrier matrix, which can be made from natural or 
synthetic materials. Figure 1 illustrates the various forms of stimuli and stimuli-
responsive materials. 

SRDDSs have several advantages, one of which is their ability for localized drug 
administration, such as to tumors or inflamed tissues. For instance, pH-responsive 
systems can target tumors since they have a lower pH compared to healthy tissues. 
Enzyme-responsive systems, on the other hand, can target inflamed tissues where 
there is a high concentration of enzymes [10]. Another benefit of stimuli-responsive 
DDS is the potential to improve drug efficacy while reducing toxicity. By releasing 
drugs in a controlled manner, these systems can maintain therapeutic drug levels 
for longer periods, decreasing the need for frequent dosing. Moreover, they can 
decrease drug toxicity by minimizing off-target effects and improving drug selec-
tivity [11]. Despite the promising potential of stimuli-responsive DDS, there are still 
several challenges that need to be addressed. A significant obstacle is the insuffi-
cient perception of the complex interactions between the drug, carrier matrix, and 
stimulus-sensitive component. Additionally, the stability and biocompatibility of 
these systems need to be optimized to ensure their safe and effective use in vivo. 

2 Types of Stimuli-Responsive Material 

SRDDSs are categorized into two main types: endogenous and exogenous systems. 
Endogenous SRDDSs utilize biological signals present in the target tissue or organ, 
such as pH, enzymes, and redox reactions. These systems are highly specific and can 
selectively target diseased tissues with higher levels of these biological signals. pH-
responsive and enzyme-responsive nanocarriers are instances of endogenous stimuli-
responsive systems [12]. Exogenous SRDDSs are triggered by external triggers such 
as light, temperature, and magnetic fields. These systems are highly tuneable, as the
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stimuli can be precisely controlled to achieve a desired drug release profile. Exam-
ples of exogenous stimuli-responsive systems include light-responsive nanoparticles, 
temperature-responsive polymers, and magnetic nanoparticles [13]. 

2.1 pH-Responsive Material 

Intelligent biomaterials can be engineered to react to changes in their environ-
ment, enabling the release of therapeutics at specific locations where pH levels have 
changed. This approach facilitates targeted drug delivery in specific organs or patho-
logical conditions [14]. The pH levels in diseased, inflamed, or infected tissues can 
decrease due to irregular metabolism or abnormal blood vessel growth, resulting in 
oxygen and nutrient deprivation, and a shift to glycolytic metabolism [15]. In sub 
endosomal and lysosomal organelles within cells have a pH range of 5.5–6.8 and 
4.5–5.5, respectively [16]. Changes in pH can impact crucial crosslinking mecha-
nisms for injectable hydrocolloids and self-regenerating substances. The addition or 
removal of protons from acidic or basic groups creates unique interactions between 
a drug and a substrate, resulting in a specific release profile that can be beneficial in 
targeting a particular tissue or cell [17]. 

The acidic microenvironment in solid tumors presents an opportunity for devel-
oping DDSs that are responsive to pH changes. This technology can also be applied 
to other diseases such as gastric ulcers through the development of smart delivery 
systems [18]. These materials have been developed and studied in various forms, 
including hydrogels, nanoparticles, beads, hollow particles, and three-dimensional 
porous structures [19]. There are three categories of these polymers: pH-ionizable 
responsive polymers, acid-cleavable polymers, and carbon dioxide (CO2) responsive 
polymers. The category of pH-ionizable responsive polymers is grouped into three 
subtypes: anionic polymers, cationic polymers, and zwitterionic polymers. Table 1 
shows the various pH-responsive polymers and their actuation responses. 

Poly (acrylic acid) (PAAc) is a pH-responsive anionic polymer that can change its 
solvation state and shape when pH exceeds its distinctive pKa. This property makes 
anionic polymers suitable for developing pH sensors. PAAc also contains carboxylic 
acid groups that can be easily modified chemically post-polymerization [19].

Table 1 Various pH-responsive polymers and their actuation response 

Polymer Properties Actuation response 

pAAc Anionic pH variation 

pDMAEMA Cationic pH variation 

pNIPAm Neutral pH, ionic strength, temperature 

p(HEA-co-HEMA-co-PSPMA) Anionic pH, ionic strength 

p(HEA-co-DMA-co-dopamine) Neutral pH, ionoprinting, catechol-metal 
coordination chemistry 
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In contrast to anionic polymers, cationic polymers usually contain amine-
containing functional groups such as amine, amidine, and pyridine. These groups 
become positively charged when they are protonated, with the exception of quater-
nary amines which are permanently positively charged. Cationic polymers such as 
PDMAEMA, PDADMAC, and certain natural polymers are widely used in various 
because of their positive charge [20]. PAMAM is a usually used dendrimer that has a 
distinct chemical structure and nanometer-sized width. It possesses many advantages 
over PEI, such as its ability to dissolve in water, be biodegradable and biocompat-
ible, making it suitable for in situ biosensing applications [8]. PDADMAC, a posi-
tively charged polyelectrolyte, has been utilized for actuation purposes. It adheres 
strongly to pNIPAm-co-AAc microgels via electrostatic forces, causing the micro-
gels to tightly bind to the gold-coated surface. In particular, in conditions of high 
humidity, the PDADMAC layer expands, maintaining the device in an unbent state. 
Conversely, under low humidity conditions, the PDADMAC layer loses moisture, 
resulting in the bending of the device [21]. PDMAEMA is another cationic polymer 
that has unique temperature and pH sensitivities. It has tertiary amino groups and 
responds to changes in temperature and pH, collapsing when the solution pH is 
raised to 7.5 or when the temp. goes above 40 °C. When PDMAEMA is added to 
an opal template, it causes the photonic crystal to change color by swelling and 
deswelling in reaction to alterations in the pH and temperature of the solution [22]. 
Zwitterionic polymers contain both anionic and cationic groups, whereas anionic 
and cationic polymers have only one type of charged group. Zwitterionic polymers 
can have anionic and cationic groups positioned either on the side chains of different 
comonomer units, which is referred to as polyampholyte, or on the same monomer 
unit, known as polybetaine [8]. Zwitterionic polymer surfaces are ideal for biosensing 
applications due to their high hydrophilicity, charge, and hydration layer that prevents 
biofouling, and can help overcome the limitations of current implanted continuous 
glucose monitors, which exhibit low reliability and signal noise, likely caused by the 
immune response to the wound healing process [23]. 

Polyacids, also referred to as pH-responsive acidic polymers, contain acidic func-
tional groups within their structure. The degree of hydrophilicity in aqueous envi-
ronments is adjusted by changes in the external pH, which is dependent on the 
quantity of negatively charged groups on the polymer chain. These polymers are 
categorized based on their functional groups [24]. At high pH levels, the carboxylic 
acid groups in the polymer undergo deprotonation, releasing H+ ions, and resulting 
in an augmentation of the quantity of negatively charged moieties on the polymer 
chain. The pH level at which the acid becomes ionized is determined by its disso-
ciation constant (ka), which varies as per the polymer’s composition and molecular 
weight and differs from that of monoacids [25]. Polymers containing sulfonic acid are 
considered strong polyelectrolyte hydrogels due to their extensive ionization. These 
polymers have a sulfonate group (SO3H) attached to their structure and have pKa 
values ranging from 2 to 3. To address the challenges associated with sulfonic acid 
polymers, a novel group of pH-sensitive polymers was developed. These polymers
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feature a sulfonamide group attached to aniline. The sulfonyl group in the struc-
ture acts as an electron-withdrawing element from the nitrogen atom of the amine, 
causing the hydrogen atom bound to it to become ionized [24]. 

Le et al. developed a hydrogel actuator with anisotropic properties by combining 
pAAm and pAAc. They achieved this by immersing a pAAm hydrogel in a solu-
tion of AAc monomers and polymerizing them using photopolymerization. The 
uneven distribution of pAAc within the hydrogel resulted from imperfect penetra-
tion of UV light, leading to asymmetrical swelling and shrinking responses to pH 
changes [26]. Similarly, Shang et al. fabricated a composite actuator using patterned 
pNIPAm/pAAc that could undergo controlled shape changes in response to pH, 
ionic strength, and temperature variations. The actuator was created by immersing 
a pAAc hydrogel in a NIPAm/water solution and exposing it to UV light through 
a mask. At pH 11, the hydrogel bent towards the pNIPAm-rich side [27]. Huang 
et al. conducted a study where a digital projector was utilized to dynamically and 
spatially control light for triggering polymerization. This resulted in varying conver-
sion and crosslinking density within a p(HEA-co-HEMA-co-PSPMA) hydrogel. The 
hydrogel was 3D printed and exhibited a non-uniform swelling ratio and mechanical 
properties, leading to the transformation into a specific shape upon swelling [28]. 

Actuators based on cationic polymers have also been explored, albeit not as 
extensively as anion-responsive actuators. Huang et al. demonstrated that a bilayer 
hydrogel actuator made of pDMAEMA/p(DMAEMA-co-AAm) becomes increas-
ingly curved as the solution pH decreases [29]. This behavior is attributed to the 
pDMAEMA layer swelling significantly at lower pH because of amine protona-
tion, in contrast to the p(DMAEMA-co-AAm) layer [30]. Furthermore, Lee et al. 
demonstrated the utilization of varying crosslinking densities in the hydrogel network 
to develop actuators responsive to pH changes. They employed the ionoprinting 
technique along with catechol-metal coordination chemistry to manufacture a pH-
responsive actuator. By locally imprinting Fe3+ ions into poly (N-hydroxyethyl 
acrylamide-co-dopamine methacrylamide) (p(HEA-co-DMA)) through the appli-
cation of an electrical potential via an iron electrode, they successfully created the 
pH-responsive actuator [31]. 

2.2 Magnetic Field Responsive Material 

Magnetic stimulation offers several advantages for drug delivery, such as precise 
targeting of the delivery system, monitoring of concentration and distribution, and 
control over the rate of drug release [32]. Iron oxide nanoparticles (IONPs) are 
FDA-approved inorganic nanomaterials that respond to external magnetic fields. 
They are biocompatible, low in toxicity, and easy to synthesize, making them highly 
attractive for numerous studies. Due to their superparamagnetic properties, Iron oxide 
nanoparticles can function as imaging enhancers for MRI and allow for drug release to 
be controlled remotely using a magnetic field [33]. Permanent magnets are positioned 
around the substance to make a magnetic field gradient, which holds or eliminates the
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superparamagnetic iron oxide nanoparticles from the bloodstream. When subjected 
to an AMF, IONPs produce heat via Brownian losses, Neel relaxation, or both. This 
thermal energy is employed to enhance drug diffusion, induce changes in shape, or 
accelerate drug release by breaking heat-sensitive covalent bonds [32]. 

Research has investigated the use of magnetic-responsive polymeric nanoparti-
cles as a way to remotely control drug release and combine cancer diagnosis and 
treatment. Nanotechnology is promising for delivering therapeutics and diagnostic 
techniques to mitigate the negative consequences of conventional cancer treatments 
and detect diseases immediately [34]. A nano-vehicle was created using multi-
block polyurethanes to achieve precise tumor theranostics, with polymers containing 
removable PEG and biodegradable PCL flexible components, disulfide linkages that 
respond to reduction, and alkynyl groups that can be clicked to attach targeting ligands 
after conjugation. The breaking of the PEG layer acted as a switch, activating the 
targeted ligands via click chemistry in an extracellular acidic environment, which 
led to the deterioration of the nanoparticle core and discharge of the payload within 
cancer cells. These polymeric materials demonstrated excellent MRI contrast effects 
[35], MRI that is guided by magnetic fields, and the utilization of multiple tech-
niques to target drugs to the tumor, leading to a pronounced suppression of cancer 
with minimal side effects. Other investigations have employed FA-conjugated bovine 
serum albumin (BSA) [36], and a theranostic micellar DDS created using PDMA-b-
PCL micelles that delivered SN-38, ultrasmall SPIONs, and siRNA targeting VEGF, 
acting as a negative MRI contrast agent in T2-weighted imaging [34]. 

2.3 Electro-Responsive Material 

Recently, there has been significant attention in electro-responsive actuation because 
of the simplicity of introducing and regulating electricity in materials through the 
magnitude and waveform of the applied voltage [37]. Polyaniline, polythiophene, 
polypyrrole, and their derivatives, which are conducting polymers, have found 
extensive use in diverse applications like neural prostheses, and controlled drug 
delivery [38]. These polymers can be employed in developing wireless dermal or 
implantable electronic delivery devices that use external electric fields to achieve 
on-demand drug release by adjusting the field’s intensity [39]. By utilizing advanced 
devices that provide precise control over voltage, it is feasible to achieve an accurate 
degree of authority over drug release [40]. Figure 2 illustrates the mechanism of 
electro-responsive material DDS.

Although electro-responsive systems offer many advantages, the need for invasive 
surgery to implant electronic delivery devices is a significant drawback. Furthermore, 
the shallow penetration depth and potential tissue injury at higher voltages could 
pose a significant obstacle to these systems [41]. One solution to this problem is an 
electro-responsive DDS that releases drugs through carriers that dissolve because 
of chemical reactions or changes in pH values brought about due to an electric 
potential [42]. Poly(pyrrole) (PPy), a conductive polymer, has been widely utilized
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Fig. 2 Mechanism of electric responsive DDS

for controlled drug delivery activated by electrostimulation because of its excellent 
biocompatibility. A direct release method was developed for PPy, which can release 
a versatile payload option regardless of their molecular weight and polarity. Biotin 
was introduced as a stimulus to commence the release of biotin and the connected 
payload during electrical stimulation by reducing the PPy backbone [43]. This system 
can deliver various compounds, biomolecules, and drugs, with nerve growth factor 
(NGF) serving as an experimental system. NGF belongs to the neurotrophin family, 
which affects neuronal development and fate in the central and peripheral nervous 
systems [41]. 

Intrinsic Conductive Polymers (ICPs) are a class of polymers that typically 
contain alternating s and p bonds, and their electrical characteristics arise from p-
conjugated systems. Among all the ICPs, Polyaniline (PANI) is considered the most 
economically viable, due to cost-effectiveness, high electrical conductivity, ease of 
processing, and good thermal stability [44]. PANI exhibits three different oxidation 
states of polyaniline, i.e., fully reduced (leucoemeraldine), half oxidized (emeral-
dine), and fully oxidized (pernigraniline), which exhibit unique electrical charac-
teristics and colors. PANI has applications in gas sensors, particularly for detecting 
hydrogen chloride, hydrogen sulfide, and ammonia gases, as it can be oxidized in 
acidic solutions [8]. 

PANI’s conductivity increases when it shifts from the emeraldine salt to the 
emeraldine base form. Acids are employed as stimulus in this process, providing 
enough protons with strong ionizing and conducting properties. PANI-based poly-
mers’ chemical composition, synthetic approach, and molecular weight all affect 
their conductivity [45]. PANI is also researched for possible utilization in glucose, 
DNA sensors, as well as in actuator production. A study explored electro-responsive 
actuators made of camphorsulfonic acid-doped PANI microfibers. These microfibers
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converted electrical energy into thermal energy (called the electrothermal effect), 
causing them to expand and bend when exposed to an electrical current. Applying a 
low voltage (less than 0.5 V) and an external magnetic field enabled the actuator to 
swing up to 9000 times per minute, within the range of insect wing flapping speed 
(between 1000 and 15,000 swings per minute) [8]. 

Ge et al. have reported on the initial successful in vivo application of drug delivery 
activated by an external electric field. They utilized conductive polymer nanoparticles 
that were encapsulated in thermo-responsive block copolymers, which can change 
from a liquid to a hydrogel state. The release of negatively charged fluorescein and 
positively charged daunorubicin from the conductive nanoparticles was ascribed 
to redox reactions induced by the electric field. This finding suggests the possi-
bility of non-invasively initiating drug delivery by manipulating the characteristics 
of the electric field and selectively releasing co-loaded drug molecules [46]. Yan 
et al. have devised a system of voltage-sensitive vesicles that can undergo reversible 
self-assembly. This system includes a cyclodextrin-capped polystyrene chain and a 
ferrocenyl group-containing polyethylene oxide homopolymer. The self-assembled 
structure can be dissociated by applying an oxidizing voltage to expel the charged 
ferrocenyl cations from the cyclodextrin cavity. 

On the other hand, a reducing voltage can revert the ferrocenyl functionality to 
its neutral state and allow for self-assembly. Yan et al. have introduced a system 
of electrical-responsive vesicles. This system consists of a polystyrene chain with 
a cyclodextrin motif at the end and a polyethylene oxide homopolymer containing 
a ferrocenyl group. When an oxidizing voltage is applied, the charged ferrocenyl 
cations are ejected from the cyclodextrin cavity, resulting in the dissociation of the 
self-assembled structure. The release of Rhodamine B was dependent on the applied 
voltage [47]. Chang and colleagues have developed a novel system of voltage-
responsive reversible self-assembly using double hydrophilic block copolymers. 
The self-organized polyethylene glycol-poly(acrylic acid) (PEG113-b-PAA30) block 
copolymers into micelles by adding a cationic ferrocenyl surfactant. Oxidation of the 
ferrocenyl group into ferrocenium cations disrupts the micelles because of enhanced 
water solubility. The system demonstrated electrically induced disassembly, and the 
release of rhodamine 6G increased with raising oxidative voltage via electrostatic 
attraction [48]. 

Another investigation by Kim et al. introduced liposomes that can be triggered by 
an electric field by attaching random copolymers onto the surface of phosphatidyl-
choline liposomes. The imposition of an electric field ionizes the carboxyl groups 
of the attached chain, which in turn causes shear stress on the liposomal membrane, 
resulting in the release of the entrapped molecules. The liberation of calcein depended 
on the carboxyl content in the liposomes and the imposed electrical potential. 
Moreover, H+ generated by water electrolysis was also able to cause membrane 
compression, providing an alternative pathway to membrane disruption [49]. Qu 
et al. developed an injectable hydrogel by combining chitosan-g-polyaniline with 
oxidized dextran. They discovered that applying a voltage to the hydrogel resulted 
in the pulsatile release of both hydrophilic and lipophilic agents, which returned to 
a passive release rate when the voltage was switched off.
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In a separate study, Liu et al. created a voltage-responsive hybrid hydrogel by 
incorporating reduced graphene oxide into a poly (vinyl alcohol) matrix. The study 
examined the release of the pain reliever, lidocaine hydrochloride, from hydrogels 
comprising varying concentrations of reduced graphene oxide (rGO) by applying an 
oxidative voltage (2–15 V). When no voltage was employed, the release of lidocaine 
decreased as the rGO content increased. However, when a voltage was applied, the 
release rate increased significantly with higher rGO content [50]. Servant et al. devel-
oped electro-responsive hydrogels using multi-walled carbon nanotubes (MWNT) 
and graphene as conductive components. The hydrogels were created by polymer-
izing methacrylic acid and N,N'-methylene bisacrylamide in the existence of either 
MWNTs or graphene. When stimulated with electrical voltage, the hydrogels under-
went deswelling, causing water and loaded substances to be expelled. Comparing 
the two types of hydrogels in vitro and in vivo, the study found that the graphene-
containing gel released more radiolabelled sucrose ([14C]-sucrose) in a pulsatile 
manner when stimulated with an electrical impulse [51, 52]. Table 2 shows the 
electro-responsive drug release in vitro/in vivo.

2.4 Light-Responsive Material 

Using light as a trigger for drug delivery provides precise control over when and where 
drugs are released [53]. Light-responsive materials have advantages over traditional 
DDSs, one being their potential to focus on specific sites using different wavelengths 
of light [54]. The characteristics of light, like frequency, charge, strength, and length 
can be modified to attain precise drug discharge [55]. Therapeutic drugs loaded onto 
nanocarriers can selectively home in diseased tissues which use either passive or 
active binding and internalization pathways. Once the nanocarriers accumulate in 
diseased tissues and cells, radiation using light can be applied to the affected area 
with minimal impact on healthy tissues, and the light exposure can be managed in 
both spatial and temporal aspects. 

Light-responsive drug delivery nanocarriers can be divided into three categories 
which depend on the wavelength of the light they respond to, namely ultraviolet (UV) 
light (200–400 nm), visible (Vis) light (400–700 nm), and near-infrared (NIR) light 
(700–1000 nm) [56]. Among these, UV light is preferred because of its ability to acti-
vate a broad range of light-responsive materials and trigger the release of therapeutic 
drugs through various reactions such as cleavage, isomerization, rearrangement, or 
cross-linking. Nevertheless, the utilization of UV radiation has certain disadvan-
tages, such as inadequate tissue penetration and elevated phototoxicity, which can 
induce harm to the tissues, making it inefficient in treating deep-seated ailments. 
Hence, drug-delivery nanosystems activated by UV light have restricted usefulness 
in clinical applications [57]. 

In contrast to UV light, NIR and certain visible light wavelengths in the range of 
600–1000 nm are more suitable for light-responsive materials since they can penetrate 
deeper into tissues. This is because they are less affected by natural pigments like



Stimuli-Responsive Material in Controlled Release of Drug 545

Table 2 Electro-responsive drug release in vitro/in vivo 

Reference Method Materials Key findings 

Ge et al. 
[47] 

External electric field 
triggered drug release 

Conductive polymer, 
poly(pyrrole), and block 
copolymers consisting of a 
combination of d,l-lactic acid 
and glycolic acid linked to 
polyethylene oxide, with 
additional units of d,l-lactic 
acid and glycolic acid attached 
to the other end of the 
polyethylene oxide chain 

1. Remote activation of 
drug release by 
means of an 
electrical force 

2. The controlled 
discharge of drug 
molecules that are 
loaded together can 
be accomplished by 
modifying the 
characteristics of the 
electric field, 
specifically by using 
reduction or 
oxidation 

Yan et al. 
[48] 

Voltage-responsive 
vesicles 

A polymer made of polystyrene 
with a ˇ-cyclodextrin (ˇ-CD) 
design at one end and a 
homopolymer of poly (ethylene 
oxide) with a ferrocenyl group 
at the other end 

1. Reversible 
self-assembly of 
voltage-responsive 
vesicles 

2. Controlled release of 
encapsulated 
molecules 
(Rhodamine B) 
through voltage 
variation 

Chang et al. 
[49] 

Electro-responsive 
reversible 
self-assembly system 

A double hydrophilic block 
copolymer called 
Poly(ethylene 
glycol)-b-poly(acrylic acid) 
(PEG113-b-PAA30) and 
together with a positively 
charged surfactant containing 
ferrocenyl, known as 
(11-ferrocenylundecyl) 
trimethylammonium bromide 

1. Electrically induced 
disassembly process 
through the 
reversible 
electrochemical 
activity of the 
ferrocene group 

2. Controlled release of 
encapsulated 
molecules 
(rhodamine 6 G) 
through electrostatic 
attraction and 
increasing oxidative 
voltage

(continued)
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Table 2 (continued)

Reference Method Materials Key findings

Kim et al. 
[50] 

Electro-responsive 
liposomes 

The surface of 
phosphatidylcholine liposomes 
was coated with random 
copolymers made up of 
poly(hydroxyethyl 
acrylate-co-hexadecyl 
acrylate-co-carboxyethyl 
acrylate) 

1. Carboxyl 
functionalities of the 
anchored chain 
ionize and induce 
mechanical force on 
the liposomal 
membrane upon 
utilization of an 
electric field 

2. Release of 
encapsulated 
molecules (calcein), 
this effect is due to 
both the voltage 
applied and the 
amount of carboxyl 
groups present in the 
liposomes 

Liu et al. 
[53] 

Electrically triggered 
device for drug 
release controlled 
remotely 

A glass substrate featuring an 
electrode made of indium tin 
oxide (ITO), as well as layers 
of polyvinyl alcohol and 
poly(3-hexylthiophene) 

1. Low oxidative 
voltage (≈1 V)  
results in the 
conductive polymer 
switching from being 
hydrophobic to 
hydrophilic 

2. Release of 
encapsulated 
molecules through 
increased 
penetrability 
resulting from this 
shift voltage of 10 V 
for 5 min

blood, water, melanin, and other biomolecules [58]. A study by Juzenas et al. has 
shown that the depth of skin penetration of incident light in rats varies based on the 
wavelength, with NIR light having a much deep penetration depth than UV light. 
Specifically, at λ = 705 nm, the tissue permeation depth is 7.5 ± 0.5 mm, at λ = 
633 nm it is 6.3 ± 0.5 mm, and at λ = 408 nm it is only 1.0 ± 0.02 mm [59]. 
As a result, NIR light has become a promising candidate for photo-responsive drug 
delivery as it can penetrate deeper into tissues while minimizing tissue damage. 

Numerous light-responsive nanocarriers have been evaluated for cancer theranos-
tics and drug delivery. These comprise a wide range of materials, such as polyplexes, 
polyion complex vesicles (PICsomes), nanoparticles, upconverting nanoparticles 
(UCNPs), nano gels, polymeric micelles, liposomes, nanorods [60], nano rattles [61]. 
Light-responsive nanocarriers exhibit various activities in response to light, including
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altering the conformation of specific molecules [62], cleaving light-sensitive chem-
ical bonds for nanocarrier dissociation [63], activation of drug delivery from nanocar-
riers in areas affected by the disease [64], enabling light-activated imaging or 
imaging-guided therapy [65], generating singlet oxygen (O2 

1) for photodynamic 
therapy (PDT) [66], and while photothermal therapy (PTT) employs photothermal 
effects to destroy tumors [67]. In addition, light-responsive materials can alter 
the hydrophilicity-hydrophobicity balance or change the structure of light-sensitive 
nanocarriers, resulting in their formation or assembly in reaction to light [60]. In 
addition to their precise control and specificity, light-responsive materials also offer 
several other advantages over traditional DDSs. They are biocompatible, biodegrad-
able, and can be easily synthesized using convenient and economical means. These 
properties make light-responsive materials a highly promising approach for drug 
delivery. 

Light-responsive materials can be synthesized using numerous methods, like poly-
merization, crosslinking, and chemical modification. The preference for the prepa-
ration method relies on the particular characteristics of the material needed for drug 
delivery, such as mechanical strength, degradation rate, and responsiveness to light 
[53]. A photo-isomerizable linker refers to a photo-responsive group or linker that 
can undergo a reversible transition between two structures or form a photochromic 
group upon exposure to light [68]. Azobenzene and spiropyran are frequently utilized 
linkers. Upon exposure to light, azobenzene can switch from its trans-state to a 
metastable cis-form, with isomerization taking place in as little as microseconds or 
as long as sub-nanoseconds, as cited in reference [69]. There are different types of 
azobenzene chromophores classified into three categories, each with distinct proper-
ties for the cis-to-trans isomerization thermal relaxation and absorption wavelength 
for trans-to-cis isomerization. Pseudo-stilbenes have a fast thermal conversion rate 
and absorb light at longer wavelengths. Amino-azobenzenes have moderate lifetimes 
and a slight shift toward longer wavelengths in their trans-absorption band. Classical 
azobenzene, on the other hand, absorbs light in the UV-violet range and can retain 
its cis configuration for days in the absence of light. Three-layered azobenzene has 
been utilized for photo-controlled drug release systems like vesicle-like aggregates 
and hydrogel systems [70]. 

Spiropyran is a hydrophobic isomer that does not carry an electric charge. It 
can undergo reversible isomerization to the hydrophilic merocyanine form when 
exposed to light [71, 72], this change in form from hydrophobic to hydrophilic 
causes spiropyran-containing nanostructures to become unstable and leads to drug 
release [73]. Spiropyran has been employed as a starter for creating amphiphilic 
hyperbranched polyglycerols. The transformation of spiropyran from its non-polar, 
hydrophobic form to the zwitterionic merocyanine form, which is hydrophilic, can 
be induced by light irradiation. This eventually leads to the dismantling of the poly-
meric micelles. Dithienylethene is another reversible photo-responsive linker that 
can be used [74]. Conversely, a photo-sensitive bond that can induce permanent 
detachment of a medication transporter and accelerate the liberation of the confined 
medication when exposed to light is referred to as a photo-labile bond. O-nitrobenzyl 
and coumarin-4-ylmethyl are a couple of instances of these bonds [75]. Generally,
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linkers that use O-nitrobenzyl as a base are broken down at wavelengths between 
300 nm and 365 nm. The speed of the breakdown can differ, lasting from a couple 
of min. to numerous hours, depending on the wavelength to which it is exposed. 
Coumarin-4-ylmethyl-based linkers, on the other hand, are generally cleaved with 
UV light at 254 nm. These linkers have been incorporated into diverse DDSs, such 
as nanoparticles and microspheres [70]. New research has indicated that photo-
switching nanocarriers have promise for loading a range of bioactive substances 
and releasing them upon exposure to UV–Vis light, including drugs like paclitaxel, 
docetaxel, and doxorubicin, and for treating cancer. Nonetheless, the limited wave-
length range of UV–Vis light might constrain their application. As a result, nanocar-
riers that respond to NIR light have been created to regulate drug delivery and enable 
deeper tissue penetration [76]. For example, polymeric micelles incorporated with 
IR-780 can respond to NIR for doxorubicin release [77]. 

Nanocarriers that are responsive to light can assist in the efficient delivery of 
bioactive agents like genes, photosensitizers, & anticancer drugs into cells [60]. 
These carriers can be engineered to respond to light and release their cargo within 
cells. For instance, PICsomes incorporating Al (III) phthalocyanine chloride disul-
fonic acid (AlPcS2a) can be activated by laser irradiation, leading to the escape of 
the drug from the endosomes and resulting in higher photocytotoxicity compared to 
AlPcS2a alone. A type of polyplex micelle with three layers that responds to light 
has been created using polycationic polymers. These micelles can condense pDNA 
and carry dendrimer phthalocyanine, which can enable successful gene transfection 
throughout the body via photochemical internalization (PCI), which is activated by 
light and allows for escape from the endosomal/lysosomal pathway [78]. Further-
more, light-responsive nanocarriers have the potential to be simulated for tumor 
therapy and theranostics guided by imaging. By combining light-triggered genera-
tion of ROS and photothermal effects, these nanocarriers can lead to tumor ablation 
or be used in conjunction with other bioactive agents for multimodal cancer thera-
nostics. Additionally, light-responsive nanocarriers have illustrated high efficacy in 
treating cancers that are resistant to multiple drugs (MDR) [60]. 

2.5 Enzyme-Responsive Material 

Enzyme-responsive nanomaterials offer a promising avenue for enhancing on-
demand delivery, efficient cellular internalization, and tumor accumulation of 
imaging contrast or therapeutic agents. The combination of the particular enzyme 
stimuli with the intriguing characteristics of nanomaterials presents numerous advan-
tages over other stimuli types. Enzymes are natural substances that do not require 
external triggers such as light, ultrasound, or magnetic fields, which makes them 
inherently safe and compatible with living organisms. Moreover, enzymatic reac-
tions typically occur swiftly and efficiently, taking place in gentle reaction condi-
tions such as mild temperatures, pH levels, and aqueous environments. Enzymes
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further demonstrate remarkable selectivity and specificity toward their substrates, 
facilitating controlled chemical reactions and biological responses [79]. 

The enzyme classes that are frequently cited as triggers are proteases [80], 
esterases, phosphatases, kinases, and oxidoreductases. Proteases have the ability 
to degrade proteins or peptides, while oxidoreductases can catalyze the movement 
of electrons initiated by a reducing agent to an oxidizing agent. Kinases regulate 
protein activity via phosphorylation, and phosphatases mediate the opposite action of 
dephosphorylation with an enhanced comprehension of enzyme functions, enzymes 
are becoming increasingly important as biomarkers for the diagnosis or prognosis 
of tumors. For example, diagnostic probes can be developed by attaching enzyme-
sensitive substrates to imaging reporters, which can regain their signals, such as fluo-
rescence or photoacoustic signals, from “off” to “on” states after enzymatic substrate 
processing. Enzyme-sensitive prodrugs are also being explored as an important appli-
cation to attain specific activation of drugs in target tissues while minimizing harmful 
adverse effects [81]. Figure 3 illustrates the mechanism of enzyme-responsive DDS. 

Several recent studies have highlighted the possibility of enzyme-responsive 
DDSs for cancer treatment. HA (Hyaluronic acid) is a naturally occurring compound 
that specifically targets tumor cells that overexpress CD44. HA can be broken down 
by HAase (hyaluronidases) present in the extracellular region of tumors. HA nano 
gels have been created for delivering DOX (doxorubicin) to CD44-overexpressing 
tumor cells. These nano gels were made by copolymerizing methacrylated HA and 
di (ethylene glycol) diacrylate (DEGDA) in an aqueous solution [82]. The use of 
both lipase and hyaluronidase resulted in an increased buildup of DOX in the tumor 
area and notable inhibition of tumor growth. In another study, a DDS was devel-
oped that consisted of a liposomal center and a cross-linked HA shell, which was 
programmed to sequentially and specifically deliver tumor necrosis factor-related

Fig. 3 Mechanism of enzyme-responsive DDS 
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apoptosis-inducing ligand (TRAIL) and DOX to the site of the tumor [83]. In 
the tumor microenvironment, the HAase enzyme rapidly degraded the HA shell 
surrounding the liposomes, leading to the quick release of TRAIL outside of the cells. 
Afterwards, the liposomes were internalized, leading to the integration of TRAIL and 
DOX. The co-delivery system of TRAIL and DOX showcased a remarkable IC50 
value of 83 ng/mL against MDA-MB-231 cells. This demonstrated a potency that 
was 5.9 times greater than that of DOX used alone in the therapy [85]. 

In the study Zhang et al., constructed a PEGylated system that responds to 
Cathepsin B, an enzyme commonly found in the tumor microenvironment, releasing 
gemcitabine in their study [84]. The quantity of gemcitabine discharged highly relied 
on the existence or nonexistence of Cathepsin B [84]. Van Hove et al. created 
a PEG hydrogel that included pro-angiogenic peptides that were responsive to 
MMP2, an enzyme that can be utilized in cancer treatment or to reduce inflam-
mation [33]. The hydrogel successfully released the peptides at the desired sites 
without any nonspecific degradation [33]. Lee et al. focused on the stabilization 
of insulin at increased temperatures by preparing a trehalose-based hydrogel that 
could trigger insulin release in response to glucose [85]. Their finding suggested that 
the trehalose hydrogel, which responded to glucose, effectively combatted heating 
stress, preserving over 50% of the cargo that was loaded at high temperatures [85]. 
The trehalose glycopolymers in the hydrogel served as active stabilizers for proteins, 
such as insulin. 

Enzyme-responsive systems offer various applications in a broad spectrum of 
diseases and medical conditions. One of the key benefits of these systems is their 
selectivity and natural capacity to react to internal triggers, leveraging the patholog-
ical or physiological microenvironment. This specificity can help minimize toxicity 
in healthy tissues and cells. However, one major drawback is the potential for drug 
release prior to arriving at the desired destination. To overcome this issue, enzyme-
triggered biomaterials often possess additional properties that respond to other trig-
gers, such as changes in pH, to protect the therapeutic cargo until it reaches the 
intended location. However, it is crucial to consider that exposure to the enzyme 
trigger or a similar enzyme can result in the early release of the drug. 

2.6 Temperature-Responsive Material 

Thermally responsive DDS refers to a class of intelligent DDS that employ 
temperature-sensitive polymers to control the drug’s release as a function of temper-
ature fluctuations. These systems have been acquiring more attention in recent times 
because of their ability to enhance drug delivery efficacy and decrease drug-induced 
toxicity. 

The basic principle of thermo-responsive DDSs involves incorporating a 
temperature-sensitive polymer into the DDS, such as a nanoparticle or hydrogel. 
Thermo-responsive polymers are capable of undergoing significant alterations in 
their physicochemical properties when exposed to temperature, particularly in
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aqueous solutions, which is preferred over the employment of organic solvents in 
biological settings. Thermo-responsive polymers are divided into two groups based 
on their behavior: those with a lower critical solution temperature (LCST) and those 
with an upper critical solution temperature (UCST) [86]. Polymers with an LCST 
can disintegrate in water or organic solutions when the temperature is below a partic-
ular level. However, when the temperature goes above that threshold, they start to 
resist water because of intensified hydrophobic interactions among the molecules. 
This feature has been utilized in various disciplines, including creating models of 
proteins, initiating self-assembly, regulating protein activity, transporting drugs, and 
producing sensors [87]. 

Uchiyama et al. prepared a polymer that reacts to changes in temperature and 
contains fluorescent components capable of detecting temperature variations in 
organelles within living cells through changes in fluorescence intensity resulting from 
dehydration [88]. Perera et al. developed created hydrogels based on gelatin that was 
crosslinked with temperature-responsive copolymers containing thiol groups. The 
purpose was to explore how the stiffness of the hydrogel could activate cardiac 
fibroblasts in a controlled manner. The researchers achieved this by using L-cysteine 
to soften the hydrogel, which increased the thiol-disulfide exchange reactions and 
reduced the areas of cultured cells [89]. Chen et al. developed a method of incorpo-
rating gold nanoparticles into temperature-responsive star-shaped copolymers, which 
led to increased solubility in water above the LCST [90]. 

Polymers that exhibit a UCST type of temperature responsiveness demonstrate 
solubility in solvents above the critical temperature but become insoluble below 
it due to specific interactions like electrostatic interactions and hydrogen bonding. 
These polymers have found numerous applications in the development of assem-
bled nanomaterials, sensors, and protein separations [91]. One illustration is the 
work of Pslanisamy et al., which developed temperature-responsive films using a 
layer-by-layer approach and tannic acid was used in conjunction with copolymers 
that respond to temperature changes similar to the UCST mechanism. The thick-
ness of the resulting films varied depending on factors. These films remained sensi-
tive to temperature changes even after undergoing 55 cycles of heating and cooling 
[92]. Jana et al. conducted a study on copolymers containing tryptophan, which 
exhibited varying temperature-responsive properties depending on the surrounding 
conditions. The characteristics observed encompassed solvent-induced UCST, ion-
induced LCST, and pH-induced UCST. These occurrences arise from a delicate 
balance between interactions involving the alignment of polar molecules and the 
bonding between hydrogen atoms. Additionally, the combination of ion pairs with 
small molecules and interactions involving ions contribute to these phenomena [93]. 
Additionally, Zhang et al. have created poly(amido thioether)s that display sensi-
tivity to variations in temperature, pH, CO2, and oxidation levels, contingent on 
their hydroxyl/diethylamino ratios. These polymers exhibit both LCST and UCST 
properties in aqueous solutions, with fOH values <0.84 and >0.89, respectively. Inter-
estingly, polymers with fOH values between 0.84 and 0.89 display dual-temperature 
responses, demonstrating both LCST and UCST behaviors [94].
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Temperature-responsive polymers have numerous possible biomedical applica-
tions, including DDSs, cell sheet technologies, sensors, protein separations, and 
assembled nanomaterials. Temperature-sensitive polymers can be utilized to fabri-
cate materials that exhibit “smart” behavior and alter their properties upon exposure 
to changes in temperature. One major application of temperature-responsive poly-
mers is in DDSs. It is possible to engineer drug release systems that are temperature-
responsive and can be programmed to release drugs at precise temperature thresholds 
or respond to variations in temperature. For example, LCST polymers can be used 
to create drug carriers that release drugs at specific temperatures. This is useful 
for targeted drug delivery, as the polymer will only deliver the medication to the 
intended site. Another application of temperature-responsive polymers is in cell sheet 
technologies. These technologies use temperature-responsive polymers to create cell 
sheets that can be detached from a culture dish without the use of enzymes or mechan-
ical stress. This is beneficial for creating tissue engineering constructs and regen-
erative medicine. Overall, temperature-responsive polymers have many potential 
applications in various biomedical fields. These polymers can be tailored to specific 
applications, making them versatile and useful tools for biomedical research and 
development [95]. Table 3 shows the application of light-responsive material [87]. 

Table 3 Functions of thermo-responsive material [87] 

Application Description 

Drug delivery Thermo-responsive materials can be employed to produce DDSs that 
respond to changes in temperature. They can encase drugs and release them 
at specific temperatures or target specific tissues 

Tissue 
engineering 

These can be used to create scaffolds for tissue engineering. They have the 
ability to provide physical reinforcement and imitate the biological 
extracellular matrix present in bodily tissues 

Biosensors One could utilize these to generate biological sensors that detect alterations 
in temperature. They can be combined with biological molecules to detect 
specific molecules or cells 

Self-assembly These have the ability to spontaneously arrange themselves into various 
formations, such as tiny spheres, small sacs, and extremely small particles. 
These formations hold promise for use in delivering medication, creating 
artificial tissue, and developing devices to detect biological molecules 

Chromatography These materials can be used in chromatography to separate biomolecules 
based on temperature. This method is called temperature-responsive 
chromatography 

Adsorption 
materials 

These can be employed as adsorption materials that selectively adsorb 
particular molecules based on temperature. They can be used in wastewater 
treatment and purification processes
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2.7 Ultrasound Responsive Material 

Scientists have been highly interested in polymeric materials that respond to ultra-
sound for many years. These smart materials are more useful than other responsive 
materials, like those that respond to UV, heat, or pH, because they can deliver drugs 
more effectively and precisely target treatment without being too invasive. Mechan-
ical waves Having frequencies that are 20 kHz or higher are known as ultrasound 
waves, which can be directed and transmitted through certain mediums. Ultrasound 
waves have been employed in numerous clinical scenarios, providing a solution that 
is both non-invasive and cost-efficient. These applications encompass a range of 
fields, such as live imaging, physical therapy, beauty and skincare, and the culinary 
sector [96]. Materials that are made up of polymers and are capable of reacting to 
ultrasound comprise various forms [97]. These particular drug delivery mechanisms, 
which react to ultrasound, have the capability to carry various types of medications, 
like small molecule drugs, DNA, and proteins [98]. These vehicles that respond to 
ultrasound have a wide range of potential uses, including, tumor treatment, disrupting 
the blood–brain barrier, fighting infectious diseases, delivering drugs through the 
skin, and thrombolysis [96]. It is thought that the mechanism is linked to the creation 
of both thermal and non-thermal impacts through the energy released by ultrasound 
radiation. The process of transforming sound energy into heat energy generates heat 
within the tissue that comes into contact with the ultrasound waves, which is referred 
to as the thermal effect. This can disrupt the cell membrane and lead to higher 
permeability of blood vessels [99]. 

The use of hyperthermia as a treatment method has resulted in noteworthy 
advancements in the therapy of tumors. The non-thermal effect is another mechanism 
that could be responsible for ultrasound-mediated drug delivery, primarily linked to 
cavitation. This phenomenon can arise in pre-existing microbubbles or cavitation 
nuclei [96]. The creation of effective nanosystems/nanoplatforms that can respond to 
ultrasound signals and have specific composition, structure, and features is essential 
for developing theranostic applications that are activated by ultrasound. This typically 
involves utilizing the underlying material and synthetic chemistry to design these 
nanosystems. At present, nanoparticles being investigated for their responsiveness 
to ultrasound fall into three categories: organic, inorganic, or a combination of both 
known as organic–inorganic hybrid nanosystems. As a result, the methods used to 
create these ultrasound-responsive nanosystems differ greatly from one another. This 
indicates that the fundamental material chemistry also differs among these adaptable 
nanosystems. To provide an example, when creating nanoparticles that can change 
phases in response to ultrasound for therapeutic and diagnostic purposes, perfluo-
rocarbon (PFC) is commonly used. In contrast, porphyrin-based nanomedicine is 
commonly employed in the treatment of tumors that exhibit a favorable response to 
ultrasound [100].
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3 Challenges and Future Perspective 

Although Substantial headway has been achieved in the creation of DDSs that can 
respond to stimuli, there are still several obstacles that must be overcome in order 
to make them more practical for clinical use. A key challenge is the capability to 
achieve precise control over the release of drugs. The release kinetics of the drug 
should be precisely controlled to ensure that the therapeutic dose is delivered at the 
right time and site. Several factors, such as the dimensions and configuration of the 
nanoparticles, the choice of polymer, and the type of stimulus, can influence drug 
release kinetics. Thus, further studies are needed to optimize these parameters and 
develop efficient and controlled DDSs. 

A further difficulty in DDSs is ensuring that the nanoparticles used are both 
biocompatible and biodegradable. If the nanoparticles are toxic, they can lead to 
undesired side effects that can limit their practical application in medicine. Therefore, 
it is crucial to use materials that are safe for use in humans and that can break down 
naturally. Numerous studies have investigated the use of natural polymers such as 
chitosan, alginate, and cellulose for this purpose [101]. Additionally, ensuring the 
reliability of SRDDS (Super Reliable Data Storage) during storage and transportation 
poses an additional obstacle. Factors such as temperature, pH, and shear stress can 
affect the stability of nanoparticles. Hence, it is essential to develop DDSs that can 
keep their integrity and effectiveness during storage and transportation. 

Although several in vitro and in vivo studies have proven the potential of these 
systems, their clinical efficacy and safety remain to be established. Therefore, it is 
necessary to conduct extensive preclinical and clinical trials to validate the efficacy, 
safety, and feasibility of these systems for clinical use [102, 103]. Despite the chal-
lenges, SRDDS holds tremendous possibilities for the treatment of several diseases. 
In the future, several developments are expected in this field, including developing 
new stimuli-responsive materials, optimizing drug release kinetics, and validating 
clinical efficacy and safety. Furthermore, the integration of advanced technologies, 
such as artificial intelligence and machine learning, can significantly improve the 
development and optimization of SRDDS. 

4 Conclusion 

Stimuli-responsive materials have brought about a ground-breaking transformation 
in the realm of drug delivery and biomedical applications. These materials’ advance-
ment has facilitated the precise and controlled discharge of drugs and other bioactive 
substances, opening up new horizons for treating a wide range of diseases and disor-
ders. The design and development of stimuli-responsive materials have been chal-
lenging tasks, requiring the integration of several scientific fields, including chem-
istry, physics, and biology. However, substantial progress has been made in this area, 
with various stimuli-responsive materials being developed and studied extensively.
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Polymer blends have emerged as a popular approach due to their easy fabrication 
and manipulation of device properties. Interpolymer complexes, interpenetrating 
polymer networks, and block copolymers have also been recognized as effective 
stimuli-responsive materials. The use of various synthetic routes and architectures has 
further enhanced the performance and functionality of these materials. Temperature-
sensitive, pH-sensitive, and electric and magnetic field-responsive materials have 
been extensively studied for biomedical applications. These materials respond to 
various stimuli and exhibit a desired response, making them useful for controlled 
drug release. Controlled DDSs offer unique advantages over conventional therapy, 
including improved efficacy, reduced toxicity, and enhanced patient compliance. 
Responsive materials that can react to specific stimuli have found extensive use in 
diverse biomedical fields such as cancer therapy, gene therapy, tissue engineering, 
and diagnosis. For instance, temperature-sensitive gels have been utilized to deliver 
drugs precisely to tumors, while pH-sensitive systems have been employed for gene 
delivery purposes. Additionally, materials responsive to electric and magnetic fields 
have demonstrated potential in both diagnosing and treating various diseases. 

Despite the considerable advancements achieved in the field of stimuli-responsive 
materials, there remain several challenges that require attention. These challenges 
encompass optimizing material properties, establishing scalable and cost-effective 
synthesis methods, and identifying appropriate target diseases and patient popula-
tions. Future research endeavors in this area are anticipated to focus on advancing 
state-of-the-art materials that exhibit intelligent responsiveness to multiple stimuli, 
resulting in improved specificity and sensitivity. Furthermore, the integration of 
advanced imaging techniques like magnetic resonance imaging and positron emis-
sion tomography with stimuli-responsive materials is expected to enable real-time 
monitoring and visualization of drug release and treatment efficacy. To summa-
rize, stimuli-responsive materials hold great promise for the progress of advanced 
DDSs and biomedical applications. By incorporating diverse scientific disciplines 
and employing advanced synthetic methodologies and structures, scientists have 
successfully developed materials capable of responding to various stimuli and elic-
iting desired reactions. Further investigation in this area is anticipated to produce 
innovative materials that could significantly transform the diagnosis and treatment 
of various diseases and disorders. 
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normal tissue toxicity and improving treatment efficacy. Future cancer treatments will 
be improved by nanomedicines and have fewer adverse effects. Gold nanoparticles 
that have been altered and have regulated geometrical and optical characteristics have 
undergone substantial research and are employed in biomedicine. The application of 
gold nanoparticles in varied sizes, forms, and architectures in biomedicine will be 
covered in this study’s summary of recent advancements and continuing research. The 
major focus of the paper is how gold nanoparticle conjugates are used in biological 
diagnostics and analytics. 

Keywords Gold nanoparticles · Surface functionalization · Cytotoxicity ·
Transferrin 

1 Introduction 

The development of chemistry via the use of novel nanoparticles (NPs) and their 
notable applications in the nursing of certain diseases have captured the attention of 
people all over the globe [1]. With various sluggish practices in medical investiga-
tion and medication, nanotechnology is dynamic for the transmission of medicinal 
materials. Innumerable uses of NPs exist in the vast nanomedicine sector, including 
cancer treatment, research techniques, and therapeutic solutions [2]. Their distinc-
tive physicochemical characteristics greatly facilitate the choice of NPs for cancer 
treatment. Due to their higher size-to-volume ratio, the NP units utilized in nanotech-
nology with sizes that span between 1.0 nm and 100 nm completely incorporate 
novel or inventive properties [3]. Metal NPs are the subject of investigation because 
they provide a cutting-edge technique for treating cancer locally. Over recent years, 
numerous distribution resources were proposed for the synthesizing of nanomaterials. 

Numerous nanoparticles and nanomaterials have evolved from various metal 
elements thanks to contemporary advancements in nanotechnology and medical 
research. These materials are manufactured utilizing a variety of methods [4, 5]. 
The capability to influence nanoparticle structures unwraps up numerous opportu-
nities to reconnoiter these nanoparticles for drug delivery and diagnostic purposes 
[6]. Due to their optical qualities, gold nanoparticles are used in imaging-based ther-
apeutics and ultrasensitive detection. In this study, we emphasize brand-new ideas 
for investigating gold nanoparticles in cancer detection and therapy. 

1.1 Gold Nanoparticles 

One of the key metals that have been disclosed is gold. Gold has been sought after 
and studied for an extremely long time in several fields. In research studies employed 
in numerous medical domains, effectuated Gold Nanoparticles (GNPs) with system-
atized optical and geometrical features are emphasized [7]. The recognition of GNPs
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as an exceptional vehicle for delivering therapeutic medicines to their target cells. 
The efficiency of their discharge at the location is crucial for efficient therapy since 
drug particles conveyed have to be much petite in size if included in drug-related 
particles or big biomolecules, such as amino acids, nucleic acids, RNA, or DNA 
[8]. Due to their biocompatibility, inertness, and ability to be functionalized with 
a variety of other functional groups, GNPs typically possess a surface-to-volume 
ratio that is much greater. As a result, they can be extremely effective adjuvants in 
the medical field, enhancing immunogenicity while reducing toxicity and providing 
stable storage for medications and other drugs used in vaccinations [9]. 

2 Transferrin and Other Functionalized Materials 
to Influence at GNPs for Medical Applications 

Since the harmfulness and absorption of NPs are closely linked to their surface 
composition, surface modification of nanoparticles is a crucial way to resolve 
or minimize these difficulties. The impacts and biokinetics of nanoparticles after 
systemic administration are dangerously influenced by the surface functionaliza-
tion of nanoparticles and their resulting physicochemical characteristics [10–12]. 
A top-down method is used to confine gold nanoparticles in cellular membranes 
that resemble those of real red blood cells (RBCs). It is possible to observe in the 
gold nanoparticles the robust membrane layer that covers the biological traits of the 
donor cells [13]. GNP’s ability to quench fluorescence was lessened by the addi-
tion of coumarin to the PEG spacer’s surface [14]. Transferrin (TF), which can 
be accurately detected and taken up by TF receptors dynamically distributed on 
the surface of distinct tumor cells, is an ideal “ligand” for conjugating medicines 
[15]. As a result, researchers have started using the transferrin-receptor interface 
as a potentially effective method for the cellular absorption of medicines and 
genes [16–19]. Gold nanoparticles (GHMP) stabilized by sodium hexametaphos-
phate (HMP) were described by the researcher in an aqueous media. To create 
molecular probes with possible therapeutic applications, polyethylene glycol, and 
transferrin were used to modify the surface of Au-HMP nanoparticles. In vitro, cell 
survival assays employing naturally occurring G-HMP nanoparticles and their equiv-
alents with modified surfaces demonstrate the nanoparticles’ biocompatibility [20]. 
Gastric cancer is studied using a tailored fluorescent probe made of transferrin-linked 
cysteine-capped GNP [21].
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3 Gene Transfection & Drug Delivery 

Chemotherapy medications are often administered via traditional drug delivery 
methods, which spread the medication throughout the body while also directing 
some of it toward the tumor. This conundrum of negative consequences is avoided 
by battering medication delivery mechanisms, a procedure in which a precise active 
ingredient instead medication is supplied to a specific location in a regulated manner. 
The enhanced permeability and retention (EPR) effect is so-called because tumor 
tissue often contains drippy vasculature that facilitates the collection of nanoparti-
cles. This method of submissive pointing makes advantage of the pathologic features 
of the tumor. The drawbacks of this strategy include inconsistent drug targeting and 
inadequate medication dispersion in cancer cells. Endocytosis and subsequent drug 
release are made possible by these ligands’ interactions with the appropriate tumor 
cell receptors. 

Gene therapy, the action or prevention of ailment by gene transmission, is observed 
by several as a probable revolution in medicine [22, 23]. GNPs in particular, func-
tion as elegant constituents for nucleic acid transfer applications [24, 25]. It can be 
invented in an accessible approach with low size dispersity [26, 27], functional diver-
sity can be gladly accomplished by the formation of diverse functional monolayers, 
permitting multiple functional moieties such as nucleic acids and pointing agents to 
be located on the element surface [28]. Lastly, the cytotoxicity [29], biodistribution 
[30], and in vivo excretion properties [31] can be qualified by amendable particle 
size and surface functionality. 

4 Cellular Detections 

It may take several days to identify the cell pathogen, which eats up vital time for 
those with severe bacterial infections. Innovative platform technology is needed to 
enhance bacterial identification and detection in clinical practice. Aptamer-GNPs, a 
non-polymerase chain reaction (PCR)-based method for recognizing Staphylococcus 
aureus, one of the most important human pathogens that root more than 5 lakh 
infections globally, helped to accomplish the target. This method’s quickness, great 
sensitivity, and cost are its main advantages. Thus, within 1.5 h it finds a single 
Staphylococcus aureus cell [32]. 

For more than a few decades, scientists have been enthralled by the potential 
applications of nanoparticles and gold colloids in a variety of disciplines, including 
biology, chemistry, engineering, and medicine. Using the Brust-Schiffrin method, 
monodispersed gold nanoparticles with diameters ranging fluctuate 1 to 3 nm were 
produced. Antibodies are now being developed in combination with gold nanorods 
and nanoshells for photothermal treatment to target cancer cells. The important class 
of materials known as golden nanoconjugates has already demonstrated promise 
in applications related to fundamental cell biology. Using golden nanoconjugates
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to transfer drugs to cells is a particularly successful strategy. Numerous separate 
research teams have looked into the toxicity of different kinds and sizes of gold-
bearing nanoconjugates [33]. 

Breast cancer has emerged as the biggest danger facing women in the previous 
several decades. Precise molecular diagnosis of the illness and forecast of the tumor 
assists in the cancer decision-making process. Based on Förster resonant energy 
transfer (FRET), a functionalized double aptamers (DA-GNP) gold nanoprobe is 
created for the classification of breast cancer. Eventually, the fluorescent-labeled ER 
and HER2 a typical biomarker for breast cancer classification, particular aptamers 
are constrained to the surface of gold nanoparticles (PNG) and fluorescence is 
quenched. Breast cancer subtype-specific fluorescence is identified. The biomarker 
protein is coupled to the labeled fluorescent aptamer, which aids in the quantitative 
identification of various breast cancer subtypes [34]. 

The most critical part of cancer treatment is early detection which opens up safe 
and timely treatment procedures. Today, biological markers are widely used in the 
process of detecting cancer, which seems to be a reliable and adaptable method in 
turn increasing the patient’s overall survival rate. Nanotechnology also contributes 
to the development of nanoscale biosensors that are highly sensitive and adaptable. 
This makes it easier to recognize biochemical and biophysical signals linked to health 
risks (communicable or non-communicable disorders like cancer) at the molecule 
or cell level. Aptamer-functionalized nanoparticles may be used in a wide variety 
of cutting-edge applications due to their distinctive molecular design, in addition to 
their usual role in biosensing. The adoption of this technology has increased during 
the last several years by cancer researchers due to how simple it is to create nanogold 
complexes. Surface mobility, its appealing and adaptable optical properties, and its 
superior cytocompatibility in clinical settings are additional attributes that make it 
more suitable. This has led to the effective use of these sensors in a variety of optical 
and electrochemical applications, which has aided in the creation of novel treatments 
for the eradication of this terrible illness [35]. 

5 Applications in Gene Transfection 

The innovative materials known as gold nanoparticles have a broad range of uses in 
both technology and medicinal fields. Several types of research are being in process 
for coating DNA with gold particles and injecting them into plant embryos or plant 
cells this will enable the association of some genetic material into the cells and ensure 
some transformations in it. This will confirm that a portion of the genetic material 
will penetrate the cells and transform them. 

Colloidal gold nanoparticles have been used for a variety of unique purposes 
throughout various fields [36]. JeongHoonByeon demonstrated the cytotoxicity and 
transfection properties of thiol-capped gold nanoparticles that function as a potential 
material for biomedical applications. Thiol-fused nanoparticles were cultured with 
human embryonic kidneys for 24 h to assess the survival of the kidney cells. The
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results demonstrated approximately 78% improved cell viability for fused particu-
late matter [37]. With a mortality rate of roughly 20%, lung cancer is one of the 
noncommunicable illnesses that sees an increase in cases every year. To solve the 
aforementioned issue lung cancer therapy uses an interfering RNA (siRNA) using 
Mini Circle DNA Transfection (McD) via Gold Conjugation [38]. 

To deliver genes, peptide-modified gold nanoparticles (GNPs) have been created 
using a simple and gentle technique. Four functional segments of a peptide with 
the order (CRGDKGPDC) GPLGLAGIIIGRRRRRRRR-NH2 (CPIR28) have been 
created. The GNPs with diameters of 10 nm are efficiently created by a moderate one-
pot reaction involving CPIR28, HAuCl4, and NaBH4 in an aqueous solution, and they 
contain CPIR28 molecules embedded on their surface. The R8 section is responsible 
for the GNPs’ significant surface positive charge density. Electrostatic interactions 
with negatively charged DNA may result in condensed complexes, which have little 
cytotoxicity. In this system, CPIR28 serves as a superb stabilizer by grafting on 
the surface of the GNPs to prevent their aggregation and precipitation in addition to 
acting as a modifier to control the nucleation and growth of GNPs to control the shape 
and size. Additionally, the surface-fused peptide molecules have positive charges that 
allow them to connect with cells and aid in the effective delivery of genes [39]. 

Silicon nanowire arrays (SN), which reacted to reactive oxygen species (ROS) 
safely, were used to provide a platform for secure gene and drug transfection. The 
ROS-responsive SN is a novel, inventive, and secure platform for medicine and gene 
transfection because of the platform’s moral biocompatibility. 

6 Detection and Imaging 

Inorganic nanoparticles are being studied more and more as therapeutic and diag-
nostic tools in the oncology field in recent years. With some potential for clin-
ical trials, inorganic nanoparticles have shown efficiency in tumor photography 
and treatment both internally and externally. Applications for gold nanoparticles 
in the shapes of spheres, shells, rods, cages, etc., as well as photothermal treat-
ment, have all been studied. Other applications include carbon nanotubes, iron oxide 
magnetic nanoparticles, ceramic nanoparticles, semiconductor fluorescent quantum 
dots, and nanoscale ceramics. Because of their exceptional x-ray attenuation capabil-
ities, unique optical features, and surface modification properties, gold nanoparticle 
development and applications have a lot of potential. According to reports, gold 
nanoparticles show promise as CT contrast agents and can be used for medication 
administration, photothermal and photodynamic treatments, and radiation. Due to 
its high atomic number, gold has a significant X-ray absorption. Gold nanoparticles 
can also benefit greatly from the easily changed surface when acting as target CT 
contrast agents. Gold nanoparticles’ CT imaging capabilities are said to depend on 
their size. The attenuation of X-rays in CT imaging increases when gold nanoparticle 
size decreases. Gold nanoparticles are availed as disparity agents in computed tomog-
raphy imaging and ASX-ray-based radiotherapy (RT) agents because of their X-ray
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attenuation qualities. Gold nanoparticles also have the potential to be very effective 
in photothermal therapy (PTT) and photodynamic therapy (PDT), which both aim 
to kill cancerous tumor cells by converting light into heat or inducing the production 
of free radicals. This is a result of their plasmonic and optical characteristics. When 
employing PTT and PDT, the ability of gold nanoparticles to target tumor tissue 
precisely is advantageous. This tumor selectivity prevents healthy tissue from being 
amputated. This tumor-specificity may be affected by the increased permeability 
and retention (EPR) effect of GNPs and surface modification with active targeting 
ligands. Furthermore, gold nanoparticles are promising in the realm of drug adminis-
tration due to their easily adjustable surface. Multifunctional drug delivery platforms 
can be created by embedding gold nanoparticles into big structures like liposomes 
and polymeric particles that can transport medicines or imaging agents. Theranostic 
delivery, which combines the payload of medications with diagnostic agents for 
delivery at the same time, is currently receiving a lot of attention in the biomedical 
sectors. Longer incubation times and larger concentrations of gold nanoparticles can 
effectively accumulate inside pancreatic cancer cells. The outcomes of this study 
will assist in the creation and improvement of therapeutic and diagnostic agents 
based on gold nanoparticles for X-ray Drug Delivery System applications. Building 
a therapeutic system out of functionalized gold nanoparticles that may particularly 
respond to the tumor environment is a novel approach. The healing method included 
employing a specific peptide substrate for the protease to bind doxorubicin to Gold 
nanoparticles through a thiol-Au bond. The rapid release of the anti-tumor medication 
(doxorubicin) from the functionalized gold nanoparticles, which may simultaneously 
limit tumor growth and enable fluorescence imaging, has been shown to occur when 
MMP-2 protease is overexpressed in tumor tissue and intracellular GSH. 

7 Applications in Cells 

Cell manipulation frequently takes advantage of interactions between nanoparticles 
and lasers. Methods for the precise delivery of medications to mammalian cells are 
crucial for molecular medicine. The last mediator in the vast majority of biological 
cascades is a protein. Despite several meticulous attempts, efficient protein trans-
port into cells remains challenging. Due to the plasmonic effects of the laser on the 
gold nanoparticles, proteins may temporarily pass through the cellular membrane 
and enter the cell. With a 43% efficiency and excellent levels of cell survival, this 
technique effectively delivered green fluorescent protein. In some biological investi-
gations, the delivery of caspase 3, a protein that regulates apoptosis, may also be seen 
and measured. The methodical technique makes the efficient transfection of around 
10,000 cells per second possible, which is comparable to existing protein transfec-
tion techniques like microinjection. Additionally, gold nanoparticle-mediated laser 
transfection ensures a precise point in time of delivery, enabling a thorough temporal 
investigation of cellular pathways and protein trafficking. GNPs may be employed in 
disease diagnosis and treatment because cell death is essential for human health and
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is related to several major disorders. After entering the body and coming into contact 
with blood-borne human cells, GNPs specifically target organs and the immune 
system. Due to their stability and ease of decorating, GNPs are frequently employed 
in the treatment of diseases, particularly in the administration of medications and 
photothermal therapy with external stimulation. According to published research, 
GNPs were also found to cause a variety of cell deaths, mostly through intrinsic routes 
such as ROS generation, altered mitochondrial activity, and ER stress. The Surface 
chemistry, dispersion state, and also size, and shape of the Gold nanoparticles play 
important roles in determining cell death. Smaller GNPs have a higher propensity 
to induce necrosis. In comparison to hexagonal and spherical gold nanoparticles, 
gold nanorods are more likely to induce apoptosis. Apoptosis causes minimal to 
no inflammation in the tissues around the cell, hence changing a cancer cell’s fate 
to undergo apoptotic death through GNP intervention may be beneficial. Further-
more, ligands decorated on GNPs can be targeted to boost the efficiency of cell 
death induced by targeted tissues and cells. Several various types of apoptosis might 
happen simultaneously and interact with each other through the various cell death 
pathways. Yet, the majority of research has solely addressed one particular form of 
cell death. Therefore, further study should focus on the ability of GNP features to 
predict various forms of cell death. 

8 ADC-AntiBody Drug Conjugates 

One of the main cancer treatment choices is chemotherapy [22]. Even though a range 
of chemotherapy drugs are often used in medical settings, there are still substantial 
challenges such as side effects and drug resistance [35]. There have been several 
attempts to make cytotoxic medications stronger, including the use of very potent 
substances like auristatin and maytansine as well as the mixing of many chemother-
apeutic agents [7–19]. However, systemic adverse effects and a narrow therapeutic 
window limit their practical applicability. With the introduction of monoclonal anti-
bodies, it is now possible to administer medicine to specific areas of the body utilizing 
their strong binding properties. Antibody—drug conjugates (ADCs), developed and 
produced over many decades by combining antibodies with cytotoxic medications, 
are based on this concept [10]. ADCs connect to tumor cell receptors with prefer-
ence [33]. The receptor-ADC complex is then typically absorbed by the endocytosis 
pathway after that. Cytotoxic chemicals are released once the linker is split. As a 
consequence, these drugs have the potential to be cytotoxic in several ways, including 
by binding to DNA’s minor groove or reacting with tubulin.
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8.1 Clinical Studies Using Antibody–Drug Conjugates 

The number of ADCs being tested in clinical trials for the treatment of solid tumors 
and hematologic malignancies has sharply increased during the last five years [2, 3]. 
A substantial category of anti-cancer drugs called ADCs has just emerged. 

8.2 Gemtuzumabozogamicin 

The FDA86 has authorized Gemtuzumabozogamicin (GO; Mylotarg®) as the first 
ADC. A cleavable hydrazone linker connects calicheamicin with a CD33 monoclonal 
antibody to form GO [4]. After GO was given accelerated approval in 2000, patients 
with acute myeloid leukemia (AML) deemed unable to undergo other cytotoxic 
chemotherapy were treated with it. This decision was made based on three phase 
II studies [32]. Hepatic venous-occlusive disease and a delayed return to normal 
hematological function were among the side effects of GO, with overall response 
rates (ORR) for GO ranging from 26 to 30%. The inclusion of GO during induction 
treatment was explored in one phase III study (NCT00085709) in individuals under 
the age of 61, but no appreciable advantage of GO was found. In addition, hazardous 
side events such as hepatotoxicity, infusion responses, and pulmonary toxicity were 
noted [26]. Due to these clinical outcomes, Pfizer voluntarily withdrew GO in 2010, 
following a dosage change (patients now get three doses of 3 mg/m2 GO as an 
alternative to one dose of 9 mg/m2 GO before) [14]. 

8.3 Brentuximabvedotin 

A protease-cleavable dipeptide linker is used to conjugate MMAE with an anti-CD30 
antibody to produce brentuximabvedotin (BV; Adcetris®), the second ADC to get 
FDA clearance [12]. The most recurrent effects were thrombocytopenia, anemia, 
neuropathy, and neutropenia [39]. Neuropathy was the most frequent side effect in 
patients getting BV57 therapy. In 2015, BV got complete approval as a consequence 
of the favorable findings of the phase III study (AETHERA, NCT01100502) which 
examined the use of BV as centralized therapy for Hodgkin’s lymphoma [23]. 

8.4 Ado-Trastuzumabemtansine 

The third ADC on the market, ado-trastuzumabemtansine (T-DM1; Kadcyla®), 
was released in 2013 [1]. The results of the phase III study (EMILIA,
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NCT00829166)93,94 that T-DM1 was approved for were. The median progression-
free survival (PFS) time in the T-DM1 arm was 9.6 months, compared to just 
6.4 months in the active comparator (P0.001) [36]. The overall response rate (ORR) 
was 43.6% against 30.8% for the T-DM1, and overall survival (OS) was 30.9 months 
versus 25.1 months for the comparator (P 0.001). (P 0.001). In terms of the percentage 
of serious adverse events (15.5% vs 18.0%) 94 and the total incidence of adverse 
events (40.8%), the T-DM1 arm outperformed the comparator arm (57.0%). 

8.5 Inotuzumabozogamicin 

Isotuzumabozogamicin (InO; Besponsa®), the fourth approved ADC treatment to 
be marketed in 2017 [18], is the drug. An anti-CD22 antibody and a calicheamicin 
derivative make up InO, which is joined via a cleavable hydrazone linker [16]. Acute 
lymphocytic leukemia patients in this trial were given the option of receiving InO 
or a predetermined investigator’s choice. In InO arm, full remission occurred at a 
rate of 80.7% vs 29.4% in the comparison arm (P 0.001). PFS in the InO arm was 
5.0 months, whereas the comparative arm’s PFS was just 1.7 months (P 0.001) [11]. 
Other phase III trials are still being conducted, such as post-induction chemotherapy 
and combination with frontline treatment (NCT03150693) (NCT03959085). 

8.6 Polatuzumabvedotin-Piiq 

One of most latest ADC to enter the market (in June 2019) is polatuzumabvedotin-piiq 
(Polivy®), which was produced via conjugating MMAE to an anti-CD79b antibody 
utilizing a protease cleavable dipeptide linker [9]. The results of the GO29365 phase 
Ib/II trial (NCT02257567) were used to decide the polatuzumabvedotin-expedited 
piiq’s approval. In this trial, patients with large B-cell lymphoma do give the choice 
of receiving polatuzumabvedotin with bendamustine and rituximab (BR). 

8.7 The Future of Antibody–Drug Conjugates 

A fast-expanding area of cancer treatment is ADCs. Numerous ADC technologies 
that have been developed during the last ten years have opened up a wide range of 
design options for new ADCs. For instance, both solid and hematologic cancers have 
intriguing antigen targets [30]. Microtubule inhibitors, anthracyclines, and amatoxins 
are only a few of the very effective medications that have been found; they may be 
useful supplements to auristatin [25, 27, 29, 37]. ADCs’ therapeutic window has been 
improved by the characterization of next-generation linkers [17, 20, 38]. Bispecific
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ADCs with increased selectivity and potency are among the next directions, as are 
ADCs that can deliver various payload classes [21]. 

8.8 Peptide/DNA-Gold Nanoparticle Conjugates 

Making peptide-drug conjugates (PDCs) is a useful method for precisely delivering 
deadly medicines to cancer cells. One barrier to the practical application of peptides 
is their very poor stability in the blood, liver, and kidneys. One method to solve 
this issue is to combine PDCs with gold nanoparticles (GNPs), which have shown 
promising physicochemical and safety qualities for drug delivery systems and seem 
to possess a greater plasma half-life than PDCs. It was feasible to isolate peptides that 
were exclusively taken up by A20 murine lymphoma cells by employing a phage 
library that included 7mer linear peptides. By using flow cytometry and confocal 
imaging, peptide specificity was determined. 

We looked into the physicochemical properties of the coated particles employing 
electrophoresis, TEM, UV—VIS, and FTIR. It was determined how stable free and 
PDC-coated AuNP were. By biopanning the phage library, several new peptides that 
were incorporated into A20 cells were found. To create PDCs that included Bend, 
Melph, or Chlor, one of them (P4) was employed. Although all three PDCs had low 
half-lives of 10.6 to 15.4 min, they all only destroyed A20 target cells. The half-lives 
were increased to 21.0–22.3 h when these samples were coated with PEG–GNPs. 
PDC-PEG-GNPs’ cytotoxicity prevented the target cells from surviving. Further-
more, although pre-incubation of free PDCs for 24 h substantially eliminated their 
cytotoxic activity, pre-incubation of PDC-PEGGNPs for 72 h sustained it. Peptide-
drug integration has the potential to raise the target effectiveness of chemothera-
peutic drugs despite their brief half-lives. It is simple to conjugate them into gold 
nanoparticles to get over this obstacle. This coupling also makes it possible to create 
slow-release versions of PDC-containing targeted drug delivery systems [15]. 

8.9 Toxicity 

It is generally known that the use of GNPs in the biomedical area has opened up new 
possibilities for disease diagnosis and therapy. However, the extent to which they 
are hazardous once given to patients, either by intravenous injection or oral dose, 
determines how well they may be applied in the biomedical area, particularly in 
therapeutic and diagnostic modalities. Cells can become poisonous to any molecular 
compound at relatively large concentrations. Even therapeutic chemicals can cause 
an imbalance in cellular activity when exposed to excessive concentrations, which 
eventually results in harmful toxic consequences. What maximum concentration of 
GNPs may be provided without causing detrimental toxicity at the cellular level 
is therefore the correct issue to ask. How much GNP may be used for therapeutic
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and diagnostic purposes without jeopardizing cellular, mitochondrial, and genomic 
health, more specifically? The toxicity profile of GNPs is affected by some factors, 
in addition to the concertation effect, including size, shape, surface coating, surface 
charge, interaction with biological molecules, and others. Early research using a 
mouse model found that the toxicity of GNPs was influenced by their size [8]. 
Larger core-sized GNPs are less cytotoxic than smaller-sized GNPs, according to 
research. The effects of three distinct diameters were assessed in research employing 
human embryonic stem cells. The 1.5 nm core GNPs were found to be cytotoxic at 
concentrations of 0.1 gmL−1, however, the 4 and 14 nm were not at concentrations 
of 10 gmL−1, demonstrating that bigger GNPs are less hazardous to the cells [31]. 
Regarding the development of a database of various size-dependent (1.5–100 nm), 
It is necessary to take into account both in vitro and in vivo toxicity to completely 
comprehend the size-dependent toxicity profile. Steckiewicz et al. in vitro studies 
on the cytotoxicity of three various GNP shapes—star, rod, and spherical-on three 
different human cell lines osteosarcoma, human fetal osteoblast, and pancreatic duct 
cells were conducted to evaluate the toxicity of the form [34]. According to the study, 
compared to other shapes evaluated, star-shaped particles had the greatest damaging 
effects on cell lines. The range of the gold nano star’s IC50 values in the three different 
cell types was 0.46–1.76 gmL−1. In a separate study, the toxicity of gold nanoparticles 
such as hollow gold-silver nanoparticles, gold nanospheres, gold nanorods, gold 
nanocages, gold nanostars, and SiO2-gold core–shell nanoparticles was investigated 
[24]. The extensive investigation examined these nanoparticles at concentrations 
ranging from 1.5 to 200 µmL−1. The study used MCF7 breast cancer cells, and the 
results indicate that utilizing gold nanosphere and nanostar increased cell viability by 
more than 90% at a concentration of 12.5 µmL−1. Contrary to the findings published 
by Steckiewicz et al who found that nanostars induced the highest toxicity in cells, 
the cytotoxicity of cells was significantly increased by the use of gold nanorods 
[34]. According to these latest findings, altering a particle’s shape can be harmful 
to cells, particularly when a nanorod’s high aspect ratio disrupts the lipid bilayer 
and causes cytotoxicity. Gold nanostars were discovered to raise the Bax proteins 
and reduce the BCL-2 protein, which supports apoptotic programmed cell death 
in addition to stiffening the lipid bilayer. The nanoparticles’ hazardous activity is 
influenced by their surface coating and surface charges. Although many studies have 
found similarities in the toxicity profiles of anionic and cationic surface coatings, the 
cationic GNP has a two- to three-fold higher particle absorption rate, leading to high 
concentration-induced toxicity [5, 13]. Strong cationic ligand-coated GNP absorption 
is made possible by the cell membrane’s abundance of anionic uptake transporters. 
The toxicity brought on by NPs is also influenced by the density of the surface 
ligand and its chemical interactions with different biological components floating 
in the circulation. Cells may suffer damage from the nanoparticle agglomeration 
that follows the formation of the protein corona. Given that GNPs are mostly found 
in the cellular compartment known as the endocytic compartment [28]. The bulk 
of circulating GNPs in the bloodstream are thought to be collected by the liver in 
animal models, according to biodistribution studies. These most recent discoveries 
suggest that primary hepatocytes or hepatic cell lines should be used for doing in vitro
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research. Numerous studies have been published that demonstrate how intracellular 
ROS may be produced by GNPs, although controlled application can result in potent 
antioxidants by limiting the formation of NF-B and the subsequent inflammatory 
reactions. In the first phases of cancer treatment, when the therapeutic objective is 
to accelerate cell death, the advantageous impact of GNPs’ toxic activity may be 
helpful. Prior to using GNPs’ risky behavior in cancer research, issues with protein 
corona formation and their efficient clearance from the body of treated patients must 
be properly evaluated and resolved. 

8.10 Recent Trends and Future Perspectives 

For applications in medicine, it is essential to create efficient procedures for func-
tionalizing GNP with diverse substances that allow for stability in vivo and precise 
interaction with biological targets. The best-stabilizing agents nowadays are thought 
to be the thiolated derivatives of PEG and other compounds. PEG-coated particles 
in particular have the potential to circulate for extended periods and tend to be less 
susceptible to immune system cell components. By now, everyone is aware that GNP 
conjugates provide reliable labels for resolving bioimaging issues. Numerous two-
photon luminescence manifestations of GNP, optical coherence tomography, acoustic 
tomography, etc. may all be performed using these conjugates. GNP conjugates have 
been used in analytical investigations employing both straightforward solid-phase 
or homophase approaches and cutting-edge experimental techniques (Dot analysis, 
immunochromatography). GNP-based plasmon photothermal laser treatment for 
cancer was first introduced in 2003 and has just begun the clinical approval stage. How 
rapidly the following significant issues can be overcome will determine the real clin-
ical success of this technology: It is obvious that more, continuing study is required 
to fully understand the biodistribution and toxicity of GNP. This research should 
focus on three areas: (1) developing efficient techniques for non-optical heating 
or fiber-optic radiation delivery to malignancies inside the body; (2) enhancing 
contrast and uniformity of accumulation by conjugate delivery approaches; (3) emer-
gent techniques for in situ photo thermolysis control. The creation of a coordinated 
program should be prioritized to ascertain the relationships between experimental 
factors (model, dosages, administration technique, research, etc.). Coordination is 
also required for the creation of particle standards and test procedures for the toxicity 
of nanomaterials. 

8.11 Conclusion 

The unique qualities of GNPs make it possible to use them in medical applica-
tions. Several synthetic approaches for creating particles of different sizes and shapes



576 S. Parveen et al.

provide a broad toolbox for conjugates with enhanced affinity for specific cell recep-
tors, effective cell internalization, extended circulation half-life, tumor permeability, 
and high biocompatibility. These characteristics of GNPs, along with their elec-
trical and optical responsiveness, have made it possible to create strong platforms 
for developing new vaccines, effective gene therapy techniques, improved radiation 
procedures, and novel cancer treatment approaches. Even if gold is less hazardous, 
health complications might still occur due to the relatively slow rate of clearance from 
tissues and circulation. For this reason, methods that improve the precise targeting 
of sick cells must be standardized before GNPs are used regularly in humans. 
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and Ricardo Morales-Estrella 

Abstract Biotechnological applications in the mining area are considered compet-
itive alternatives with respect to traditional processes for treating low-grade ores or 
tailings; even as a stage prior to leaching by cyanidation, by eliminating mineral 
species called cyanicides. In this sense, the use of the Shewanella putrefaciens 
bacterium to chemically interact with the copper tailings, which also contain 4.35 g 
of gold/ton, but that it is mostly encapsulated in iron oxides, makes its implementa-
tion feasible due to its iron-reducing capacity; nevertheless, the chemical interaction 
between the tailings and the liquid medium solubilizes the remaining copper in the 
ore, completely inhibiting the growth of Shewanella putrefaciens bacteria. In this 
research work, the maximum concentration of copper was determined, which does 
not stop the growth of the colony of this microorganism during the bioreduction of 
the iron species contained in the mineral. Experimental results show that the copper 
concentration in the ore must be less than 35 ppm, prior to contact with bioreducing 
bacteria to, for example, reduce oxidized iron species, prior to cyanide leaching of 
gold-bearing species. Therefore, to carry out the bioreduction of the iron present in 
the tailings, it will be necessary to first reduce the amount of copper in the ore to the 
concentration mentioned above, to prevent the copper content from decreasing by 
exhaustive chemical leaching (affecting the economy of the process), or genetically 
modifying the bacterium with a plasmid that provides greater resistance to copper. 
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1 Introduction 

A very important characteristic of mining activity is the generation of large volumes 
of solid waste that can be potentially toxic to the environment, called tailings, which 
may still contain valuable metals and can therefore be considered for reprocessing 
[1, 2]; on the other hand, they generally present a quartz matrix, although it totally 
depends on the location of the deposit [3, 4]. The tailings with 0.26% w/w copper 
used in this work were generated in a mining operation to obtain copper from the 
leaching with sulfuric acid of the mineral known as malachite (Cu2(OH)2CO3), which 
is totally soluble. In this acid at room temperature [5, 6], the main mineral matrix is 
made up of albite and quartz, while 68.72% of the gold present in the tailings (4.35 g/ 
ton) is contained in the species soluble in aqua regia, mainly hematite [7]; because of 
this mineralogical characteristic, the use of the Shewanella putrefaciens bacterium 
in the bioreduction process of the hematite species was considered, since it is widely 
recognized for its ability to feed on oxidized iron species [8–11]. During the microbial 
interaction with a mineral, the dissolution of certain metallic species occurs, which 
can have a negative effect on the microorganism itself [12]; however, resistance to 
metals in general is a common phenotype in multiple microorganisms, and microbial 
communities are highly sensitive or adaptable to environmental changes [13, 14]. 

Several transition metals generate cations that have an important role as nutrients 
(or trace elements) in several biochemical reactions, although at high concentrations, 
these cations form non-specific compounds in the cell, causing toxic effects; Copper 
as a transition metal has the property of switching between its oxidation states from 
cuprous (Cu(I)) to cupric (Cu(II)), this reduction potential allows it to serve as an 
ideal biological cofactor, generally in aerobic organisms. Therefore, for there to be a 
physiological effect, the copper cation must enter the cell, but in high concentration 
it is extremely toxic [13, 15]. 

There are four bacterial protein channels for copper homeostasis in enterobac-
teria (Escherichia coli): cue, cus, Pco and Cop [13], although there are other bacte-
rial genera that possess them (Acidithiobacillus sp, Shewanella sp, Pseudomonas 
sp) [16–18]. Most Gram ( ) bacteria, such as Shewanella putrefaciens, use the cue 
and cus chromosomal systems, which detoxify and redistribute copper by changing 
charge and efflux, and are gradient regulated chemiosmotic agent that crosses the 
cytoplasmic membrane of the bacterium [13, 15]. The Pco and Cop systems refer 
to plasmid-mediated resistance to copper, although the latter is also found chro-
mosomally and was detected in Pseudomonas syringae. These two systems provide 
greater resistance to copper, while the former focus on low or tolerable concentrations 
[13, 18, 19]. 

Although the resistance to copper by the Shewanella putrefaciens bacterium in 
mining applications has not been reported, this characteristic is relevant for biohy-
drometallurgical applications, as extensively described by Martínez-Bussenius et al. 
[16] in acidophilic bacteria. However, resistance to copper has been detected by 
Shewanella putrefaciens in strains of sea urchins and shellfish [17, 20], in isolates 
of sea urchins the copper resistance gene cusB and CopA were detected, while the



Biocidal Effect of Copper Contained in a Mineral Tailing on the Growth … 581

strains isolated from shellfish only determined the maximum tolerable concentra-
tion (CMT) when cultivated in culture media added with copper sulfate (CuSO4), 
obtaining bacteria that grew in 100, 3000, and >5000 mg of copper per liter; there-
fore, the purpose of this work is to analyze the biocidal effect of copper contained 
in the tailings on the growth of Shewanella putrefaciens ATCC® 8071 for a specific 
application in biomining. 

2 Experimental Procedure 

2.1 Reactivation and Conservation of the Reference Strain 

The Shewanella putrefaciens ATCC® 8071 bacterium was acquired through 
the National Collection of Microbial Strains and Cell Cultures belonging to 
CINVESTAV-IPN, which was kept in an internal working strain to avoid contami-
nation and loss, and was later sown on marine agar [21], and TSI agar to verify its 
production of hydrogen sulfide. Once the bacteria grew on the marine agar, Gram 
staining was performed. 

2.2 Bacterial Growth Curve and Preparation of Working 
Inocula 

From the colony developed in the marine agar, an inoculum was taken with the 
bacteriological loop and suspended in marine broth and incubated at 35 ± 0.3 °C 
with 150 rpm of constant agitation for 72 h, aliquots were taken and inoculated into 
tubes with marine broth enriched with magnetite PFD 00-007-0322 (FeO· Fe2O3), 
which were incubated under the same conditions mentioned above. The kinetics 
were carried out at 35 ± 0.3 °C with 150 rpm of constant agitation for 240 h, then 
the optical density of the biomass generated at 620 nm was read by the ultraviolet– 
visible light spectroscopy technique, taking as standards the scale of McFarland [22, 
23]. Regarding the working inoculum, the previous conditions are repeated, but the 
incubation of the marine broths was for 48 h to ensure that the bacteria is in the 
exponential growth phase. 

2.3 Effect of Copper from Copper Tailings on Bacterial 
Growth 

Mixtures of marine broth with 5% solids (direct tailings and washed tailings) were 
prepared separately, and sterilized, they were subjected to 35 ± 0.3 °C with 150 rpm
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of constant agitation for 500 h to observe if the culture broth reacts with the tailings, 
later in the supernatant pH and copper in solution were determined by atomic absorp-
tion spectroscopy, while the solids were analyzed by scanning electron microscopy. 
The aforementioned liquids were subjected to sterilization and previously prepared 
inoculums were added to them, these samples were incubated aerobically at 35 ± 
0.3 °C for 72 h, later, a 20 µL inoculum was taken and spread out with a glass rod. in 
marine agar, they were incubated aerobically at 35 ± 0.3 °C for 48 to 72 h to observe 
the development of CFU. 

2.4 Determination of the Maximum Tolerable Concentration 
of Copper by the Bacteria 

Culture media were prepared with marine agar enriched with copper sulfate hexahy-
drate with the following concentrations: 3.12, 6.35, 9.53, 12.71, 15.89, 19.06, 22.24, 
25.42, 28.60, 31.77, 34.95, 38.13, 41.30, 44.48, 47.64., 76.26, 101.67, 127.10, 
152.51, 177.93, 203.35 and 228.77 ppm of Cu to determine the Maximum Toler-
able Concentration (CMT) of copper to which the bacterium Shewanella putrefa-
ciens ATCC® 8071 can be subjected; in case of growth above 50.84 ppm of Cu, it 
is considered a strain resistant to this metal, but if it grows below it is considered 
sensitive [20, 24]. For the sowing of the culture media in an aerobic environment, a 
20 µL inoculum was taken and sown in an extended way with a glass rod and after 
72 h of incubation at 35 ± 0.3 °C they were observed in a colony counter. 

3 Results and Discussion 

3.1 Reactivation and Conservation of the Reference Strain 

The Shewanella putrefaciens ATCC® 8071 strain sown on marine agar showed abun-
dant growth under aerobic conditions (Fig. 1, section a), the cream-colored, slightly 
viscous, and concave colony together with the Gram bacilli ( ), are characteristic of 
this bacterium (Section b) [25, 26]. Regarding subsection c, the formation of a black 
precipitate is observed in the TSI medium, indicating that the bacterium generates 
hydrogen sulfide and does not ferment sugars, by maintaining the red color of the indi-
cator, which differentiates it from Enterobacteriaceae and the genus Pseudomonas 
sp. [27].
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Fig. 1 a Growth in an aerobic environment of Shewanella putrefaciens ATCC® 8071 in marine 
agar; b Gram bacilli ( ) of  Shewanella putrefaciens ATCC® 8071; c Comparison of TSI medium 
before and after incubation 

3.2 Bacterial Growth Curve and Preparation of Working 
Inocula 

As previously mentioned, the Shewanella putrefaciens bacterium is a microorganism 
that bioreduces iron in an anaerobic environment; therefore, it was necessary to adapt 
it to the respiration of this metal and thus generate the first inoculum (Fig. 2, section 
a), since in the previous step its growth was in an aerobic environment. Regarding 
the kinetics of bacterial growth, this is shown in subsection b, in which it is observed 
that at 72 h of growth the inoculum presented a concentration of 1.11 × 109 CFU/ 
ml, which when added to the vial is reduced to 9.20 × 108 CFU/ml, due to the 
greater volume of broth used, it is also observed that in the first 24 h the adaptation 
stage occurs and from 48 to 96 h it is in the exponential growth phase, During the 
next 48 h of growth, the stationary phase occurred, although it is not represented 
graphically, since the death phase was clearly observed after 144 h due to the drastic 
decrease in CFU/ml, a trend that was maintained until the end. at 240 h, coinciding 
with the control broth. On the other hand, it was possible to make a comparison 
between the inoculum and the 72-h sample, since there was a significant difference 
in the bacterial concentration, due to the fact that the bacteria grew in an aerobic 
environment in the inoculum; therefore, it required more time to develop, but once 
it enabled the mechanisms of iron respiration, its growth accelerated.

3.3 Effect of Copper Content of Tailings on Bacterial Growth 

Figure 3 shows the dissolution of copper caused by chemical leaching between the 
tailings TH (Tailing Head), HTwas (Head Tailing washed), and the marine broth. The 
measured pH is close to neutrality and the characteristic yellow color is observed; 
after 500 h of agitation, the coloration of the marine broths turned green, being more



584 H. J. Marín-García et al.

Fig. 2 a Inoculum with sedimented magnetite and during shaking;bGrowth kinetics of Shewanella 
putrefaciens ATCC® 8071 in an anaerobic environment.

intense in the RSL than in the RL, mainly due to the excess of sulfuric acid that the 
RSL still contained; at this point the pH decreased to 5.63 and dissolved 120.74 ppm 
Cu, while the RL slightly decreased the pH to 6.05 and dissolved 67.36 ppm Cu. It is 
also possible to observe that the greatest chemical leaching of copper occurs during 
the first 250 h, since there is no significant difference with the longer leaching time, 
and the pH remains without significant changes.

Regarding the analysis by scanning electron microscopy, Fig. 4 shows the micro-
graphs obtained with the electron backscattering technique, observing that in the TH 
before the interaction with seawater (section a), the particles present a cloudy layer 
on its surface associated with the remaining presence of sulfuric acid, since in the 
HT was it disappears and the quality of the image of the particles with higher atomic 
weight is improved (paragraph c) [7]. After 250 h of agitation with the marine broth, 
both the RSL and the RL present agglomerated particles made up of low atomic 
weight elements (from the marine broth), due to the homogeneity that the grays 
present in the backscattered electron technique; it was possible to highlight some 
particles or areas with brightness indicating elements of greater atomic weight (see 
sections b and d); nevertheless, with this result it is shown that the high concentration 
of salts, when dried on the tailings, generate agglomerates that can interfere with the 
efficiency of the next gold extraction process if a washing stage is not carried out 
that eliminates or considerably reduces said salts.

Figure 5, section a, shows the effect of the copper concentration on the growth 
of Shewanella putrefaciens ATCC® 8071, after incubation of the TH and HT was 
supernatants, plus the sterility control; the three presented null development of CFU, 
indicating that the concentrations of 59.73 and 120.73 ppm of Cu in the supernatants 
exceed the resistance mechanisms that the bacteria presents naturally, while the
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Fig. 3 Copper concentration and pH in the marine broth, after 250 and 500 h of agitation of the 
Tailing Head (TH), and the Head Tailing washed (HTwas)

Fig. 4 Micrographs applying the backscattered electron technique to the mineral samples after 
500 h of leaching in marine broth. a and b TH; c and d HTwas
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Fig. 5 a Effect of dissolved copper from tailings on the growth of Shewanella putrefaciens ATCC® 

8071 and sterility control; b Growth of the positive control in the marine agar. 

sterility control indicated that aseptic conditions were maintained during the exper-
iment. Regarding the section b, the marine broth inoculated as a positive control is 
shown, which presented abundant growth, showing that this medium is favorable for 
the development of Shewanella putrefaciens ATCC® 8071. 

3.4 Determination of the Maximum Tolerable Concentration 
of Copper 

Figure 6 section a shows the massive growth of the bacterium in the marine agar 
without the presence of copper; however, as the concentration of this element 
increases, the development of colonies decreases, Such is the case of the 19.06 ppm 
Cu concentration (section b), where 782 ± 15 CFUs were counted, the Maximum 
Tolerance Concentration (MTC) being 34.94 ppm Cu, in which 425 ± 9 CFUs were 
counted (section c); from the concentration 38.13 to 228.77 ppm of Cu, no bacte-
rial growth was observed, as observed in section d. Therefore, when the Shewanella 
putrefaciens ATCC® 8071 bacterium grows below 50.84 ppm Cu, it is considered to 
be sensitive to this metal, confirming the inhibitory effect of copper solubilized by the 
marine broth, where the lowest concentration obtained in the HTwas of 59.73 ppm 
Cu is much higher than the value obtained in the MTC.
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Fig. 6 Marine agar plates to determine the MTC to copper. a Control plate without addition of 
cupric sulfate; b Plate with 19.06 ppm Cu and 782 CFU; c Plate with 34.95 ppm Cu and 425 ± 
9 CFU;  d Example of plates without growth for concentrations between 38.13 to 228.77 ppm of Cu 

4 Conclusions 

Derived from this research focused on a biotechnological application in the area of 
biomining, the following is concluded: 

The Shewanella putrefaciens ATCC® 8071 bacterium presented a Maximum 
Tolerance Concentration (MTC) for copper of 34.95 ppm. When carrying out the 
bioreduction process of the tailings in marine broth with copper contents greater 
than the mentioned MTC, the leaching of copper will inhibit the growth of the bacte-
rial colony. It is then necessary to exhaustively reduce the presence of copper in the 
tailings so that it does not generate a biocidal effect on the bacteria or transform the 
microorganism by introducing a plasmid that generates greater resistance to higher 
concentrations of copper, since Shewanella putrefaciens ATCC® 8071 showed good 
adaptation to the anaerobic environment and, therefore, to iron consumption.
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Examining the Problems and Possibility 
of Immunological Control for Engineered 
AAV as a CRISPR Vector and Other 
Genetic Transfers 

Asra Hamidi 

Abstract The adeno-associated virus (AAV) is a small, non-pathogenic virus 
commonly used as a carrier for in vivo and ex vivo gene transfer and genome editing 
projects. However, the healthy immune system is capable of identifying foreign anti-
gens (non-self) and mounting an immune response to eliminate them. Therefore, 
it is crucial to evaluate and study the potential mechanisms of preventing rejection 
of synthetic delivery modules, especially during in vivo transfer. For gene therapy 
utilizing viral vectors to be successful, it is crucial to ensure that the method of gene 
delivery is safe. This chapter will first examine the problem, applications, and bene-
fits of using AAV as well as its immunological challenges in genetic engineering 
projects conducted in living organisms and/or in isolated cells/tissues. Then, it will 
discuss proposed solutions, emphasizing immunological solutions to increase the 
efficiency of using AAV as a vector. Additionally, the development process in this 
field will be explored. The development of strategic solutions that address the chal-
lenges and limitations associated with the use of this widely used vector can provide 
a foundation for progress in the fields of genome editing and programming, vaccine 
design, and targeted gene transfer, particularly in the context of in vivo techniques. 
These advancements are expected to create a significant revolution in the treatment 
and prevention of diseases, bioengineering, and the production of transgenic and 
artificial biomaterials. 
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1 Introduction 

“The adeno-associated virus (AAV) is a tiny virus that primarily affects mammals, 
but there is currently no evidence to suggest that it causes any illnesses. The engi-
neered type of adeno-associated virus (AAV) that cannot replicate has emerged as a 
frequently utilized carrier for genome editing and gene transfer projects, particularly 
those utilizing in vivo methods” [1, 2]. “Treatments based on genome transfer, editing 
and programming are basic and new treatments that generally try to repair congen-
ital or acquired genetic mutations. Newer studies show the direction and progress of 
treatments based on genetic material, from the laboratory phase to the creation of 
practical and real solutions. Meanwhile, AAV vectors, with high delivery efficiency, 
specific target tissues, replication defects, and significant immunological success 
rates, have been used repeatedly and have gained relatively good validity” [3]. “The 
results of research have indicated that AAV is associated with fewer immunological 
issues compared to most other viruses in the context of in vivo genetic engineering 
when used as a vector. This has contributed to AAV becoming the most popular viral 
vector for genetic engineering. However, there is still a possibility that the immune 
system may eliminate the virus or that it may mutate, which raises concerns about 
the safety of in vivo applications. Another potential issue is the size limit on genetic 
material that can be packaged into AAV, which may limit its usefulness in certain 
applications That is why some researchers prefer to use separate AAVs to deliver 
sgRNA and Cas9 and co-inject them, while others have investigated the use of smaller 
Cas proteins or target fragments for gene editing” [4]. 

“A suitable viral vector should not only have mass production capability but 
also exhibit precise delivery efficiency, reasonable price, acceptable packaging 
constraints, and low immunological challenges” [3]. 

“It is crucial to assess the levels of anti-adeno antibodies in individuals to ensure 
the safety and effectiveness of genetic treatments utilizing AAV. This is particularly 
important as a considerable fraction of humans already have pre-existing immunity to 
adenoviruses. Screening tests have been developed to identify patients with signif-
icant antibody levels and prevent adverse outcomes during the treatment process. 
These tests not only help prevent transduction inhibition but also allow for the 
measurement of total antibody levels, which can be a valuable predictor of AAV 
treatment safety” [5]. “In addition, the matters of large-scale production and the 
expensive nature of using AAV vectors for private and commercial purposes are 
significant factors to take into account when considering the practical utilization of 
this carrier in genetic therapies” [6]. 

This chapter will begin by discussing the significance and applications of AAV 
vectors in genome editing, programming, and gene transfer. While providing an 
overview of the potential hurdles in utilizing this vector, we will delve into the specific 
immunological obstacles that may arise during in vivo projects. We will then explore 
various solutions that have been proposed to overcome these challenges. Finally, we 
will discuss the future possibilities and progress in the utilization of AAV vectors, 
specifically in gene transfers, DNA editing, and programming.
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2 Research Methodology 

This study examines the immunological challenges associated with using AAV 
vectors in genetic engineering and proposes solutions to overcome them. We 
conducted a systematic review of 58 scientific articles published between 2018 and 
2023, searching for information on AAV vectors, gene therapy, genome editing, 
epigenome editing, and immunology. We synthesized the information and analyzed 
it by categorizing the challenges and proposed solutions into themes. The study’s 
limitations include potential bias and the need for further validation of proposed 
solutions through experiments. However, the study provides a comprehensive and 
systematic approach to understanding the immunological challenges of using AAV 
vectors in genetic engineering. 

3 AAV Vectors for Gene Transfer, DNA Editing, 
and Programming Applications 

“Adeno-associated virus carriers have exhibited encouraging outcomes in gene 
transfer and genome therapy, as evidenced by the approval of FDA-sanctioned treat-
ments like Luxturna, Zolgensma, and HEMGENIX, which are employed for the 
treatment of Leber’s congenital amaurosis, SMA, and hemophilia B. Moreover, the 
EMA has authorized an AAV5-Factor 8 vector for the treatment of hemophilia A. 
However, AAV immunogenicity remains a challenge for clinical success in these 
trials” [7]. 

“Prokaryotes have a defense mechanism known as CRISPR, which is an acquired 
immune system that aids in warding off viral infections. The CRISPR loci include 
spacers that are obtained from extrachromosomal components and are interspersed 
with short, repetitive sequences that code for non-coding mRNA molecules. The 
spacer sequences are capable of adapting and changing the bacteriophage resistance 
in prokaryotic cells. The CRISPR/Cas mechanism may be utilized as a method of 
modifying the genome across different organisms. By altering the gRNA sequence, 
the CRISPR/Cas9 genome editing system’s target can be modified. The type II 
CRISPR/Cas system is the most widely used genetic materials editing tool, as it 
depends on an individual Cas to accurately bind to a particular DNA sequence” [3]. 
“Furthermore, CRISPR holds the potential to modify specific genes’ transcription 
or translation by altering the non-coding genome, which may help in mitigating 
diseases. Apart from genome manipulation, CRISPR technology has the potential to 
be utilized for the treatment and prevention of communicable illnesses” [8]. 

“However, depending on Double Stranded Breaking (DSB) for genome editing 
can potentially jeopardize its safety. Therefore, an alternative approach called base 
editors has been devised, which may enable precise single nucleotide mutations into 
DNA without DSBs” [9]. “Moreover, scientists have developed an innovative method 
of genome editing known as prime editing, capable of introducing various changes
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in DNA sequences such as insertion, deletion, and base substitution. Prime editing 
does not rely on double-stranded DNA cleavage or the use of donor DNA templates. 
Instead, it uses an engineered sgRNA connected to reverse transcriptase and nCas9 
to synthesize new DNA strands and introduce them to the targeted site. Since prime 
editing can address a wide range of genetic mutations associated with human genetic 
problems, it holds great potential as a clinical therapy tool” [10]. 

“The potential of large DNA fragment insertion for treating genetic diseases is 
significant, but current gene editing technologies can only effectively insert short 
fragments. However, a new method for gene editing, known as GRAND editing, has 
been developed to enable the precise insertion of big DNA pieces devoid of the need 
for DNA donors. Unlike prime editors, which require templates that can hybridize 
with the target sequence, GRAND editing uses a pair of guide-RNAs with reverse 
transcriptase templates that are not homologous to the intended region but instead 
match each other. This method has achieved a success rate of up to 63.0% for a 150-
bp insertion with minimal by-products, and 28.4% for a 250-bp insertion. Although 
it can accommodate insertions of up to ~1 kb, the potency decreases for fragments 
larger than 400 bp” [11]. 

“Safe and effective delivery methods for gene editing agents are essential for 
successful in vivo gene editing therapies aimed at treating genetic diseases. Various 
delivery technologies have been studied, including viral vectors, lipid nanoparticles, 
and virus-like particles, to achieve this goal. These methods play a crucial role in 
enabling therapeutic in vivo gene editing” [4]. 

“Eukaryotic cells have a defense mechanism against foreign DNA different from 
the CRISPR system used by prokaryotes. They use DNA sensors that add chem-
ical markers to exogenous DNA, inhibiting its transcription and reducing its impact 
on the cell. However, this poses a challenge in gene therapy. The DNA-sensing 
machinery of the host can detect certain elements of Recombinant AAV vectors, 
which are frequently utilized in gene therapy, resulting in decreased expression of 
the transgene. In addition, the HUSH complex can deposit repressive histone marks 
on viral DNA, and the NP220 DNA sensor can bind to double-stranded DNA from 
either host or foreign viral genomes. Following this interaction, the HUSH complex 
is recruited, which in turn facilitates the recruitment of histone-modifying enzymes, 
such as HDAC and SETDB1. These enzymes remove acetyl marks and add repres-
sive methyl marks, respectively. In summary, NP220-HUSH complex plays a role 
in epigenetic silencing of DNA by modifying histones which should be taken into 
consideration when planning genome editing and gene therapy projects based on 
AAV” [12]. 

“Epigenome editing is a method used to manipulate the epigenome of specific 
DNA to determine the role of the epigenome in a particular gene. This technique 
involves using a catalytically inactive mutant of Cas9 (dCas9) to recruit epige-
netic modifying enzymes to specific target sequences. While forward genetics is 
a phenotype-to-gene approach, reverse genetics analyzes the phenotype caused by 
the mutation of specific genes. Epigenetic modifications are crucial for the activa-
tion of genes regulation in the course of embryogenesis and are linked to different
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maladies. DNA methylation and histone modifications are responsible for transmit-
ting information for controlling gene expression in a manner unrelated to alterations 
in DNA sequence. Epigenome editing technology has the potential to expand the 
use of epigenetic therapy in solid tumors” [13]. In the meantime, “AAV vectors are 
considered one of the most interesting options for epigenome editing” [14]. 

Furthermore, “Epic Bio, a company established by Stanley Qi, a bioengineer from 
Stanford, has created a technology known as Gene Expression Modulation System 
(GEMS), which enables the modification of gene expression without making perma-
nent alterations to DNA. GEMS comprises DNA-binding proteins, guide RNAs, 
and modulators, which can activate or repress gene expression and modify the gene 
locus. They use the largest library of novel modulators, which can be customized 
for specific effects upon a target gene. CasMINI is a modified Cas DNA-binding 
protein that has been engineered to operate strongly within mammalian cells. Addi-
tionally, it is smaller in size than both Cas9 and Cas12a, measuring less than half 
of their dimensions. Epic has licensed CasMINI for human use from Stanford and 
can deliver it to target organs via adeno-associated virus (AAV), lipid nanoparticles 
(LNPs), or lentiviruses. They want to de-risk its initial programs by using AAV as 
it has more clinical experience, but it is not tied to AAV and aims to validate the 
efficacy of the constructs with other delivery methods” [15]. 

4 Exploring the Advantages and Challenges of Using AAV 
Vectors in Genetic Engineering 

“AAVs are tiny viruses that do not have an envelope and contain a genome consisting 
of single-stranded DNA. They have a capsid structure that is composed of three 
proteins arranged in a 1:1:10 ratio, which creates a symmetrical T = 1 icosahedron 
structure. The AAV genome is compact and contains two open-reading frames that 
are bordered by palindromic inverted terminal repeats arranged in a T-shape. These 
repeats enable the genome to be replicated and packaged. The cap gene codes for 
the three capsid proteins, while the rep gene encodes four replication proteins” [6] 
(Fig. 1).

“AAV vectors are commonly used in genetic engineering as they are highly effec-
tive at transporting to specific cells. Also, they can sustain persistent transgene expres-
sion” [17]. “ AAV vectors can transduce cells that are either actively dividing or non-
dividing, and they can persist as an extrachromosomal element without integrating 
into the host cell’s genome” [18]. However, “they still pose some immunological chal-
lenges and carry a slight possibility of causing mutagenesis by insertion” [19]. “AAV 
vectors have demonstrated high delivery efficiency, replication defects, specificity 
toward target tissues, and notable immunological success rates, and have therefore 
gained considerable credibility in their repeated use. Compared to other viral vectors, 
AAV poses fewer immunological challenges when utilized for in vivo gene transfer 
and DNA edit, and has thus become the preferred vector in this field” [3]. “Despite
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Fig. 1 The diagram shows the use of AAVs in gene replacement therapy, where the therapeutic 
sequence takes the place of the rep and cap genes. The AAV capsid structure, which is highly 
symmetrical, consists of three proteins and has been crafted to optimize non-covalent interactions 
to accommodate the genetic material carried by the virus [6, 16]

this, there remain potential concerns regarding the safety of in vivo applications, such 
as the possibility of the immune system eliminating or mutating the virus. AAV’s 
effectiveness for specific applications is limited by the size constraints of the genetic 
material it can accommodate, which requires to be addressed. Researchers have 
proposed various solutions, including the use of separate AAVs to attach sgRNA and 
Cas9, the exploration of smaller Cas proteins, and the targeting of smaller genetic 
fragments for transfer” [4]. 

In addition to the advantages and challenges of using AAV vectors, there are some 
other important aspects to consider. 

4.1 AAV Serotypes 

“AAV vectors offer versatility in targeting different tissues due to their diverse 
capsids. Researchers can modify the tropism of these vectors by combining natural 
serotype capsids” [11]. “More than 13 naturally occurring AAV serotypes have been 
identified, in addition to over 108 capsid variants that have been classified” [7]. “To 
construct an AAV vector, the therapeutic gene, and genetic material must be placed 
between two sets of inverted terminal repeats (ITRs) obtained from AAV serotype 2. 
The size of the entire construct must not exceed 4.6 kb” [18]. For example, “AAV9 
has been observed to be effective in systemically delivering therapeutic agents to the 
nervous system. This includes the capacity to penetrate natural obstacles, such as the 
cerebral vascular barrier, to reach its target” [6].
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4.2 Generation and Refinement of Vectors 

“The production and purification of AAV vectors require careful handling and elim-
ination of any probable impurities. A commonly used method for AAV production 
is transient transfection of mammalian cell lines, but it has limitations in terms of 
scalability and downstream processing. An alternative method uses Sf9 insect cells 
and baculovirus but this has limitations, so TIPS cells are utilized to overcome these 
issues. AAV vectors are manufactured through a process that involves the use of 
serum-free suspension culture, where TIPS cells and new Sf9 cells are co-cultured. 
The resulting AAV particles are obtained by lysing the producer cells” [18] (Fig. 2). 

“Presently, the preferred way of purifying AAV for clinical and research purposes 
is through ultracentrifugation on a cesium chloride or iodixanol density. Nevertheless, 
this process has certain disadvantages, such as being time-consuming and difficult to 
expand, and it may also lead to impurities being co-purified. On the other hand, liquid 
chromatography, particularly high-performance liquid chromatography (HPLC), is

Fig. 2 The process of purifying AAV through AAVX affinity chromatography [19] 
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a more effective and scalable method for purifying AAV. However, this technique 
requires optimization for different AAV serotypes to work efficiently. Recently, 
commercial AAV binding resins have been introduced that provide a more flexible 
and efficient method for purifying AAV for research purposes than ultracentrifuga-
tion or traditional chromatographic methods. These resins require serotype-specific 
optimization and may have lower binding efficiency for certain AAV serotypes, but 
overall they offer promising results” [19]. 

4.3 Previously Established Immunity 

“AAV-based genome editing may not work effectively in individuals with existing 
immune responses to certain AAV variations” [5]. “The body’s exposure to natural 
AAV serotypes can produce specific antibodies, such as neutralizing antibodies 
(NAb), which can prevent AAV vectors from entering the objective cells, reducing 
Delivery effectiveness and lowering the synthesis of therapeutic agents. Patient exclu-
sion from clinical trials is prevalent due to high titers of neutralizing antibodies 
against AAV vectors, which can vary depending on demographic factors. It is essen-
tial to evaluate several AAV serotypes and determine the collective occurrence of the 
primary serotypes employed in AAV-mediated treatment because cross-reactivity 
can arise between distinct AAV serotypes” [20] (Table 1).

“The binding of anti-AAV AAV capsid antibodies can impact the delivery of these 
vectors. This effect can occur in two ways: Neutralizing antibodies can block vector 
transfer, whereas non-neutralizing antibodies have no effect. Both types of antibodies 
can also cause the redirection of the vector to secondary lymphoid organs, as illus-
trated in Fig. 3. However, administering rAAV vectors directly into protected sites 
might be less susceptible to the impact of non-systemic AAV-targeting antibodies” 
[21].

4.4 Vector Standardization 

“Maintaining a consistent level of rAAV properties is crucial for comprehensive 
medical trials. The initial phase in producing recombinant adeno-associated virus 
involves reinforcement, which is commonly done using a triple transfection method 
in clinical practice. However, this approach is limited in scalability, leading to low 
productivity. To enhance effectiveness and durability, different manufacturing plat-
forms have been developed, including different viral vectors, such as baculovirus or 
herpes simplex virus, as well as cell lines such as HEK293 and adenovirus-transfected 
HEK293 cells” [1].
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Table 1 Comparing tests for transduction inhibition and total antibody detection [5] 

Evaluation TI evaluation TAb evaluation 

Fundamental A reporter gene encoding rAAV 
vector is used in a cell-based test 

A capture-based method that uses 
immunochemical analysis (For example, 
ELISA or ECLA) 

Cell transduction inhibition tests 
can be performed using 
blood-derived samples containing 
neutralizing antibodies and 
Non-immunoglobulin components 

Detects the existence of antibodies 
against AAV (with no regard to their 
neutralizing capacity) 

Benefits The method determines the extent 
of cell transduction inhibition by 
identifying neutralizing antibodies 
and additional neutralizing agents 
that may impact transduction 

This unique approach is less complex and 
more amenable to automation than TI 
tests. Therefore, it holds promise aimed 
at the progress of diagnostic tests that 
could be utilized in diverse medical 
laboratory settings 

A frequent design involves 
selecting the same rAAV capsid as 
gene therapy with options for cell 
lines and reporter genes 

The detection of specific 
immunoglobulin isotypes is possible 
using an antigen-capture format 

Possible 
drawbacks 

Necessary specialized experts It is difficult to standardize due to the 
various available platforms and format 
options 

Can be difficult to develop into 
readily available commercial test 
kits 

It is possible that low-affinity non-specific 
antibodies could be detected, but their 
presence potentially does not impact the 
clinical outcome of gene therapy

4.5 Safety Concerns 

“AAV vectors are generally considered safe but require thorough pre-clinical testing 
and patient monitoring to ensure their safety and effectiveness” [5]. “AAV vectors 
have elements that trigger the activation of toll-like receptor (TLR)2 and TLR9, 
leading to the discharge of pro-inflammatory signaling molecules and immune system 
proteins that promote inflammation and antiviral responses. AAV vector suspensions 
may contain impurities from the production process, which can also affect their 
immunogenicity. The detection of AAV vectors is greatly influenced by the pres-
ence of plasmacytoid dendritic cells (pDCs) and can secrete and produce substantial 
quantities of type I interferon and irritating cytokines in response to viral challenges. 
Non-packaged viral DNA in AAV vector production preparations can influence their 
immunogenic properties in human pDCs” [23]. “The prevalence of anti-AAV anti-
bodies raises safety concerns for gene therapy. Excluding positive patients from 
clinical trials could hinder progress without sufficient evidence of safety risks” [24]. 
“AAV vectors are a powerful tool for genetic engineering with great potential in 
various applications, but their use requires careful consideration of serotype selection, 
vector production, pre-existing immunity, and safety concerns” [1].



600 A. Hamidi

Fig. 3 Non-inhibitory antibodies against AAV may Interact with the protein shell of the recombi-
nant adeno-associated virus, but they do not obstruct attachment of the vector or transduction. The 
mechanism of neutralizing antibodies against AAV is depicted [22]

“AAV has been successful in delivering therapeutic genes for illnesses like 
hemophilia, spinal muscular atrophy, and inherited retinal disorders during testing on 
patients” [25]. “Genome editing tools like CRISPR-Cas9 can be delivered by adeno-
associated viruses (AAVs) to target cells, enabling accurate genome modifications” 
[2]. Additionally, “ AAV vectors are frequently utilized in fundamental research to 
investigate genetic mechanisms, control, create preclinical models of human illnesses 
using animals” [26, 27], and “apply newer genome editing techniques such as prime 
editing and base editing” [28]. 

“AAV vectors have been used in agriculture to deliver genetic modifications to 
crops, improving resistance to pests and environmental stressors” [29]. 

“AAV vectors can target specific cells by incorporating cell-specific promoters 
and can mediate extended gene function due to their potential to incorporate into the 
recipient cell’s DNA” [30]. 

“AAV vectors are promising for treating neurological disorders in the central 
nervous system like Alzheimer’s, Huntington’s, and Parkinson’s illness” [1]. “AAV
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vectors are capable of being used to regulate the body’s defense response” [31] and 
“have potential in cancer therapy by delivering genes that regulate immune function, 
express tumor suppressor genes, or induce apoptosis in cancer cells” [32].“AAV 
vectors have limited cargo capacity” [13], They can serve as in vivo carriers, partic-
ularly for CRISPR-based systems such as Cas9, Cas12a, and Cas13a, which find 
prominent application in the field of cancer therapy [33] and “pre-existing immunity 
can reduce their effectiveness” [5], but “efforts to improve AAV vector technology 
show promise for overcoming these challenges” [13]. “Despite these challenges, 
AAV vectors offer a valuable tool for genetic engineering with various uses in genome 
therapy, immune modulation, and cancer therapy, among others” [1]. 

5 Immunogenicity and AAV Vectors: Challenges 
and Solutions 

“Adeno-associated viruses have demonstrated significant potential in genome engi-
neering applications, but one of the challenges associated with their use is the 
potential for immune responses” [1]. Here are some key points to consider. 

5.1. Prior immunity: “A considerable fraction of the population carries a Prior 
immune response to the viral vectors, which may hinder their efficacy in gene 
therapy or other applications. This is caused by the widespread prevalence of 
natural AAV infections among individuals, leading to the generation of neutral-
izing antibodies against the vectors” [5]. “Addressing the issue of prior immune 
responses to viral vectors is crucial for the advancement of genome editings. 
Ongoing research and innovative strategies hold promise in overcoming this 
hurdle and unlocking the full potential of viral vector-based treatments for a 
wide range of genetic mutations” [34] (Fig. 4; Table 2).

“Perocheau et al. investigated the prevalence of inhibitory antibodies to 
AAV-LK03, 3B, and AAV8 between populations and observed that it is influ-
enced by various factors like region, environmental factors, crowdedness, 
immune system, and genetic characteristics. The occurrence of antibodies that 
neutralize was found to be lower during the later stages of childhood and 
teenage years, suggesting that AAV applications may be more suitable for this 
age group. The study suggests that AAV-LK03, AAV5, AAV8, and AAV3B may 
not be suitable for subsequent administration following the primary therapy. 
The prevalence of IgG and neutralizing antibodies to AAV-LK03, AAV-3B, and 
AAV-8 was presented in different age groups and sexes. The study also found 
antibody response memory is intricate and might be independently regulated 
by circulating memory B cells and plasma cells that produce antibodies” [36] 
(Fig. 5).

“The serological prevalence rates of AAV-specific antibodies can be affected 
by factors like donor health status and the use of immunosuppressive drugs. 
There is a significant ability of antibodies to react with multiple various
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Fig. 4 Describing the frequency of existing immunity to viral variants and their distribution across 
different geographic regions, using the population of patients with hemophilia A and B as an 
illustrative instance [34] 

Table 2 Neutralizing 
antibodies’ cross-reactivity 
with AAV-LK03, 3B, and 8 in 
populations [35] 

AAV-LK03 AAV3B AAV8 

AAV-LK03 – 97% 61% 

AAV3B 67% – 47% 

AAV8 79% 87% –

AAV strains, likely due to the high degree of sequence similarity in AAV 
capsid proteins. Reporter vectors with genes like GFP or luciferase are used 
to measure neutralizing activity against recombinant AAV (rAAV), but the 
type of reporter gene and the cell type used can affect the results. TAb tests 
detect all capsid-bound antibodies but not non-antibody neutralizing factors. 
Choosing recombinant adeno-associated virus capsid-based tools is crucial for 
developing antibody tests” [5]. 

“Factors like donor health and immunosuppressive drugs affect AAV-
specific antibody prevalence. Antibodies can interact with multiple AAV strains 
due to a high degree of sequence homology among capsid proteins. Reporter 
vectors with genes like GFP or luciferase measure neutralizing activity, but the 
choice of gene and cell type impacts results. TAb tests detect capsid-bound 
antibodies but not non-antibody neutralizing factors. Selecting recombinant 
vector capsid-based tools is crucial for accurate antibody test development” 
[38].

5.2. Immunological reactions to the vector: “The viral vectors used in genome 
therapy can still induce immune responses in patients without existing immu-
nity, leading to clearance of AAV and decreased gene expression” [39]. “The 
immune response involves both natural and acquired immunity, with the detec-
tion of foreign nucleic acids triggering the secretion of inflammatory signaling
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Fig. 5 The Perocheau et al. study examined the prevalence and titers of neutralizing antibodies and 
IgG to AAV serotypes AAV-LK03, AAV-3B, and AAV-8 in populations. The results were presented 
in eight sections, including the prevalence and titers of antibodies based on age, sex, and cross-
reactivity between serotypes. The results were shown using vertical bars and box-and-whisker plots 
[37]

molecules and the stimulation of T and B cells” [40]. “Monitoring immuno-
genicity throughout drug development and providing sufficient information 
to support label claims is necessary, and the cytotoxic cell-mediated immune 
response, involving Cytotoxic T lymphocytes, helper T cells, and NK cells, is 
particularly relevant to the sustained response to genome therapies delivered 
by AAV vectors” [41]. “Various factors can impact immune reactions against 
AAV vectors, and it is essential for closely monitoring them to guarantee the 
well-being and efficacy of genome therapy” [42].

5.3. Epigenetics challenges: “The terminal inverted sequences in recombinant 
AAV (rAAV) genomes can activate the host cell’s foreign DNA-sensing
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machinery, including the DNA damage response (DDR) proteins, and induce 
host-mediated silencing of the transgene. This silencing can occur through 
various mechanisms such as DNA methylation and histone modifications. The 
selection of AAV shell may also impact host-mediated silencing. The human 
silencing hub (HUSH) complex, made up of MPP8, TASOR, and PPHLN1, is 
involved in silencing retroelements and can also silence rAAV genomes. The 
NP220 protein can recruit the human silencing hub complex and the enzyme 
SETDB1 that adds suppressive histone modifications on retroviral genomes, 
but without requiring the HUSH complex, it can repress the gene performance 
from the extrachromosomal DNA of retroviruses that are closely relevant, such 
as HIV-1 and Mason-Pfizer monkey virus. The selection of the AAV capsid 
(serotype) has a significant impact on these mechanisms and can ascertain the 
gene repression of integrated viral DNA mediated by the host” [12]. 

5.4. Adjuvants and immune modulators: “The use of adjuvants or immune modu-
lators is a potential approach to boost the immunological reaction to AAV 
vectors in gene therapy” [43]. “Adjuvants can stabilize pathogens and raise 
the immunological function, especially in older adults and immunocompro-
mised individuals. The most widely used adjuvant is alum, but research is 
ongoing to develop combined adjuvant formulations that elicit strong humoral 
and cellular immune responses” [44]. “Recombinant adenoviruses are gaining 
popularity as COVID-19 vaccines due to their ability to stimulate B and T cell-
initiated immunological function. However, endeavors to enhance their ability 
to stimulate an immune response by administering them with conventional 
immunostimulants have been mostly ineffective. The use of STING ligands, 
like 2'3'-cGAMP, before transgene expression can reduce immunity, while the 
parallel activity of 2'3'-cGAMP with the introduced gene can enhance induc-
tion of the STING signaling pathway in advanced stages of viral contamination. 
The timing of adjuvant effect is crucial and may have broader implications for 
the application of other non-biological immunostimulants” [45]. 

5.5. Alternative vector systems: “Alternative vector systems have been explored to 
address the immune challenges associated with AAV vectors. Lentiviral vectors 
and non-viral gene delivery methods are potential alternatives to AAV vectors” 
[46]. “There are various drawbacks associated with using AAV vectors as a 
means of delivering genes, including immunogenicity, cytotoxicity, and the 
risk of gene disruption through viral integration. When viral genetic material 
integrates into the wrong location on a chromosome, it can lead to abnormal 
changes in cells leading to cancer development. Research in populations has 
also shown that this process is often associated with an Immunological reaction. 
Techniques that utilize physical means to facilitate the delivery of nucleic acids 
are restricted to DNA applications. Nonviral vectors are more attractive than 
viral vectors since they may address issues related to potential adverse effects 
on the immune system and cellular health. Nonviral vectors are also a less 
expensive option and are easy to generate at a massive level” [47]. 

5.6. Immune evasion strategies: “There are ongoing efforts to develop immune 
evasion strategies for AAV vectors. For example, engineering AAV vectors
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Fig. 6 Illustration of manipulating capsids to enhance their capability to target the brain and 
spinal cord. a Techniques for generating diverse AAV capsids. b Procedure for modifying capsids, 
which involves selecting from multiple species and customizing their capability to selectively target 
particular cells evade the immune system, and package the virus [48]

with modified capsid proteins or using novel AAV serotypes can help to evade 
pre-existing immunity and enhance gene expression” [48] (Fig. 6). 

“The structure of AAV capsids can be altered to improve vector delivery 
efficiency and avoid triggering immunological defenses. The development of 
engineered AAV capsids that target special tissue involves three main tech-
niques: natural discovery, deliberate engineering, and evolutionary optimiza-
tion. Natural discovery involves obtaining AAV from various hosts and identi-
fying a distinct genetic code for the capsids. The code is cloned and analyzed to 
confirm the modified capsids’ ability to target the special tissue. Rational design 
involves utilizing current understanding of capsid biology to insert binding 
proteins into specific regions of the AAV capsid protein, thereby enhancing 
the therapeutic properties of the resulting capsids. Directed evolution uses 
mutagenesis techniques to create a large number of capsid libraries, which are 
then exposed to specific conditions that favor the development of the desired 
characteristics. 

While these methods offer great potential, they also present several chal-
lenges. Natural discovery is limited by low delivery efficiency and the time-
consuming process of isolating and characterizing novel capsids. Intelligent
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design requires an in-depth knowledge of capsid biology, encompassing attach-
ment, entry, delivery, disassembly, genome manifestation, and structural alter-
ation. Directed evolution relies on animal models that closely replicate the 
properties of the target cells, thus imposing constraints. 

Although capsids obtained through natural discovery are the most 
commonly employed and safest in present medical treatments, rational design 
and mutagenesis-based optimization offer opportunities to enhance capsid 
function. Nonetheless, these methods also have limitations that need to be 
considered” [1]. 

Moreover, “Significant advances have been made in cassette engineering to 
improve the safety features, cellular tropism, expression levels, and duration 
of action of transgenes in clinical applications. Altering different elements of 
the adeno-associated virus cassette is a technique utilized in this approach, 
including poly(A), ITRs, and promoters, among additional constituents. One 
example of cassette manipulation that improves gene delivery effectiveness is 
double-stranded AAV, which bypasses the need for second-strand synthesis. 
Furthermore, promoter selection can impact gene expression rates and the 
cells targeted to decrease the adaptive immunological reactions. Moreover, 
the use of poly(A) and opposite poly(A) sequences can promote gene transfer 
by enhancing cytoplasmic transportation or bypassing ITR-mediated transcrip-
tion. In clinical settings, cassettes are commonly used to transfer complemen-
tary DNAs for treating autosomal recessive diseases. Studies conducted in 
animal models are investigating various approaches that utilize peptide frag-
ments, endogenous small non-coding RNA, and short nucleic acid sequences 
to modulate transgene expression and enhance suppression of the immune 
response and gene transfer efficiency” [1].

6 Specialized Solutions for Overcoming Immunological 
Challenges of AAV Vectors 

As discussed in the preceding section, potential solutions to address the immuno-
logical hurdles associated with AAV vectors can be summarized as the research and 
development of the following strategies. 

6.1. Engineering AAV vectors: “One approach to addressing immunological chal-
lenges is to engineer AAV vectors to have reduced immunogenicity. This 
can be achieved through modifications such as altering the capsid protein or 
incorporating immunomodulatory agents into the vector” [1]. 

6.2. Immunosuppression: “Immunosuppressive drugs can be used to reduce 
immune responses to AAV vectors. However, this approach is not ideal as 
it can compromise the immune system’s ability to respond to other threats” 
[43]. 

6.3. Co-administration of immunomodulatory agents: “Co-administration of 
immunomodulatory agents, such as cytokines or co-stimulatory molecules, can
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help to regulate the immunological responses to the viral vectors and improve 
their effectiveness” [45]. 

6.4. Use of immune-privileged sites: “Administering Adeno-associated-virus 
vectors to immunologically protected areas, like CNS or eye, can help to avoid 
immune responses. However, this approach is not always feasible, and the 
effectiveness of the therapy may be limited by the site of administration” [49]. 

6.5. Selection of AAV serotypes: “Selecting AAV serotypes that are less prone 
to inducing immune responses can also help to mitigate immunological 
challenges” [19]. 

6.6. Addressing pre-existing immunity: “Strategies to address pre-existing immu-
nity, such as selecting AAV serotypes that are less commonly encountered or 
employing methods to deplete or improve neutralizing antibodies, can also 
enhance the impact of gene therapy using AAV vectors” [20]. 

“rAAV has surfaced as a potential gene transfer mechanism for addressing mono-
genic diseases in various tissues. When compared to adenoviral vectors, rAAV 
exhibits lower immunogenicity due to their weaker activation of natural defense 
mechanisms and specialized immune cells. However, recombinant adeno-associated 
virus vectors carrying diverse transgenes can provoke strong immune reactions 
in different conditions, resulting in the removal of genetically modified cells and 
decreased activity of the engineered gene. Delivery of rAAV in humans and primates 
may activate considerable cytotoxic CD8+T cell reactions to both vector and 
transgene-encoded protein, ultimately resulting in the removal of transduced cells 
and complete loss of transgene expression. Moreover, the development of antibodies 
that bind to and inactivate the capsid proteins can hinder subsequent vector adminis-
tration and speed up the degradation of the therapeutic agent. Consequently, crafting 
approaches to overcome immunological reactions and ensuring the sustained produc-
tion of therapeutic proteins is the primary challenge for translating rAAV vectors to 
clinical settings” [50]. 

“Although AAV vectors have size limitations for delivering transgenes, these limi-
tations can be addressed by modifying the genes to remove unnecessary protein struc-
tures and shorten the cDNA. For instance, AAV vectors can be used for Duchenne 
muscular dystrophy by eliminating protein segments from the dystrophin gene 
sequence, which is over 11 kilobases in size. A similar approach has been used 
in gene therapies for hemophilia A, where the normal FVIII protein-gene sequence 
is approximately 7 kb. By using B-domain-deleted FVIII protein isoforms, the gene 
sequence for the FVIII protein has been decreased to just over the maximum size 
for encapsidation. This allows successful packaging of vector genomes in the viral 
capsids, modifying the size of vector genomes can lead to changes in gene expression 
when relative to the conventional-sized ones. Research conducted on mice utilizing 
AAV-8 found that a larger vector, containing FVIII and exceeding the standard size at 
5.1 kb, resulted in 2–3 times less expression of FVIII protein in plasma and decreased 
vector genome levels in hepatocytes after 3 months, as compared to a typical-sized 
vector at 4.6 kb” [51].
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“Scientists have developed a more efficient and effective delivery system for prime 
editing, a gene editing technique that corrects mutations without inducing ds-DNA 
cleavage. The team made improvements to the reverse transcriptase (RT) moiety and 
truncated the prime editing components to overcome the viral vector size restrictions, 
which at present, there is limited support for effective transfer of the bulky prime 
editing tools. Consequently, a smaller prime editing system with a gene sequence opti-
mized for expression and size advantages was developed. The team also optimized 
the split intein prime editing system and identified Cas9 breaking points that coupled 
with the shortened prime editing components transferred by double-stranded AAVs 
triggered improved AAV levels and prime editing productivity. Furthermore, they 
demonstrated the split prime editing components transferred by double-stranded-
AAV1, particularly altered prime editing system 1024, where able to induce changes 
in nucleotides and insert genetic material at four natural locations within human 
tissue cultures and they also demonstrated successful editing of the Dnmt1 gene in 
the retina of live adult mice” [52]. “Another group of researchers constructed four 
split prime editing systems using Rma intein and identified two efficient split prime 
editing systems that were able to facilitate point substitution and addition of endoge-
nous areas in human cells when delivered by dual-AAV1. They then successfully 
edited Dnmt1 in adult mouse retina in vivo using one of the identified efficient split 
prime editing systems” [53]. 

“Epigenome editing techniques have proven effective in manipulating specific 
gene targets, but their delivery through adeno-associated virus (AAV) vectors has 
been constrained by the small assembly restrictions of these vectors. Researchers 
have addressed the issue by developing a compact deactivated Cas9 repression system 
that can be packaged into a single optimized adeno-associated virus. The system 
uses a smaller variant of Cas9, derived from Staphylococcus aureus (Sa), and a 
novel repressor composed of the condensed transcription repression domain (TRD) 
from MeCP2 fused with the KRAB inhibitory domain. This construct, along with 
its associated gRNA, may efficiently fit into adeno-associated viruses. The platform 
was successfully used to silence APOE, a gene associated with Alzheimer’s disease, 
in cell culture as well as in living organisms. The method offers a more efficient and 
effective delivery system for epigenome editing” [54]. 

“The modification of histones by the Human Silencing Hub (HUSH) complex 
and NP220 is essential for regulating AAV gene expression by silencing them. 
Deletion of NP220 had the most significant effect on the expression of AAV trans-
genes, suggesting a crucial role in controlling the epigenetic suppression of AAV 
genomes. However, NP220 may recruit other epigenetic regulators besides the HUSH 
complex. NP220 is present and highly conserved in diverse vertebrate species, but 
the molecules responsible for inhibiting viral gene activity may vary based on the 
virus and host organism. For example, Rous Sarcoma virus is unresponsive to NP220-
induced suppression, perhaps due to the relatively limited amount of cytidine present 
in the long terminal repeat regions. An alternative approach to enhance AAV trans-
gene expression is to use low biomolecular weight inhibitors of HDACs, which can 
promote histone deacetylation and inhibit host-silencing mechanisms. The impact of
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HUSH complex-mediated chromatin suppression on gene expression under in vivo-
like conditions is still under investigation and can potentially be modeled in mice 
with gene knockouts or through pharmacological modulation in preclinical genome 
editing experiments. Investigating the relationship between NP220 and the HUSH 
complex and how they operate differently in various cell populations within living 
organisms and affect genome editing treatments using different AAV variants is 
crucial for further research. In summary, selecting and engineering the appropriate 
AAV serotype is essential to overcome epigenetic obstacles when using AAV vectors” 
[12]. 

7 Looking Ahead: The Future of AAV Vectors 

“The future of AAV vectors in gene editing and transfer is promising with continued 
development likely resulting in safer and more efficient delivery of therapeutic genes 
or proteins. Researchers are exploring ways to optimize AAV vectors for specific 
applications, enhance their specificity, reduce immunogenicity, and increase their 
cargo capacity” [1]. 

“Researchers are focusing on designing innovative AAV serotypes to more effec-
tively target particular cell populations, which may lead to new treatments for diseases 
that are currently difficult to target” [48]. 

“Scientists are studying methods to combine AAV vectors with other genome 
editing tools like CRISPR/Cas9 for better precision and efficacy in gene editing 
with fewer off-target effects” [3]. Moreover, “they are constantly improving the 
technology of AAV or its substitutes such as Base editing, Prime editing, Grand 
editing, and epigenome editing, to achieve more effective gene editing in “in vivo 
projects”. The refinement and enhancement of these viral vectors play a crucial role 
in advancing these associated tools” [4, 9–12, 14, 15]. 

“Improving AAV vector design to penetrate the blood–brain barrier and deliver 
therapeutic genes or proteins for the treatment of neurodegenerative diseases like 
Parkinson’s and Huntington’s is a current research focus. This involves engineering 
AAV vectors that can cross the blood–brain barrier and transport the curative agents 
directly to the brain” [6]. 

“Researchers are working to improve the safety and efficiency of AAV vectors 
by exploring strategies to reduce the chances of immune responses. One approach 
is using small molecules to inhibit the immunological response” [43–45]. “They are 
investigating methods to optimize the packaging AAV productivity to increase the 
delivery of therapeutic genes or proteins to target cells” [6, 51, 54]. 

“New techniques are being developed to enhance the manufacturing and scala-
bility of AAV vectors. This is crucial for making AAV-based gene therapies more 
widely available and affordable” [18]. 

“Scientists are developing viral vectors that can target stem cells, which exhibit the 
capacity to differentiate into multiple cell types within the organism and are desirable
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for gene therapy applications. These vectors can selectively deliver therapeutic genes 
to stem cells, creating new opportunities for regenerative healthcare” [55]. 

“Current research is centered on the development of adeno-associated viruses that 
can treat genetic disorders resulting from mutations in non-coding areas. These areas 
make up most of the human genome, and their role in gene expression and regulation 
is not fully understood. Scientists are investigating the use of AAV vectors to deliver 
therapeutic genes or RNA molecules to non-coding areas, aiming to correct gene 
expression and treat conditions such as diabetes, obesity, and heart disease” [8]. 

Furthermore, “AAV vectors are being investigated as a potential therapy for viral 
infections such as hepatitis B and HIV. These vectors can be customized to deliver 
therapeutic RNA molecules or genes that disrupt viral replication, potentially leading 
to a functional cure for the illness” [23]. 

The ongoing advancement of AAV vector technology is expected to produce 
even more robust tools for gene editing and transfer, which hold the promise of 
transforming the management of diverse illnesses. 
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