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Preface

Theranostics is an emerging area, where therapeutic and diagnostic platforms are 
integrated together to perform disease diagnosis and therapy simultaneously. It pro-
vides a noninvasive method to determine the targeted delivery of drugs and to evalu-
ate drug efficacy as well. Targeted delivery not only aids in reducing the  therapeutic 
dose but also helps in minimizing dose-related side effects. Theranostic approaches 
have already been proposed for conditions like cancer,  inflammatory diseases, and 
infections. Nonetheless, the practical form of theranostics can be achieved through 
the application of nanotechnology. Owing to  certain unique properties of nanopar-
ticles like large surface area, miniscule size, enhanced retention capability and mini-
mal off-target accumulation, surface functionalization, and the ability to escape host 
defenses, they may provide a basis for personalized medicines. Nanotheranostics 
can consequently encourage stimuli-responsive release and may provide a basis for 
siRNA co-delivery and oral delivery of peptides. They can also be used for delivery 
across the blood–brain barrier. They may play a remarkable role in combating mul-
tidrug-resistant pathogens.

It is generally believed that early diagnosis promotes cure, and this is the basic 
philosophy behind nanotheranostics: to diagnose diseases before infected individu-
als start to show symptoms. However, there are certain limitations and problems to 
achieve this goal. This book is specifically designed to provide information about 
various nanocarriers developed under nanotheranostics for a sustained, controlled, 
and targeted co-delivery of diagnostic and therapeutic agents. In addition, diverse 
theranostic applications of nanotechnology and their limitations have also been 
addressed.

This book is highly interdisciplinary and is very useful for a diverse group of 
readers including pharmacologists, nanotechnologists, microbiologists, biotechnol-
ogists, clinicians, cancer specialists, and those who are interested in development of 
nanoproducts used in therapeutics. Students should find this book useful and reader 
friendly.

This book has been divided into various chapters as follows: Nanotheranostics: 
an emerging nanoscience; Nanoparticles in nanotheranostics applications; 
Nanotheranostics approaches in antimicrobial drug resistance; Theranostic nano 
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platforms as a promising diagnostic and therapeutic tool for Staphylococcus aureus; 
Current status and prospects of chitosan: metal nanoparticles and their applications 
as theranostic agents; Nanomaterials for selective targeting of intracellular 
 pathogens; Nanoformulations: a valuable tool in the therapy of viral diseases attack-
ing humans and animals; The potential of gold and silver antimicrobials: nanothera-
peutic approach and applications; Theranostic potential of aptamers in antimicrobial 
chemotherapy; Current and future aspects of smart nanotheranostic agents in cancer 
therapeutics; Biosynthesized metallic nanoparticles as emerging cancer theranostics 
agents; Superparamagnetic iron oxide nanoparticles for cancer theranostic 
 applications; Theranostic applications of nanobiotechnology in cancer; Magnetic/
superparamagnetic hyperthermia as an effective noninvasive alternative method for 
therapy of malignant tumors; Emerging role of aminolevulinic acid and gold 
nanoparticles combination in theranostic applications; Gold nanorods as theranostic 
nanoparticles for cancer therapy. All chapters are written by experts in the field and 
provide the latest in nanotheranostics in a reader-friendly style. Readers will be 
enriched by emerging nanotheranostics, and their applications.

We would like to thank the authors, who have made noteworthy contributions to 
this book: to Carolyn Spence, senior publishing editor, and Priyadharsini, project 
co-ordinator, Springer Nature for their generous co-operation and patience during 
the whole process of editing the book. We also express our gratitude to the review-
ers for their particular informative comments and suggestions on these book chap-
ters. MR thankfully acknowledges the financial support rendered by CNPq Brazil 
(process number  403888/2018-2).

Amravati, Maharashtra, India Mahendra Rai 
Islamabad, Pakistan  Bushra Jamil  
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Chapter 1
Nanotheranostics: An Emerging 
Nanoscience

Bushra Jamil and Mahendra Rai

Abstract Theranostic approaches have been suggested for various ailments, 
 particularly cancer, microbial diseases, AIDS, and many others. This is a kind of 
personalized treatment where the treatment is guided according to the individual 
molecular profile or on the basis of biomarker identification. Combination of 
 diagnostics and therapeutic strategy into a single platform can be made possible 
with the help of nanotechnology. Usually most of the nanomedicines act by 
 increasing bioavailability of the drug, protection from degradation, and controlled 
biodistribution in the body system. Nanotheranostics thus encompass all those nano 
stages that can be used for simultaneous detection and treatment of disease by 
 providing better penetration of drugs within the body systems with reduced risks as 
compared to other conventional therapies. Theranostics offer new and emerging 
applications of nanotechnology. Nonetheless, the nanocarrier should have the 
capacity to accommodate multiple agents such as stabilizer, therapeutics, and 
 targeting and imaging moieties.

The pharmaceutical and healthcare industry is the one that has the most benefits of 
this new and emerging field of nanotechnology. It can also play a key role in the field of 
molecular biology by the development of molecular sensors or imaging agents for 
diagnosis and carriers or vehicle development for therapeutic agents. These innovative 
carriers and agents can make difference in the treatment of cancer, AIDS, cardiovascular 
diseases, burn wounds, infections, etc. by the development of nanotheranostic diagnos-
tic systems like immunoassays or colorimetric assays and in therapeutic approaches 
through gene therapy or by biomarker identification and targeting systems.

Keywords Nanotheranostics · Biomarkers · Molecular imaging · Imaging probes · 
Image-guided therapy · Aptamer theranostics
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Nomenclature

ATP Adenosine-5′-triphosphate
ADCC Antibody-dependent cellular cytotoxicity
CDC Complement-dependent cytotoxicity
cDNA Complementary single-stranded DNA
CT Computed tomography
Dox Doxorubicin
ELISA Enzyme-linked immunosorbent assay
FA Folic acid
FDA Food and Drug Administration
Gd Gadolinium
GSH Glutathione
GSSH Glutathione disulfide
IHC Immunohistochemistry
ICG Indocyanine green
MRI Magnetic resonance imaging
mAbs Monoclonal antibodies
NPs Nanoparticles
NIR Near-infrared spectroscopy
PLA2 Phospholipase A2
PT Photothermal
PTT Photothermal therapy
PET Positron emission tomography
QDs Quantum dots
ROS Reactive oxygen species
Si NPs Silica nanoparticles
SPECT Single-photon emission computed tomography
ssDNA Single-stranded DNA
SWNTs Single-walled carbon nanotubes
SPIO Superparamagnetic iron oxide
SIPPs Superparamagnetic iron platinum particles
SPR Surface plasmon resonance
SELEX Systematic evolution of ligands by exponential enrichment
USPIO Ultrasmall superparamagnetic iron oxide
US Ultrasound

1.1  Introduction

There is a drastic change in the healthcare services in the field of drug delivery, 
imaging modalities, and diagnosis with the evolution of nanotheranostic, an emerg-
ing field of nanotechnology. This new field of nanotechnology aims at combining 
both diagnostics and therapeutics to bring results that are more prolific in the cure of 

B. Jamil and M. Rai
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diseases (Prabhu and Patravale 2012; Sharma et al. 2019). Nonetheless,  nanoparticles 
(NPs) themselves may also act as multifunctional agents due to their unique proper-
ties; for instance, gold (Au) has many unique properties like surface functionaliza-
tion, plasmon resonances, photo thermal ablation, and ease of detection (Yeh et al. 
2012; de Melo-Diogo et al. 2017). Surface plasmon resonance (SPR) is an optical 
and quantitative detection phenomenon (as the incident light is converted into both 
scattered and absorbed component. The scattered component gives optical proper-
ties and the absorbed portion gives the thermal effect). It is used to determine 
 molecular binding kinetics in real time. It is a label free, highly sensitive detection 
method and requires a very minute quantity of sample. Whereas the other  techniques 
like ELISA gives only the binding affinity, SPR gives binding kinetics or the 
on-and-off phenomenon depending upon association and dissociation of molecules. 
The only problem with plasmon resonant NPs is low sensitivity because of back-
ground scattering by cells and tissues (Jain et  al. 2007; Khlebtsov and Dykman 
2010). The image quality can be improved with photothermal (PT) techniques. In 
photothermal therapy (PTT) electromagnetic radiation, most often near-infrared 
(NIR) wavelengths, are used. NIR radiation upon absorption generates heat. This 
heat kills the surrounding cells. This approach has already been used successfully to 
not only kill local cancerous cells but also the cancer cells that have been metasta-
sized (Zou et al. 2016). PTT is actually an extension of photodynamic therapy. 
In photodynamic therapy a photosensitizer (for instance, porfimer sodium) is used. 
This photosensitizer is injected in blood. All body cells take photosensitizers. 
However, normal body cell releases photosensitizer more quickly as compared to 
cancer cell. After 24–72 h most of the photosensitizers are therefore retained only by 
cancerous cells and when the body is irradiated with laser beam of specific wave-
length only cancerous cells are exposed to radiations. Photosensitizer produces reac-
tive oxygen species (ROS) that kills the nearby cells (Shirata et al. 2017). Nonetheless, 
PTT offers more advantages over photodynamic therapy as it does not require oxy-
gen. The penetration of PTT is better and can be used to cure deep cancer and cancer 
metastasis as well but the problem with PT techniques is that it requires higher 
laser-induced temperatures that can be detrimental to cells and molecules 
(Lukianova-Hleb et al. 2010).

Targeted drug delivery systems may be applied to increase the therapeutic index 
of the drugs and imaging agents at the targeted site. Nonetheless, the convergence 
of therapeutics and diagnostics in combination with nanotechnology can play a vital 
role for personalized and precision medicine where the drug release would be on 
demand (Vinhas et al. 2015; Silva et al. 2019). Nanotheranostics provide an unprec-
edented opportunity to integrate various components along with customized thera-
peutic agents, controlled-release mechanisms, targeting strategies, and reporting 
functionality for therapeutic detection/visualization within a nano-scaled architec-
ture (Wang et al. 2017a; Sonali et al. 2018) (Fig. 1.1).

In this chapter, the general overview of nanotheranostics and its important com-
ponents have been discussed. In addition, all the creative approaches being devel-
oped for these classes of therapies, imaging modalities, and the recent developments 
in the field have also been examined. It can be said that nanotheranostic is a  promising 

1 Nanotheranostics: An Emerging Nanoscience
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and emerging field that can offer rapid detection and targeted delivery system, 
which is rapid and cost-effective with reduced risks. However, there is a need to 
address some of the limitations related to this field before properly introducing this 
application in the clinics.

1.2  Nanotheranostic as a Novel Platform

An important component of nanotheranostics is developing a nanocarrier or 
 nano- platform that has the potential to accommodate all requirement of an effica-
cious theranostic in one system (Kang et al. 2008; Rai and Morris 2019).

Several nanotheranostics platforms have been presented over the past decade. 
Nonetheless, most frequently used are the traditional ones, namely metal (gold and 
silver) and silica nanoparticles (Si NPs), liposomes, quantum dots, and composite 
NPs (Miao et  al. 2019; Parchur et  al. 2019; Silva et  al. 2019; Xu et  al. 2019) 
(Fig. 1.2).

Generally, the physicochemical characteristics (like size, shape, charge, and sur-
face functionalization) of nanoparticles (NPs) determine their fate (Penet et al. 2014). 
For instance, very small nanoparticles, <20 nm, have rapid body distribution but are 
also subjected to rapid renal clearance. Whereas larger nanoparticles, >200 nm, are 
cleared by mononuclear phagocytic system and accumulate in various body organs 
like liver and spleen (Zhang et al. 2009). The pore size of tight endothelial junction 
in normal blood vessels is usually <10 nm whereas the size of tight junction in tumor 
microenvironment is much larger, i.e., >200 nm to 1200 nm. In addition to that, there 
is no lymphatic drainage in tumor tissues so that nanoparticles cannot escape the 
tumors; this is enhanced permeability and retention (EPR) effect.

These platforms allow visualization and monitoring of the route taken by the 
formulation, providing information about delivery kinetics, intra-organ and/or 
intratumor distribution, and drug efficacy. Using a single NP, it is possible to tune 

Fig. 1.1 Nanotherapeutics 
may offer a wide range of 
clinical and medical 
applications with less side 
effects

B. Jamil and M. Rai
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 therapy while simultaneously providing for real-time monitoring of disease progression 
(Vinhas et al. 2015).

Other important components while working with nanoparticles in nanotheranostics 
are understanding of type of target cells and biomarkers at the target site. Secondly, the 
route of administration or pathway they will follow to reach their target site (Rajora 
et al. 2014). Stability of nanoparticles while in the body system (in vivo), i.e., they 
must resist attack from body’s natural immune system till they reach their specific 
target site and get absorbed. Shape and size of NPs used in theranostics is directly 
related to their efficacy (Penet et al. 2014). For example, spherical NPs are commonly 
used in cancer theranostics. Filamentous, rod-shaped, disk-shaped, worm like, or 
well-shaped, all have different features like drug loading and absorption capacity, cir-
culation time, target uptake, absorption at target site, etc. Similarly, size range is 
important for the transport and absorption of NPs. Their size may vary from 50 to 
200 nm according to Banerjee et al. (2016). They have tested this size range in the 
intestine. In another study by Loverde et al. (2012), it was found that worm-like NPs 
with specific probe of PEG-PBD are more effective in cancer treatment.

NPs may target the specific receptor related to the specific cellular microenviron-
ment like hypoxia, pH, and interstitial fluid pressure. For example, lower oxygen 

Fig. 1.2 Nano-platforms for developing a successful theranostics

1 Nanotheranostics: An Emerging Nanoscience
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levels can induce cancerous characteristics in the cells and lower pH favors the 
tumor microenvironment around the cells (Penet et al. 2014). In case of change of 
interstitial fluid pressure, the passageway for any foreign body can be opened that 
may allow free influx or efflux in the cell with the change in cellular permeability. 
The foreign body can be a cancer carrier and may contain any other unwanted 
marker that may cause changes in the cellular functions with the increase or decrease 
in the cellular permeability (Wang et al. 2017b). For example, increased permeabil-
ity may cause loose membranes, which in turn make it difficult to target the vascu-
lature in the cancer microenvironment. Another example is that some of the stromal 
cells surrounding tumors in the body are cancerous fibroblast or macrophages in 
nature and can induce uncontrolled proliferation that will lead to cancer develop-
ment (Rajora et al. 2014). Extracellular matrix can also be a target that can change 
the mechanical properties of cells and can induce tumor formation promptly (Wang 
et al. 2017b). Similarly, matrix metalloproteinases are responsible for tumor growth, 
formation of tumor blood vessels, metastasis, and invasion and are considered a 
targeted site for tumor detection as they are overly expressed on cancer cells than on 
normal cells (Yoon et al. 2003).

Nanoparticles have some unique intrinsic properties that lead to its application in 
functionalization and imaging utility. For example, their specific sizes have strong util-
ity and advantage toward the target site of action, especially in cancer treatment (Rajora 
et al. 2014). The specific small size supports their blood circulation time over standard 
chemotherapeutics in vivo and increases the chances of absorption from tumor blood 
vessels into tumor tissues through tumor vasculature (Penet et al. 2014). Another prop-
erty that NPs have surface-area-to-volume ratio that is high enough to give loading 
capacity to imaging probe and targeting ligands in case of cancer therapy is another 
benefit for them to become nanotheranostics (Loverde et al. 2012). All these features 
of nanoparticles strongly benefit the field of personalized medicine in diagnosis 
even based on biomarker identification (Mura and Couvreur 2012). These diversi-
fied properties of NPs make them a choice in cancer treatment and management for 
optimizing treatment strategies and their effects along with targeted diagnosis.

It is strongly observed in past studies that nanoparticles are very useful tools that 
can play a vital role in early diagnosis and in targeted drug delivery. Nonetheless, 
human body is not a single compartment, rather a combination of multifaceted and 
multifarious enzymes, organs, and systems, and every individual is genetically and 
phenotypically different from all others. Every individual responds to treatment dif-
ferently, and thus the development of bioresponsive nanotheranostics to cater to the 
requirement of individual need requires a deep understanding of the pathophysiolog-
ical features of many distinct types of diseases. The tissue microenvironment in dis-
ease is different from healthy tissues like in case of infections and tumors blood flow 
and pH changes. Consequently, there are many other biomarkers (it’s an  indicator to 
show the presence or severity of a disease like antibody for a specific antigen indi-
cates infection) that are specifically expressed in disease tissues. These biomarkers 
basically provide foundation for personalized treatment (treatments individually 
tailored to specific patients).

B. Jamil and M. Rai
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1.3  Biomarkers for Theranostics

Biomarkers can be used synonymously to molecular markers. Although biomarkers 
are in clinical use since ancient times, nowadays more focus is on development and 
identification of molecular biomarkers that could diagnose disease accurately at 
early stages and could predict treatment in response to stimuli and can also be able 
to predict prognosis. Stimulus for nanotheranostics might be external or internal 
(Raza et al. 2019).

External stimulus is commonly used as imaging biomarkers. Imaging biomark-
ers offer several advantages like patient convenience, noninvasive procedure, and 
highly intuitive. By imaging biomarkers one can get both qualitative and quantita-
tive data. It includes computed tomography (CT), magnetic resonance imaging 
(MRI), positron emission tomography (PET), near-infrared spectroscopy (NIR) 
that responds to magnetic field, temperature, ultrasound, light, or electric pulses 
(Wilhelm et al. 2016).

Considering the limitations of external stimuli, numerous internal stimulus such 
as glucose concentrations, pH differences, redox reactions, and other ions/small 
biomolecules are more efficient for the designing of smart drug delivery systems 
(Fig. 1.3).

Fig. 1.3 External and internal stimuli for theranostics

1 Nanotheranostics: An Emerging Nanoscience
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1.3.1  Internal Body Signals for Theranostics

1.3.1.1  pH as Stimuli

Among all internal stimuli, pH difference is a most regularly investigated internal 
body signal for developing targeted theranostics. Tumor microenvironment, infected 
tissues, ischemia, and rheumatoid arthritis have acidic pH as compared to normal 
body tissues (Du et al. 2011; Wu et al. 2014; Ju et al. 2016; Fernandez-Piñeiro et al. 
2017; Li et  al. 2017a). Tumor microenvironment has more energy requirement 
because of rapid and uncontrolled growth of tumor cells. It results in high lactate 
and hydrogen ion concentration which reduces the pH to 6.5. It is pertinent to men-
tion that normal body tissues have 7.4 pH. Hence, the difference in pH can serve as 
a key biomarker for targeting certain disease.

There certainly exist many materials that are sensitive to slight pH differences. 
Tertiary amines and imidazoles have the property of switching their state after sens-
ing pH difference. They are hydrophobic at pH > 7 whereas hydrophilic at pH < 7. 
They form agglomerates at higher pH and as the pH drops they release their drug 
cargo in aqueous environment (Li et  al. 2017b). In addition to that, intracellular 
compartments like endosomes and lysosomes are also acidic in nature having 5.5 
and 5.0 pH, respectively. Many endogenous pathogens can therefore be targeted 
directly by these intracellular vesicles (Wu et al. 2018).

pH-responsive nanomaterials have been used to design sensitive nano-systems 
for drug delivery as they can stabilize the drug at physiological pH and release the 
drug when the pH trigger point is reached (Gao et al. 2010; Liu et al. 2014; Eskiizmir 
et al. 2017).

1.3.1.2  Redox Reactions

Another important stimuli that is used for biomedical appliances is the utilization of 
oxidation-reduction reactions (Zhang et  al. 2017). Glutathione (GSH) naturally 
exists in the cells and serves as a protective agent to prevent damage caused by reac-
tive oxygen species (ROS). It has the ability to donate electrons and form glutathi-
one disulfide (GSSH) (Fig. 1.4).

In healthy cells the ratio of GSH to GSSH is 90:10 and in disease state this ratio 
gets disturbed with the increase in the concentration of GSSH. The concentration of 
GSH to GSSH is called oxidative stress. Oxidative stress is an indicator of many 
pathological disorders. Redox-responsive polymers sense the presence of ROS and 

Fig. 1.4 Conversion of 
glutathione (GSH) to 
glutathione disulfide 
(GSSH)
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release their cargo where there is high oxidative stress (Iamsaard et al. 2018; Yang 
et al. 2018). Redox-responsive polymers can be fabricated by incorporating disul-
fide, diselenide, and boronic ester linkages in the polymers (Huo et al. 2014).

1.3.1.3  Hypoxia

Another important feature of tumor microenvironments is low oxygen pressure, 
called hypoxia. It is caused by consumption of oxygen by rapidly proliferating 
cells. The tumor cells adapt to hypoxic environment by their genetic instability. 
Hypoxia microenvironment is also a marker of angiogenesis, poor prognosis and 
enhanced tumor aggressiveness and metastasis (Jiang et al. 2018). Likewise, the 
therapeutic efficiency of radiotherapy also gets reduced because of hypoxia (Hu 
et  al. 2018). However, hypoxia serves as an opportunity to target tumors which 
have reductive state. Many hypoxia-selective drugs like azobenzene, nitroaromat-
ics, and quinones have been developed to trigger drug release in the absence of 
oxygen (Wang et al. 2017a).

1.3.1.4  Enzyme-Responsive Nanotheranostic Agents

Enzymes are essential component of all metabolic reactions/processes because of 
their catalytic properties and their dysregulation leads to many abnormalities and 
pathological conditions. Enzyme-responsive nanotheranostics can bring more sig-
nificant and controlled response with small dose by their biocatalytic nature. In 
addition to that, they also exhibit more specific chemical reactions (Andresen et al. 
2010; de la Rica et al. 2012; Popat et al. 2012; Hu et al. 2014). Enzyme-responsive 
nanotheranostic offers many advantages, such as more selectivity and specificity. 
Many enzymes like hydrolases, oxidoreductases, proteases, transferases, and 
 phospholipases can be used in nanotheranostics. Phospholipase-based theranostics 
utilizes the upregulation of phospholipase A2 (PLA2). PLA2 upregulation has been 
a pathological indicator for multiple kinds of cancers and many other disease 
 processes, including thrombosis, congestive heart failure, inflammation, neurode-
generation, and infectious pathogens (Scott et al. 2010; Hu et al. 2014).

1.3.1.5  Nucleic Acids (i.e., DNAs or RNAs) as Bioresponsive Switches

Nucleic acid sequences (both DNA and RNA) have unique sequences and hence can 
also be used as reliable biomarkers. These are generally used as fluorophore-labeled 
single-stranded DNA (ssDNA) in combination with nanoparticles (Xia et al. 2017). 
In one approach, polymer-coated iron oxide nanoparticles were used and 
fluorophore- labeled single-stranded DNA (ssDNA) was joined with the nanoparti-
cles (Fig. 1.5). As the system target mRNA inside the cells dye-labeled ssDNA is 
released from the closed system and produces fluorescence (Lin et al. 2014).

1 Nanotheranostics: An Emerging Nanoscience
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1.3.1.6  Small Biomolecule-Responsive Theranostics

In addition to specific macromolecules, small biomolecules such as adenosine-5′-
triphosphate (ATP) and GSH have also been exploited as biological triggers for 
stimuli-responsive theranostic applications. ATP is a readily available coenzyme in 
intracellular environment and is used to provide energy during cellular metabolism. 
In this regard, Mo et al. (2014) developed a polymeric nano-vehicle comprising an 
ATP-responsive DNA motif (containing ATP aptamer and its complementary single- 
stranded DNA (cDNA)) with anti cancerous drug (doxorubicin (Dox)), protein 
(m-protamine) and hyaluronic acid for “on-demand” release of drugs. The drug was 
loaded in GC sites of DNA. In the presence of ATP, the doxorubicin was released 
from DNA motif after conformational changes (Mo et al. 2014; Wang et al. 2017a).

1.3.2  External Body Signals or Molecular Imaging Probes/
Agents Used for Theranostics

Molecular imaging can be defined as “it is the visualization, characterization, and 
measurement of biological processes at the molecular and cellular levels in humans 
and other living systems” (Thakur and Lentle 2005; Mankoff 2007). Currently, 

Fig. 1.5 Mechanism of using ssDNA as bioresponsive switch
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many techniques like optical imaging (bioluminescence and  fluorescence), 
 magnetic resonance imaging (MRI), nuclear imaging, computed tomography 
(CT), single-photon emission computed tomography (SPECT), positron emission 
tomography (PET), and ultrasound (US) are being used for molecular imaging 
(Mankoff 2007; Janib et al. 2010). CT and MRI are not sensitive enough to detect 
pathological disease markers at early stages; however, PET can do so. PET can 
efficiently investigate sophisticated processes like receptor binding, DNA synthe-
sis or enzyme activity, oxygen metabolism and blood flow (Vinhas et  al. 2015; 
Wang et al. 2017a).

Nonetheless, for developing smart bioresponsive nanotheranostics that can mon-
itor drug trafficking and therapeutic efficiency and that can provide an on-demand 
drug release after sensing the disease progression, more sensitive nanoimaging 
modalities are required (Kelkar and Reineke 2011).

1.3.2.1  Types of Imaging Probes

Near-Infrared (NIR) Imaging

The electromagnetic spectrum of NIR ranges from 780 to 1700 nm. It is further 
subdivided into NIR I and NIR II regions. NIR I ranges from 780 to 900 nm and 
NIR II from 900 to 1700 nm (Fig. 1.6).

• NIR I imaging can be done by two type of dyes, namely,

 – Ujoviridin (indocyanine green)
 – Provayblue (methylene blue)

These two dyes emit short wavelength radiation in NIR I region. Although they 
are better in terms of tissue penetration as compared to visible probes, they are 
incompatible with CT and MRI because of photon scattering by tissues.

Imaging in NIR II window is characterized by reduced photon scattering and 
thus aid in improving image quality with lessened background fluorescence. Two 
types of NIR II imaging techniques are used, namely NIR II-emission imaging and 
NIR II-excitation imaging.

Fig. 1.6 Electromagnetic spectrum
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• NIR II-emission imaging. Probes used for this type of imaging emit NIR II 
radiation upon excitation. Four types of probes are used for this purpose, namely,

 – Small molecule dyes like indocyanine green (ICG) which usually emits 
 luminescence in the NIR I region; however, its liposomal formulation emit 
radiations in the second near-infrared window (NIR II) (Bhavane et  al. 
2018).

 – Single-walled carbon nanotubes (SWNTs)
 – Quantum dots (QDs)
 – Rare earth-doped nanoprobes, for example, ytterbium (Yb3+), neodymium 

(Nd3+), praseodymium (Pr3+), holmium (Ho3+), erbium (Er3+), and thulium 
ions (Tm3+)-doped nanoprobes can emit strong NIR II emission under suitable 
external excitation sources.

• NIR II-excitation imaging. In this type NIR II radiations as excitation source is 
used. Upon light excitation, the NIR II-excited probes release the luminescence 
signals in combination with acoustic signal (sound) or thermal heat. Consequently, 
three types of probes are used in this type of imaging to get luminescence, pho-
toacoustic and thermal image (Liu et al. 2018).

Magnetic Resonance Imaging (MRI)

In MRI contrast agents are widely used to increase the contrast difference between 
normal and abnormal tissues. The majority of MRI contrast agents are either 
 paramagnetic (having unpaired electron and are attracted toward an applied 
 magnetic field. It includes aluminum, oxygen, titanium, and iron oxide. These are 
also temporarily magnetized upon application of external magnetic field) or super-
paramagnetic (iron oxide) magnetite particles (Xiao et  al. 2016). However, MRI 
contrast agents may be divided into lanthanides and transition elements. Lanthanides 
include gadolinium (Gd), iron, nickel, and cobalt (Faulkner and Blackburn 2014). 
However, Gd is the only one that can be magnetized at room temperature. Transition 
element includes manganese and iron (Cortezon-Tamarit et al. 2017). Manganese is 
used to detect liver lesion and functional brain imaging. Iron is used either as super-
paramagnetic iron oxide (SPIO) or as ultrasmall superparamagnetic iron oxide 
(USPIO) and both are used for detection of liver cancer. Superparamagnetic iron 
platinum particles (SIPPs) after encapsulated in phospholipids are used to detect 
prostate cancer.

Although MRI contrast agents are routinely used in the clinics, they are  associated 
with numerous side effects and short half-life. Nonetheless, nanoparticles can 
 render them safer. Against this back drop AuNPs, Gd-loaded acetylated dendrimer- 
entrapped gold nanoparticles (AuDENPs), silica layer-coated gold nanorods have 
been developed and have displayed better results (Ghosh et  al. 2008; Vinhas 
et al. 2015).
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Nuclear Imaging Agents (PET/SPECT Agents)

Nuclear imaging agents are done via gamma and positron emitters. It includes 
 positron emission tomography (PET) and single photon emission computed tomog-
raphy (SPECT) (Velikyan 2012). Technetium-99m or iodine-123 are gamma 
 emitters and SPECT uses gamma cameras to detect them. Whereas, gallium-68 is 
positron emitter and SPECT uses it (Yordanova et al. 2017).

1.4  Targeted Therapy or Image-Guided Therapy

Targeted therapy is the foundation of precision therapy and a wide variety of 
 molecules have been utilized for this purpose that may range from hormones to cyto-
kines, antibodies, and peptides. In image-guided therapy digital imaging is utilized to 
guide therapy or surgery.

1.4.1  Antibody Theranostics

For a successful theranostic agent, targeted therapy is essential that could be 
achieved through monoclonal antibodies (mAbs). It makes treatment more specific. 
To date, several mAbs have been approved by the Food and Drug Administration 
(FDA) for the treatment of cancer. However, for antibodies to be used determination 
of target expression is necessary and also to understand whether target antigen is 
associated with disease progression or not.

Target expression can be determined by various techniques, such as:

• Immunohistochemistry (IHC).
• Hematological analysis by ELISA or flow cytometry.
• Immuno-positron emission tomography (PET)/immuno-single photon emission 

computed tomography (SPECT) (Fleuren et al. 2014).

1.4.2  Photothermal Ablation Agents

Thermal ablation of cancerous cells is a well-known therapy in which nanoparticles 
absorb energy of the illuminating laser and generate heat. The heat ultimately 
destroys the surrounding cells that might be diseased or healthy cells as well 
(Grosges and Barchiesi 2018). Scientists, therefore, are trying to develop target- 
specific photothermal ablation agents. Gold nanorods and colloidal gold  nanospheres 
have more frequently been used as theranostic agents (Vinhas et al. 2015).
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1.4.3  Aptamers Theranostics

Aptamers are peptide molecules or oligonucleotides that bind to specific target only 
and are selected from pools of oligonucleotides by a process known as systematic 
evolution of ligands by exponential enrichment (SELEX). They have the ability to 
recognize a wide variety of targets with high affinity and specificity just like anti-
bodies. However, they are more preferred over antibodies as they are more stable, 
less immunogenic, and easy to prepare (Xing et al. 2014).

1.5  Limitations

Herceptin® is the first of the humanized antibody capable of simultaneously detect-
ing and treating HER2-positive metastatic breast cancer. Unfortunately, many other 
scientists tried to follow Herceptin® model but failed to develop successful thera-
peutic agent. However, the emerging field of nanotechnology has paved the way for 
the development of theranostics agents for a sustained, controlled, and targeted 
delivery of therapeutics coupled with the capability to follow in real-time distribu-
tion to tissues and organs, thus allowing therapy evaluation. These nanotheranostics 
have been designed keeping in mind the selectivity for the most appropriate and 
effective therapy with fewer side effects. Albeit, many nanomedicines like Doxil® 
Myocet®, DaunoXome®, DepoCyt®, Abraxane®, Resovis®, Genexol-PM®, and 
Oncaspar® have already been to the market. Thus, smartly designed NPs have 
already made their way to the clinics, but the development of an equivalent able to 
combine both strategies is still underway. Indeed, several platforms have already 
been proposed integrating therapeutic strategies (i.e., chemo-, genetic-, immuno-
therapy, photothermal ablation) and imaging agents to monitor NP fate, e.g., MRI, 
CT, and photoacoustic tomography (PAT) (Vinhas et al. 2015).

Potential obstacles to successful nanotheranostics include the discovery and tar-
geting of new biomarkers, the innate toxicity of the nanoparticle components, 
 formulation stability, production costs, and control of intellectual property (Janib 
et al. 2010; Vinhas et al. 2015).

There is no single therapeutic agent, which has the same effect on all patients, 
suffering with the same type and stage of cancer while treating cancer. This is the 
point where precision medicine or personalized medicine are considered as a 
treatment of choice, as they can personalize a treatment that is best suited for 
individual patient. The molecular mechanism of action of these medicines is 
designed on the basis of patient genetic makeup, expressed proteins, and metabo-
lites. Therefore, with the help of genetic sequencing of patient, personalized med-
icines help in discerning individual patient susceptibility (Kim et al. 2016) toward 
the developed disease and in turn designing the disease prevention regimes. 
Understanding and further research in this field specifically will help the pharma-
ceutical industry in improving the efficacy of these drugs for individual patient to 
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benefit at maximum. The therapy design based on identified molecular informa-
tion of individual patient may promise patient treatment with lesser side effects 
(Kim et al. 2016).

1.6  Conclusions

Converging diagnosis and therapeutics based on nanotechnology is opening a new 
way toward accurate and personalized medicine. Developing smart nanotheranos-
tics that act on the bioresponsive systems have recently evolved and offering prom-
ising result with high accuracy and efficiency at targeted point via on-demand drug 
release. Intelligent nanotheranostics has both therapeutic and diagnostic capabili-
ties. It can be said that nanotheranostics is a promising and emerging field that can 
offer rapid detection and targeted delivery system that is rapid and cost-effective 
with reduced risks. However, there is a need to address some of the limitations 
related to this field before properly introducing this application in the clinics.

Considering the limitation of external stimuli, numerous internal stimuli such as 
glucose concentrations, pH differences, redox reactions, and other ions/small bio-
molecules are more efficient for the designing of smart drug delivery systems.

The emergence of nanotechnology has provided an opportunity to promote the 
development and design of novel nanotheranostics. From this perception, the per-
formance of nanotheranostics should be observed not only before or after but also 
throughout the therapy and after gaining extensive information about their genotox-
icity, cytotoxicity, immunotoxicity, and cost-effectiveness, the nanotheranostics can 
be introduced into routine healthcare as an important element of personalized and 
predictive medicine.
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Chapter 2
Nanoparticles in Nanotheranostics 
Applications

Nadun H. Madanayake, Ryan Rienzie, and Nadeesh M. Adassooriya

Abstract Nanotheranostics, the amalgamation of diagnosis and therapeutic functions 
with nanotechnology, is a novel approach in personalized medicine. The advancement 
of nanotechnology offers a greater opportunity to engineer nanoparticles in theranos-
tics applications and it has shown promising results especially in cancer therapy com-
pared to conventional treatments. Since nanoparticles possess enhanced surface 
properties, they are capable of orienting nanotheranostic agents in specific sites of 
disease through which it significantly reduces the undesired side effects. In addition, 
the biocompatibility of those nanotheranostic agents with target cells or tissues pro-
vides a greater advantage to apply them in therapeutic functions as well as in imaging. 
Primarily metallic, magnetic, polymeric nanoparticles and quantum dots are used in 
nanotheranostics applications and gold-based nanomaterials and superparamagnetic 
iron oxide nanoparticles have attracted significant attention in recent years. Therefore, 
the aim of this chapter is to discuss the use of nanoparticles in theranostic applications 
while made them functionally important in nanotheranostics for personalized 
medicine.
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Nomenclature

CT Computed tomography imaging
DNA Deoxyribonucleic acid
EPR Enhanced permeability and retention
FA Folic acid
Gd2O3-AuNCs gadolinium oxide–gold nanoclusters
IONPs Iron oxide nanoparticles
MPNs Magnetic nanoparticles
MRI Magnetic resonance imaging
NIR Near infrared
NPs Nanoparticles
PA Photoacoustic imaging
PDT Photodynamic therapy
PEG Polyethylene glycol
PET Positron emission tomography
PL Photoluminescence
PS Photosensitizers
PTT Photothermal therapy
PTX Paclitaxel
ROS Reactive oxygen species
RT Radiotherapy
SERS Surface-enhanced Raman spectroscopy

2.1  Introduction

Nanotechnology is an interdisciplinary technological approach that has been 
webbed over a range of fields including environmental remediation, energy, medi-
cine, agriculture, engineering, and food industry that offers a greater impact to uplift 
the well-being of life (Shi et  al. 2010; Duncan 2011; Kottegoda et  al. 2016; 
Madusanka et al. 2016; Madusanka et al. 2017a, b; Ashiq et al. 2019). Interestingly, 
medicine is such a field which experiences its tremendous influence on personalized 
applications. Thanks to nanotheranostics which has been enabled to combine the 
diagnosis and therapeutic functions into a single platform especially on cancer treat-
ments and other related diseases (Ma et al. 2016; Yang et al. 2019). Accordingly, an 
array of applications of nanotheranostic agents exist for applications including diag-
nosis, target drug delivery, real-time monitoring of the therapy with a minimum 
level of side effects and toxicity to the patients (Cabral and Baptista 2014). 
Nanotheranostics have given promising results for the development of personalized 
medicine at peak level (Jo et al. 2016). Due to the heterogeneity of cancers and inef-
ficient results of common prescriptions, nanotheranostics have upgraded the devel-
opment of optimized protocols providing remarkable results in personalized 
medicine applications (Mura and Couvreur 2012).

N. H. Madanayake et al.
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Inherent properties of nanoparticles due to its high surface-area-to-volume ratio 
as well as quantum confinement enable them to be successfully modulated in differ-
ent fields (Madusanka et al. 2014). Currently, the advancement in nanotechnology 
has contributed to design nanoparticles with variable shapes (e.g., spheres, rods, and 
cubes) and sizes having enhanced optical, electronic, magnetic, and catalytic prop-
erties. Therefore, the use of nanoparticles in theranostics application has granted 
several opportunities to mitigate the limitations of conventional treatments. In addi-
tion, the ability to modify their surface with different functional groups and com-
pounds elevates their value. This approach can improve their biocompatibility 
toward biological systems to provide further extensions of its utilization. Moreover, 
ease of localizing different agents along with nanoparticles at the target site also 
adds additional value for individualized medicine.

Up to date, nanotheranostics has experimented with different nanoparticles, the 
unique surface plasma resonance of metallic nanoparticles, fluorescent properties of 
quantum dots and encapsulation properties of polymeric nanoparticles and mag-
netic properties of magnetic nanoparticles attracted immensely toward personalized 
medicine (Selvan and Narayanan 2016). Moreover, cost-effectiveness and biocom-
patibility enable them to be promising candidates for theranostics (Wang et  al. 
2012). The schematic representation shown in Fig. 2.1 summarizes different types 
of nanoparticles which are used in theranostic applications while explaining differ-
ent drug delivery methods and imaging techniques.

This chapter provides a comprehensive overview of the use of nanoparticles in 
theranostic applications which made them functionally important for personalized 
medicine while focusing on future concerns in nanotheranostics.

2.2  Metallic Nanoparticles

Most of the nanoformulations used in recent theranostic applications are based on 
metallic nanoparticles. Thus, metals such as gold (Au), silver (Ag), zinc (Zn), and tita-
nium (Ti) have attracted immensely to apply as theranostics agents due to their unique 
physical and chemical properties (Cole et al. 2011). Having a larger surface area as well 
as a high surface-area-to-volume ratio enhance their physiochemical properties making 
them suitable especially on cancer treatments (Sharma et al. 2015). Furthermore, ease 
of surface fabrication with theranostic agents transforms them to excellent candidates 
with greater biocompatibility toward the living system (Jiang et al. 2015).

Surface plasmon resonance (SPR) is a major property shown by metallic 
nanoparticles compared to their bulk state. Therefore, it has become an x-factor for 
image-guided drug delivery of metallic nanoparticles as well as a fingerprint feature 
(Usov et al. 2009; Scholl et al. 2012). Metallic NPs can be appreciated as a lattice 
of ionic cores having conduction electron moving almost freely inside their lattice 
structure. This nature enables NPs to get illuminated under electromagnetic radia-
tion of light and this enhances the collective vibrations of conductive electrons 
 leading to trigger surface plasmon resonance. This resonating optical property due 
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Fig. 2.1 Schematic illustration of nanotheranostic applications on cancer treatments. FI fluores-
cent imaging, RT radio therapy, PTT photothermal therapy, PDT photodynamic therapy, GT gene 
therapy, CT computed tomography, MRI magnetic resonance imaging, PAI photoacaustic imaging, 
NIR near-infrared light, NP nanoparticle, ROS reactive oxygen species, siRNA small interference 
RNA, H hyperthermia
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to excitation of metallic NPs will be hardly achieved by other optical materials. SPR 
utterly depends on the size, shape, surrounding medium, and the charge of the 
metallic NP.  Taking that into advantage, different metallic NPs with specific 
 plasmonic properties are being used in theranostic applications (Templeton et al. 
2000; García 2011).

Ease of surface functionalization with a variety of molecules enables to upgrade 
their biocompatibility toward comprehensive applications on theranostics. For 
instance, metallic nanoparticles can be coated with multiple ligands such as poly-
ethylene glycol (PEG), biotin, paclitaxel (PTX), folic acid (FA) on their surface 
exploited to be advantageous as theranostic agents especially for cancer treatments 
(Bhattacharya et al. 2007; Fernández-López et al. 2009; Heo et al. 2012). Because 
of this metallic NPs have been extensively used as imaging agents in computed 
tomography imaging (CT), photoacoustic imaging (PA), and also in image-guided 
drug delivery (Agarwal et al. 2007; Mallidi et al. 2009; Kim et al. 2010). In addition, 
they can be utilized as therapeutic agents in photothermal therapy (PTT), photody-
namic therapy (PDT), and radiotherapy (RT) (Khan et al. 2012; Hwang et al. 2014). 
Hence, this section will discuss the use of metallic nanoparticles toward the 
enhanced performance of personalized medicine.

2.2.1  Gold Nanoparticles

Multifunctional agent for theranostic applications has been increasingly exploited 
using gold nanoparticles due to its high degree of biocompatibility and ease of sur-
face fabrication. The inherent optical and photothermal characteristics of gold 
nanoparticles enable scientists to engineer them as sensing modalities as well as 
therapeutic agents (Wang et  al. 2012). Moreover, the localized surface plasmon 
resonance can be manipulated by tuning their size, shape, structure, and surface 
chemistry providing more and more chances to apply them as favorable imaging 
agent (Cobley et al. 2011). Additionally, different forms of gold nanoformulations 
with varying sizes and shapes claim to be used as successful multifunctional agents 
in cancer treatments (Guo et al. 2017).

Slow and controlled drug release is an important aspect of drug and chemical 
delivery. This strategy has been widely applied in the medical field as well as in 
agriculture (Kottegoda et al. 2011). Gold NPs-thiol bonding triggers the subsequent 
attachment of drugs and enables to release them by reacting with cytosolic glutathi-
one (Zhang et al. 2010). Furthermore, gold nanoparticles can be modified with mul-
tiple ligands including polyethylene glycolate (PEG), biotin, paclitaxel, and 
rhodamine B-linked β-cyclodextrin on its surface without any cytotoxic effect on 
nontarget cells (Heo et al. 2012).

Because of the localized surface plasmon resonance, gold nanoparticles exhibit 
fascinating optical properties enabling them to be used as imaging modalities depend-
ing on their size and shape (Cabral and Baptista 2014). For an instance, Jain et al. 
(2006) have demonstrated that the increase in gold nanosphere size from 20 to 80 nm 
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enhances the magnitude of excitation and absorption cross section compared to con-
ventional absorbing dyes such as indocyanine green and  rhodamine- 6G. Therefore, 
this property makes gold nanoparticles as an efficient candidate for diagnosis and 
imaging of cancer.

At present, computed tomography (CT) has become a genuine and broadly prac-
ticed clinical imaging technology for their higher resolution (Peng et al. 2012; Meir 
et al. 2015). Gold has shown promising results compared to conventional iodine- 
based agents in CT imaging. Primarily, higher X-ray attenuation coefficient harness 
high-quality CT imaging compared to conventional iodinated CT imaging agents 
especially due to the higher atomic number and electron density of gold nanoparti-
cles. Furthermore, higher plasticity to laminate with target moieties along with mini-
mal toxicity makes them better CT imaging nanoplatforms (Popovtzer et al. 2008; 
Peng et al. 2012; Guo et al. 2017). Moreover, Peng et al. (2012) developed PEGylated 
dendrimer-entrapped gold nanoparticles for tumor imaging by computed tomogra-
phy and shown that gold nanoparticles with proper surface tempering enhance and 
lengthen their blood circulation time by reducing the effects from the immune system.

Photoacoustic or thermoacoustic imaging is a recently developed application 
which is dependent on size and shape as well as plasmonic properties of metallic 
nanoparticles (Li and Chen 2015). Different forms of gold-based nanoformulations 
such as nanospheres, rods, shells, prisms, cages, and stars are commonly employed 
for PA imaging. Because of their simplicity in synthesis and manipulatable electro-
magnetic absorption in the near-infrared region, increases their efficiency of heat 
generation at the imaging site. Thermal variation that results in photoactive sites can 
generate thermoelastic expansions in surrounding air, forming an acoustic wave 
(Stevenson and Heffern 2018). Therefore, the optical properties of gold nanoparti-
cles utilized them as contrast agents as well as tumor imaging agents (Li and 
Chen 2015).

Gold nanoparticles are competent enough to act as enhancers for surface- enhanced 
Raman spectroscopy (SERS) through its surface electromagnetic field enhancement 
and chemical contribution for the detection of viruses and tumor cells (Conde et al. 
2014). In addition, hybrid dual imaging technologies have drawn their attention toward 
cancer diagnosis in order to conquer the limitations of individual imaging modes to 
obtain accurate and comprehensive information during diagnosis (Padmanabhan et al. 
2016). Positron emission tomography/computed tomography, magnetic resonance 
imaging/positron emission tomography, and photoacoustic imaging/CT are currently 
available techniques for detection (Hoejgaard and Hesse 2011).

Gold nanoparticles cannot be underestimated as imaging agents; it is also an 
excellent therapeutic agent for cancer treatments. Furthermore, gold nanoshells, 
nanorods, and nanocages are widely applied in therapeutic applications, especially 
in photothermal therapy (Melamed et al. 2015; Cheng et al. 2017). These nanoma-
terials can withdraw tumor cells or tissues by transforming near-infrared light into 
thermal energy (Gao et al. 2016) that cause hyperthermia on targets followed by cell 
destruction. In addition, certain studies explain that photothermal therapy can trig-
ger cell death via necrosis and apoptosis under controlled radiation condition 
(Melamed et al. 2015).
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Photosensitizers (PS) can convert surrounding oxygen molecules into toxic reac-
tive oxygen species (singlet oxygen generation) which can destroy tumor cells as 
well as other malignant cells (Guo et al. 2017). Mostly their activation occurs under 
ultraviolet or visible light, and this is therapeutically inefficient due to its poor pen-
etration power in biological systems. Other than that, lower molar excitation coef-
ficient results in photobleaching and enzymatic degradation (Schweitzer and Somers 
2010). Hence, gold nanoparticles deserve to be an excellent nominee to overcome 
these restrictions since they have a higher molar excitation coefficient with a greater 
photostability and resistance to enzymatic degradation (Xu et al. 2019). Therefore, 
gold nanoparticles can enhance their photodynamic efficiency to a vast range of 
photosensitizers (Phthalocyanines, Toluidine blue O, ENREF18, indocyanine green, 
AlPcS4, and hematoporphyrin). Furthermore, gold nanoparticles especially conju-
gated with PS have shown promising results in photodynamic therapy (Zhang et al. 
2015). The selective binding affinity of gold nanoparticles functionalized with mul-
tiple targeting moieties and the enhanced permeability and retention (EPR) effect 
play a crucial role in photothermal therapy (Barreto et al. 2011). To date, the use of 
gold-based nanoplatforms in radiotherapy has been extensively exploited due to its 
high X-ray absorption coefficient and ease of synthesis via controlled physicochem-
ical properties (Her et al. 2017).

2.2.2  Silver Nanoparticles

Extraordinary properties of silver nanoparticles resulted in a range of applications 
in medicine as well as in the industrial field (Madusanka et al. 2014; Zhang et al. 
2016a, b). Even more, silver nanoparticles represent the size- and shape-dependent 
physiochemical and biological properties with photonic, electronic, catalytic, and 
therapeutic properties enabling them to be used as biodiagnostic, imaging, thera-
peutic, and drug delivery applicants (Austin et al. 2014; Di Pietro et al. 2016). Same 
as in gold nanoparticles, localized surface plasmon resonance of silver nanoparti-
cles enable them to integrate on theranostic applications.

Attributes of nanomaterials can enhance their properties toward different aspects 
but the same thing can lead to the toxicity of biological systems. This has been fre-
quently experienced in agricultural practices as well (Rienzie and Adassooriya 
2018). Despite silver nanoparticles’ potential for theranostic applications, genotox-
icity and cytotoxicity at certain concentrations resulted in adverse effects on human 
cells, thus limiting its application (Bhushan and Gopinath 2015). Therefore, most 
silver nanoformulations are designed by levering with stabilizing agents to reduce 
its toxicity. Recently, it has been reported that silver graphene quantum dots teth-
ered with carboxymethyl inulin have mitigated their toxicity and inhibit the devel-
opment of pancreatic tumor cells (Joshi et  al. 2017). Moreover, silver nanorods, 
silver nanocubes, and silver nanospheres are widely applied forms in nanotheranos-
tic applications (Austin et al. 2014).
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Photoacoustic imaging based on silver nanocores or shells has shown promising 
results compared to gold-based nanoformulations (Wang et al. 2012). Firstly, silver 
nanoparticles provide much stronger photoacoustic signals than gold because of 
their better light absorption properties. Secondly, silver is more likely to degrade in 
the body and its antimicrobial properties provide additional values in its application. 
In addition, surface functionalization gives a better chance to manipulate as required 
(Homan et al. 2010).

The ability of silver nanoparticles to stimulate the oxidative DNA destruction 
and chromosomal aberrations has given opportunities toward gene therapy and can-
cer therapy. Moreover, the ability to bump up reactive oxygen species generation 
that triggers mitochondrial-dependent apoptosis has given the attraction toward 
therapeutics (Bhushan and Gopinath 2015). For instance, silver nanoparticles with 
5-fluorouracil can synergistically induce apoptotic pathways in uracil phosphoribo-
syl transferase expression system which sensitize the cell as a strategy for gene 
therapy (Gopinath et al. 2008).

Image-guided therapy is another application where silver nanoparticles act as an opti-
cal identification code. Wu et al. (2010) developed core shell-structured hybrid nanogel 
with silver nanoparticle core and pH-responsive gel of poly (N-isopropylacrylamide-co-
acrylic acid) shells as a carrier of hydrophobic dipyridamole drug. Therefore, silver 
nanoparticles have gained wider attraction as a theranostic platform in personalized 
medicine due to its tremendous physiochemical properties.

2.2.3  Liquid Metal Nanoparticles

Light-driven liquid metal nanotransformers, which is a strange application toward 
theranostics, has drawn the attraction of researches, especially on bioimaging. 
Liquid metals such as gallium, gallium-indium eutectic alloys, and gallium-indium- 
tin alloys having lower melting points have been researched in bioimaging applica-
tions because of their chemical stability and being inert toward the water at room 
temperature. Recently, liquid metal formulations have shown their advantage toward 
the photoacoustic effect. In addition, liquid metal formulation generating reactive 
oxygen species along with heat under near-infrared have enabled them to be used in 
effective cancer cell elimination. However, its elevated toxicity is a major impedi-
ment to a widespread application (Chechetka et al. 2017).

2.3  Magnetic Nanoparticles (MPNs)

MNPs are also a major category of NPs in recent theranostic research because of 
their intrinsic biocompatibility and cost-effectiveness (Wang et al. 2012; de Jesus 
et al. 2019). Moreover, MPNs have been utilized as gene targeting, tissue  engineering, 
and biosensor agents in the biomedical field (Gao et al. 2007). Hence, general char-

N. H. Madanayake et al.



27

acteristics of MNPs including nanometric size, enhanced permeability retention, the 
high surface area for molecular therapeutic binding, and surface functionalization 
with cancer-homing ligands for cancer treatments give greater advantage toward 
theranostics (Greish 2007). At present, MNPs such as iron oxides, gadolinium, 
manganese, and nickel-based nanoformulations have given much more attention 
toward theranostics (Kim et al. 2013; Yu et al. 2015; Zhang et al. 2016a, b). Most 
importantly, their unique magnetic properties under external magnetic fields pro-
vide a novel direction for diagnosis and therapeutics using MNPs (Veiseh et al. 2010).

Ferromagnetism and superparamagnetism are typical magnetic properties of 
MNPs. Superparamagnetism, in a sense, is a property shown by particles in the 
presence of an external magnetic field but changes back to nonmagnetic state when 
it is removed. This is of prime importance when MPNs are introduced into living 
systems because the disappearance of magnetization in the absence of an external 
magnetic field can avoid the agglomeration in target drug delivery (Arruebo et al. 
2007; Belyanina et al. 2017). Interestingly, ferromagnetic nanoparticles show mag-
netic properties even in the absence of an external magnetic field below the Curie 
temperature (Estelrich et  al. 2015). Hence, superparamagnetic nanoparticles are 
widely used in theranostic applications. Apart from the above unique properties, 
size and surface charge of the MNPs are critical factors in biological applications. 
Charged nanoparticle can result in the nonspecific binding to cells while neutral 
MNPs can enhance the circulation time in the bloodstream (Belyanina et al. 2017). 
Considering this nature, most of the nanoformulations in theranostic applications 
are formulated in the neutralized state.

Therapeutic sensing is primarily based on the selective interaction between 
surface- coated MPNs and tumor-specific moieties. Therefore, the coating of MNPs 
is important for their applications as it favors in enhancing their properties. Primarily, 
organic polymers (polyethylene glycol (PEG), chitosan), organic surfactants, metal-
lic nanoparticles, inorganic nanoparticles, and bioactive molecules are increasingly 
utilized (Shubayev et al. 2009).

At present, surface-functionalized MNPs are widely applied as contrast agents in 
magnetic resonance imaging (MRI), positron emission tomography (PET), and 
single-photon emission computed tomography (SPECT) (Choi et al. 2008; Srinivas 
et al. 2010; Xie et al. 2011). In addition, MNPs are widely used for inducing heat at 
the target sites. More recently, magnetofection (i.e., gene transfection using MNPs) 
is a broadly studied area for tumor-targeted drug delivery, which may be combined 
effectively with target drug delivery (Reddy et al. 2012).

2.3.1  Iron Oxide Nanoparticles (IONPs)

IONPs have remarkable attention toward personalized medicine due to their mag-
netic properties. Superparamagnetic IONPs have become the common and impor-
tant candidate for biomedical applications. It includes therapeutic applications such 
as target drug delivery, hyperthermia, and target gene delivery. Other than that, it is 
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a highly recommendable and favorable applicant for MRI enhancement as well as in 
photoacoustic imaging (Kang et al. 2017; Wang et al. 2017; Burgum et al. 2018). 
Their applications may result in different formulations for theranostics via super-
paramagnetic iron oxide particles (SPIO), ultra-small superparamagnetic iron oxide 
particles (USPIO), very small superparamagnetic iron oxide particles (VSOP), 
monocrystalline iron oxide particles (MION), and cross-linked iron oxide (CLIO) 
depending on their crystalline structure, size, coating, and higher order organization 
(Strijkers et al. 2007). In addition, these properties can affect their performances as 
a theranostic agent. Primarily magnetite (Fe3O4) and maghemite (γ-Fe2O3) are the 
most commonly used iron oxide nanomaterials (Wang et al. 2012).

Due to the superior behaviors exerted by IONPs, it has been extensively utilized 
in medical applications as a magnetic resonance imaging contrasting agent. For 
instance, IONPs are widely known as a T2 contrasting agent. Therefore obtaining 
both negative and positive contrasting images with varied brightness is possible 
with minimized signal deterioration (Dolci et  al. 2013). Magnetic movement of 
IONPs creates a local magnetic field around the target site of the biological system, 
in which it affects the nearby water molecules to incur the variable latitudinal and 
longitudinal relaxation times. These variable times can be detected by MRI equip-
ment and this forces to generate a well-defined relaxation time map with an image 
of the target site to be tested (Neuwelt et al. 2015). Recently, iron oxide nanocages 
encapsulated within methoxypolyethylene glycol-thiol (mPEG) polymer were used 
for cancer theranostics and they have demonstrated excellent properties as MRI 
contrast agent. Hence, these nanoformulations exhibit enhanced contrast properties 
which are important as an efficient multifunctional nanocarrier for integrated imag-
ing and therapy (Thorat et  al. 2016). More recently, iron oxide “nanobricks” 
(IONBs) has been patented as a potential candidate for MRI contrast agent and for 
hyperthermia applications (Hegmann et  al. 2016). Moreover, at present, IONPs 
have been approved for trial studies on humans (Xi et al. 2014).

Furthermore, IONPs possess high proton relaxivity for high molar extinction 
coefficient potential which is a vital property in photoacoustic imaging (Sano 2017). 
Certain studies have shown that due to its modest absorption, ultra-small nanomet-
ric size and longer retention time with small dose make them to be more advanta-
geous as a better contrasting agent in photoacoustic imaging (Reddy et al. 2012). Xi 
et al. (2014) formulated an antibody-conjugated IONPs for photoacoustic imaging 
(HER2-targeted imaging). The lower toxicity and enhanced biocompatibility uplift 
their applications in imaging modalities. In addition, imaging modalities have 
advanced toward multimodal imaging using IONPs (Xi et  al. 2014). Wu et  al. 
reported that IONPs can be used as a multifunctional nanoprobe for near-infrared 
fluorescence, photoacoustic imaging, and magnetic resonance imaging, which is 
activated with near-infrared multidentate polymers (Wu et al. 2016).

Magnetic hyperthermia of MNPs under alternating magnetic fields resulted in 
the generation of a localized heat at the target site. Usually, hysteresis loss, Néel 
relaxation, and Brownian relaxation are involved in the warming of NPs under alter-
nating magnetic field. In addition, the mechanism involved in the hyperthermal 
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stimulation depends on the particle size, geometry, coating composition, and physi-
cal configuration (Shi et al. 2015; Peng et al. 2017). Among various types of hyper-
thermia agents, IONPs are regarded as an excellent candidate for photothermal 
therapy. Nanoformulations such as gold nanorods are regarded as poor photostable 
agents due to “melting” that is resulted due to point and planar effects (Link et al. 
2000). In addition, gold nanoshells may fail to fulfill the requirement of enhanced 
permeability and retention effect (Papahadjopoulos et al. 1991). Chang et al. (2015) 
developed an effective photothermal therapeutic nanoplatform using IONPs inte-
grated with IR806 dye for dual imaging-guided photothermal therapy of cancer. 
Here, the combination of IONPs with IR806 significantly improved the thermal 
conversion efficiency under lower light irradiation dose highlighting the potential of 
this nanoplatform in “precision medicine.”

Remarkably, IONPs administered with photosensitizers have been found to 
induce the generation of ROS which causes the destruction of tumor cells. Hence, 
the photodynamic therapy application of IONPs turned them into a highly demand-
ing nanomaterial for nanotheranostics. Mostly, magnetic NPs amended with photo-
active compounds provide a higher efficacy in photodynamic therapy but, on the 
other hand, it may induce the agglomeration under aqueous media leading to 
reduced delivery as well as insufficient cancer cell selectivity. However, these 
restrictions can be minimized with the novel advancements in nanotechnology for 
efficient therapeutic applications (Penon et  al. 2016). For instance, Huang et  al. 
(2011) developed one of the second-generation photoactive compounds, chlorine 
e6, providing expedient biocompatibility and water solubility with no cytotoxicity 
for biological systems. In addition, the most fascinating feature of IONPs is their 
ability to be used as a better agent for target drug delivery in the presence of an 
external magnetic field.

2.3.2  Gadolinium Nanoparticles

Gadolinium nanoparticles are common and known for their potential to act as a T1 
contrasting agent for bioimaging. Therefore, most of their formulations are used for 
magnetic resonance imaging. As it was mentioned elsewhere in this chapter, gado-
linium nanoparticles have multidisciplinary applications in theranostics. More 
recently, researchers synthesized gadolinium oxide–gold nanoclusters hybrid sys-
tems stabilized by bovine serum albumin. Here, bovine serum albumin surrounding 
the nanoparticles makes Gd2O3-AuNCs a brilliant carrier for the delivery of indo-
cyanine green (ICG) for magnetic resonance and X-ray computed tomography 
imaging for tumor cell imaging. Other than that, gold nanoclusters generate red 
fluorescence and singlet oxygen under the treatment with NIR at 808 nm, enabling 
them to be used as an excellent component for therapies. Therefore, the results dem-
onstrate that Gd2O3-AuNCs-ICG nanoplatform is an efficient applicant for cancer 
diagnosis and therapy (Han et al. 2017).
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2.4  Polymeric Nanoparticles

Polymeric NPs are widely recognized as a class of integrated nanocarriers for diag-
nosis and therapy (Fang and Zhang 2011). These NPs can be formulated by integrat-
ing multiple functional units to soluble macromolecules via self-assemblage of 
copolymers. Hence, polymeric formulations can be loaded with a variety of thera-
peutic and imaging agents. But polymeric NPs require successful strategies to mini-
mize the immunogenicity and antigenicity as well as to enhance the residence time 
and stability inside the biological system. Therefore, the most common strategy is to 
modify nanocarriers with PEG. PEG provides a shielding effect to the polymeric 
nanocarrier, preventing it from the destruction by steric hindrance as well as from 
renal clearance (Peer et al. 2007; Wang et al. 2012). Conventional natural polymers 
including chitosan, gelatin, albumin, sodium alginate, and synthetic polymers such 
as polylactic acid (PLA), poly(lactic-co-glycolic acid) (PLGA), poly-glutamic acid, 
polyglycolide, poly aspartic acid, hyaluronic acid (HA), and poly anhydride are 
widely used in the synthesis of polymeric NPs (Pan et al. 2010; Choi et al. 2011; Na 
et al. 2011; Yang et al. 2011; Sonali et al. 2018). Therefore, the polymeric nanopar-
ticles thus formulated can be obtained as nanocapsules, nanospheres, polymeric 
micelles, drug-polymer conjugates, dendrimers, polymersomes, and polyplexes 
(Prabhu et al. 2015). Moreover, the physiochemical properties such as crystallinity, 
molecular weight, hydrophobicity, and polydispersity index regulate the dissolution 
and drug delivery kinetics of the polymeric NPs (Sonali et al. 2018).

Out of their superior properties, polymeric NPs can be amended for different 
theranostic applications. Levering with photoactive compounds, iron oxide NPs, 
gadolinium NPs, gold NPs, and iodine enables them to be used in near-infrared 
imaging, MRI, CT imaging, and single-photon emission computed tomography, 
respectively (Kojima et al. 2012; Li et al. 2014; Ray et al. 2018). The fascinating 
feature about polymeric NPs is that they can be manipulated to create hydrophobic 
environments to encapsulate hydrophobic drugs (DOX and paclitaxel, etc.) to the 
target site (Lu et  al. 2011). For example, polymeric dendrimers can effectively 
administer 3,4-difluoro benzylidene curcumin (CDF) (curcumin possesses anti-
bacterial, antioxidant, anti-inflammatory, and anticancer properties) which are 
poor in water solubility (Madusanka et al. 2015; Ray et al. 2018). Furthermore, 
conjugation with other nanomaterials such as metallic and magnetic nanoparticles 
confers them to be utilized in PTT, PDT, gene therapy, etc. These modifications 
enable polymeric NPs to be utilized in successful disease management applications.

2.4.1  Dendrimers

Of the numerous polymer-based nanomaterials, dendrimers have shown a remark-
able promise as nanocarriers for tumor-specific drug delivery. Dendrimers are 
highly branched with a monodispersed weight distribution having a precise 

N. H. Madanayake et al.



31

 architecture and composition (Zhu et al. 2018). Dendrimers possess strong positive 
charges due to which transform them to perform as transfection agents. Moreover, 
the surface containing functional groups allow them to functionalize with antibod-
ies, peptides, folate, and other targeting molecules (Palmerston et al. 2017). They 
have been extensively exploited as drug and gene carriers, but the presence of func-
tional groups enables them to coordinate toward diagnosis and therapy. For instance, 
the administration of gold nanostar-stabilized dendrimers and complexing short 
interfering RNA delivering allows CT imaging, PTT, as well as gene silencing of 
tumors. Moreover, administration of gadolinium-bearing dendrimers enables their 
use as MRI contrasting agents (Wei et al. 2016; Zhang et al. 2017).

Even though we have defined it as a promising candidate for nanotheranostics, it 
could show some limitations for their application. Dendrimers are capable of inter-
acting with nanosized cellular components such as cell membrane, cell organelles, 
and proteins. Simultaneously, dendrimers having cationic surface groups may inter-
act with the lipid bilayer and enhance its permeability while decreasing its integrity 
(Rittner et al. 2002; Fischer et al. 2003; Mecke et al. 2005; Madaan et al. 2014).

2.4.2  Micelles

In the past decades, polymeric micelles have been paid much attention as a multi-
faceted nanosystem aiming for cancer treatments. Currently, these nanocarriers are 
successfully being claimed in preclinical and clinical studies. Simply polymeric 
micelles are spheroid nanoplatforms with a hydrophilic shell and a hydrophobic 
core. Because of their thermodynamic stability, kinetic stability, and high payload 
with smaller dimensions, they are attracted more toward disease treatments (Sonali 
et  al. 2018). Polymeric micelles entrapped with superparamagnetic IONPs and 
DOX within its core can be used as a multifunctional agent for MRI and therapeutic 
delivery (Guthi et al. 2009). Moreover, PEG–polylactic acid micelles can operate as 
a three-in-one nanocarrier system for hydrophobic drugs such as paclitaxel,17- 
allyamino- 17-demethoxygeldanamycin and rapamycin in cancer therapy. In addi-
tion, polyethylene glycol-block-poly-ε-caprolactone (PEG-b-PCL) micelles 
entrapped with carbocyanine drug enable them to be utilized as NIR optical imaging 
agent (Cho and Kwon 2011). Hence, these approaches show how polymeric micelles 
can be manipulated for different theranostic applications.

2.4.3  Polymersomes

Polymersomes are a novel group of thin-shelled capsules based on block copolymer 
chemistry. Hence, polymersomes can be defined as self-assembled nanocarriers 
having amphiphilic block copolymers with a tougher and thicker membrane with 
higher stability than liposomes. Therefore, the combination of hydrophobic drugs to 
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thick wall and hydrophilic drugs into the vesicular lumen will develop to synergistic 
effects such as cocktails. In addition, the physicochemical properties of polymer-
somes attracted them as good candidates for targeted drug delivery (Pang et  al. 
2010). Furthermore, another group of researchers demonstrated that IONP stabi-
lized by lipo-polymersomes can be used for magnetically guided gene delivery (Hu 
et al. 2014). In addition to that, several studies have shown their potential as a nano-
carrier for efficient drug delivery.

2.5  Semiconducting Nanoparticles or Quantum Dots

Nanotechnology has acquired its recognition as a multidisciplinary entity where 
different forms of nanoparticles can be transformed easily into several applications. 
Therefore, this has given license for different nanometric forms to apply in different 
fields (Tan et al. 2011). In such a way, quantum dots (QD) have emerged as viable 
agents for theranostic applications. Simply, QDs are semiconducting nanocrystals 
that exhibit superior fluorescent properties (Iga et al. 2007). Hence, QDs encompass 
with biological imaging as well as in therapeutic applications with the merit of 
resistant to photobleaching capabilities over molecular dyes (Chen et  al. 2008; 
Medintz et al. 2008; Zhu et al. 2018). Up to date, different kinds of QDs from groups 
II–VI Zn (S, Se) and Cd (S, Se, Te), IV–VI Pb (S,Se), I–VI Ag 2 (S,Se), II–V Cd 3 
(P,As) 2, and III–V In (P, As) are being successfully used in biomedical fields. In 
addition, ternary I–III–VI QDs (where I = Cu or Ag, III = Ga or In, VI = S or Se) 
were also developed for these applications (Ji et al. 2014; Jing et al. 2014). However, 
the composition can vary according to the intended use and manufacturer prefer-
ence. Fundamentally, QDs build up with a fluorescent core and an outer crystal shell 
in order to sheath the core from the ionization process within the biological system 
(Chen et al. 2008). For the biological applications, it is necessary to have a stable 
distribution in aqueous media, tolerability to different pH ranges, and ideally the 
water solubility. Advancement in nanotheranostics has developed effective strate-
gies to generate QDs having enhanced properties for their applications (Burgum 
et al. 2018).

Semiconductor nanocrystals exhibit size-dependent optical properties compared 
to their bulk materials’ Bohr radius. The band gap enhancement due to quantum 
confinement results in size-dependent QD absorption and emission spectra having 
band edge features both shifting higher energies with reducing particle size (Chen 
et al. 2010). QDs exhibit remarkable optical properties for biomedical applications 
such as narrow and symmetrical emission profiles advantageous for color purity and 
precise tenability of emission; broad excitation range combined with high molar 
absorption coefficients enables them to be used in high-throughput detection. 
Furthermore, high photoluminescence (PL) quantum yield (QY) and resistance 
against photobleaching provide more chances for long-term visualization and track-
ing of biological processes. In addition, they have relatively long PL lifetimes which 
enable exclusion of autofluorescence (Tan et  al. 2011). Therefore, it has been 
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 suggested that QDs can be appreciated as multimodal contrast imaging agents that 
can employ infrared fluorescence, positron emission tomography, CT, MRI, and PA 
imaging applications (Tan et al. 2011; Zhang et al. 2016a, b; Guo et al. 2017).

Quantum dots are novel nanoparticles that have gathered extensive investigations 
as drug delivery vehicles. Hence, same as in other nanoparticles described in the 
previous sections in this chapter, QDs can be fabricated with different biological 
molecules (antibodies, peptides, and aptamers) which can enhance its biocompati-
bility for target drug delivery (Savla et al. 2011). Wang et al. (2014) had demon-
strated that graphene QDs conjugated with folic acid can be utilized to load 
antitumor drugs. Due to their biocompatibility, inherent optical properties, higher 
surface-area-to-volume ratio, and presence of carboxylic groups for conjugation 
with different anchoring molecules potentiate them for target drug delivery as well 
as real-time monitoring of drug delivery. Additionally, certain studies have shown 
that QDs can be used as a carrier molecule to cargo siRNA (short, double-stranded 
small interfering-RNAs) for nondrugable targets which can induce the RNA inter-
ference whereby this can inhibit the protein translation. Moreover, they can serve as 
photostable beacons to monitor siRNA delivery (Derfus et al. 2007).

Therapeutic efficacy of QDs have given opportunities to apply them in photo-
thermal (PTT) and photodynamic (PDT) therapy (Chen et al. 2010; Zhang et al. 
2016a, b; Guo et al. 2017; Zhu et al. 2018). In order to execute PTT, it requires a 
near-infrared (NIR) absorbing platforms which can induce hyperthermia on the tar-
get site causing cellular damage while PDT requires photosensitizers to generate 
ROS to destroy cancer tissues. Although the following applications provided with 
promising results, it may have limitations with other NPs. For instance, efficiency 
PDT can deviate along with the time due to the depletion of oxygen level in tissues. 
Other than that, PTT efficacy can get weaker due to hyperthermia-induced heat 
shock, thus suppressing the apoptosis of tumor cells. Therefore nanoplatforms such 
as Cu2(OH)PO4 quantum dots have been identified as promising agents to overcome 
these drawbacks for efficient disease treatments (Guo et al. 2017). Moreover, QDs 
can support with the same effect for therapeutics following accompanying with car-
bon and graphene (Zhang et al. 2016a, b). Yong et al. (2015) demonstrated that the 
use of tungsten sulfide QDs for synergistic PTT and radiotherapy along with dual 
modal imaging has given a greater promise for theranostics application. Same as in 
other nanomaterials, a number of studies have shown toxicological effects of QDs, 
especially of formulations based on heavy metals. Therefore, the application of QDs 
may require deep down studies before starting its clinical applications.

2.6  Concluding Remarks and Future Implications

The drastic development in nanotechnology has granted a tremendous value on 
medical applications, especially in cancer. Hence, it requires well-improved plat-
forms for efficient performance because dealing with biological systems is a serious 
process and requires to be sharply focused. Since conventional treatment 
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 methodologies still failed to overcome these limitations, it has resulted in a variety 
of side effects. Nanotheranostics has been a successful application in order to over-
come these limitations. Inherent properties of nanoparticles enable them to mitigate 
diagnostic and therapeutic applications into a single platform. Therefore, this trig-
gers for targeted drug delivery via enhancing its biocompatibility and pharmacoki-
netics potential toward the treatments. Diagnosis enables to focus on and to get 
precise information for clinical applications. At present nanotheranostics has 
advancements toward real-time monitoring of the disease treatment, which is a 
greater achievement for therapeutics. Cancer therapy using nanotheranostics is at 
present stepping toward treatment without application of drugs. These may potenti-
ate nanotheranostics at its peak. Currently, the use of liquid metal nanoparticles, 
nanoparticles, and quantum dots for theranostics applications is being widely inves-
tigated. Even though at present people discuss their value and effectiveness for a 
wide range of fields, nanotoxicological aspects have a bigger concern over its appli-
cations. Then physiochemical properties such as size, shape, surface functionality, 
and stability can lead to cause toxicity on biological systems that simultaneously 
depend upon extrinsic factors such as organismal characteristics including age, 
nature of the target site, and pH of the internal environment that nanoparticles are 
exposed to. Therefore, the proper formulation and manipulation can advance nano-
theranostics toward the next generation medicine.
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Chapter 3
Nanotheranostics Approaches 
in Antimicrobial Drug Resistance

Juan Bueno

Abstract The theranostics as a combination of diagnosis and therapy is a trend of 
personalized medicine that seeks to develop a precision medical care, also this 
approach has found in nanotechnology a possibility for the conjugation of several 
molecules with different functionalities that will allow diagnosis, treatment, moni-
toring, and prediction of the patient condition in the same nanosystem. Equally, 
fields such as biosensors and novel therapies and thermotherapy have been inte-
grated into the multiple variants that this platform presents. It is thus that as before 
the technological developments should be the problems where the designed solu-
tions are practiced, and nanotheranostics can be used in a multidisciplinary way to 
address one of the major public health problems such as antimicrobial resistance. 
This implies not only developing tools to detect the infectious disease, it also 
requires introducing medications and treatment alternatives; in the same way the 
devices implemented must act to prevent the appearance and spread of pathogens. 
Similarly, by means of nanotheranostic it will be possible to have more sophisti-
cated and effective antimicrobial and vaccination protocols that will allow an ade-
quate control of the microorganisms causing disease. Finally, in this chapter, the 
different approaches with translational possibility that this exciting field of nanobio-
technology has allowed to face the great health threats of our time will be integrated 
in a multi-trans-interdisciplinary approach.
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3.1  Introduction

Theranosis is defined as the ability to affect the treatment of the disease through its 
diagnosis (Jagtap et al. 2017). In this way, the nanotheranostic approach seeks to use 
the biomedical applications of nanomaterials to develop new diagnostic methods 
capable of changing the natural history of the disease due to the potential to direct 
the treatment (Pedrosa et al. 2015). This is how a new field in personalized medicine 
is developed to improve the bioavailability of active agents and in which the stages 
of healing can be monitored in real time as well as avoiding the appearance of com-
plications (Kevadiya et  al. 2018). In addition, as information about the current 
patient condition can be obtained, complex biological systems can be observed, 
which opens an unprecedented opportunity in public health prevention (Sahlgren 
et al. 2017). This complies with the postulates of precision medicine outlined in the 
four Ps (predictive, preventive, personalized, and participatory), which opens the 
possibility of managing patients in their functionality (Vicini et al. 2016). Likewise, 
the theranostic promises to increase the adherence of patients to treatments by their 
control of adverse reactions to medications (Zazo et al. 2016). This is because it 
measures cellular changes without chemically or genetically altering the physiology 
of the biological system, which makes it a more relevant diagnostic platform 
(Hillger et al. 2017). For this reason, prospecting for new biomarkers able to deter-
mine the course of treatment and healing process is necessary, this in order to 
achieve precision medicine homeostasis (Zhang et  al. 2017). These biomarkers 
should also have the capacity to be coupled with nanobiomaterials that will allow 
them to determine the routes of change and cell adaptation during treatment (Singh 
et al. 2018).

This novel approach can be applied to solve the major public health problems of 
our time, such as antimicrobial resistance (AMR) developed by microbes causing 
common infections such as bacterial pneumonia, postoperative infections, and 
higher mortality infections including malaria, HIV, and tuberculosis that are becom-
ing increasingly difficult to treat due to the increase in resistance (Inoue and Minghui 
2017). In addition AMR represents a risk for the possibility of transmission of drug-
resistant microorganisms from hospitals and health care centers (Col and Brig 2010; 
Tournier et al. 2019). Therefore, it is necessary to implement new diagnostic strate-
gies to identify AMR, determine antimicrobial susceptibility, discover new drugs, 
and monitor treatment (Burnham et  al. 2017). In this way, theranostic platforms 
have been implemented that seek to detect multiresistant microorganisms in tissues, 
as well as monitor their treatment and eliminate by both pharmacological and physi-
cal means (Xie et al. 2017; Vangara et al. 2018). Likewise, the use of nanomaterials 
assembled in devices for early detection and treatment due to the possibility of 
being coated with antimicrobial molecules are a great possibility in avoiding and 
controlling nosocomial infections (Li et  al. 2017). Also models of screening for 
natural pathogenic stages of infection such as biofilms have been tested, because 
these formations are a source of AMR and clinical study for the development of new 
drugs is limited (Gomes et al. 2018). These microbial associations can now be rec-
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ognized and evidenced by the  application of diagnostic and treatment platforms 
based on theranostics approaches (Ribeiro et  al. 2016; Magana et  al. 2018). 
Additionally, in this effort, innovative treatment alternatives such as photo-antimi-
crobial technologies, which have a wide field of application, have been evaluated 
(Wainwright et al. 2017). In the same way, photodynamic antimicrobial therapy can 
be included in nanoformulations that guarantee adequate treatment without adverse 
effects (Gonzalez-Delgado et al. 2015). On the other hand, the photodynamic inac-
tivation in its theranostic variant has a promising application in a great public health 
problem such as foodborne infectious diseases, which kill 420,000 people per year 
all over the world (Silva et al. 2018).

Because of the aforementioned facts, the aim of this chapter is to give a multidis-
ciplinary and integral perspective of the theranostics in conjugation with nanotech-
nology as a translational tool for the prevention and cure of major threats to public 
health; that is why it is necessary to evaluate both its efficacy and its safety in the 
time to apply it in clinical practice.

3.2  Antimicrobial Nanotheranostics

In this order of ideas, the primary objectives of the antimicrobial nanotheranostics 
include (Larrañeta et al. 2016; Gao et al. 2018):

• Diagnostics of the presence of infectious disease.
• Locates the site of infection.
• Deliver medications at the site of infection.
• Performs antimicrobial therapy at the site of infection.
• Prevents the spread of infectious microbial agents.

In this way, this anti-infectious technology has focused on three approaches: 
nanomaterials (NMs) fused with imaging agents, NMs fused with antimicrobial 
drugs, and NMs fused with targeting ligands (Tonga et al. 2014). Additionally, the 
construction of nanosystems has made it possible to increase the efficacy of low 
doses of drugs and improve their bioavailability, so the development of these nano-
structures become an important tool in theranostics (Grumezescu et  al. 2014). 
Likewise, the design and synthesis of fluorescent organic nanoparticles (FONs) and 
fluorescent inorganic nanoparticles (FINs) (Ag, Au, Zn, Cu, Ti, Mg, Ni, Ce, Se, Al, 
Cd, Y, Pd, and super-paramagnetic Fe) (Lee et al. 2017; Hemeg 2017; Gao et al. 
2018) used in protective coatings for the prevention of intrahospital transmission of 
microorganisms (Ge et al. 2017) has been considered a promising field to integrate 
diagnosis, treatment, and prevention in the same antimicrobial platform; for that 
reason, it can be projected as a theranostics approach (Sahlgren et al. 2017; Primiceri 
et  al. 2018). Likewise, the development of novel formulations for the release of 
antimicrobial drugs is an urgent investigation to improve the activity of medicines 
and reduce their toxicity (Kavanagh et al. 2018), such as those with a polymeric 
configuration that allow activity without inducing resistance and with high biosafety 
(Cao et al. 2018).
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Other interesting approach is the implementation of nanocluster technology as 
nanopyramids (DPs), which combine red-emissive glutathione-protected gold 
nanoclusters (GSH-Au NCs) for bacterial detection and actinomycin D (AMD) as 
antimicrobial agent in order to have larger coupling sites and increase the function-
ality of the theranostic platform (Setyawati et al. 2014). This nanocluster technol-
ogy (Fig. 3.1.) can combine several molecules by increasing the synergistic effect of 
the formulations, as well as include fluorescent compounds that allow the location 
of the pathogen at the site of infection, because they are composed of several ele-
ments (Huma et al. 2018; Mirahmadi-Zare et al. 2019). For this reason, the new era 
of antimicrobial treatment is determined by the potentiation of activity through the 
use of nanotechnological platforms, as well as the early diagnosis of infectious dis-
ease (Muzammil et al. 2018).

3.2.1  Microbial Detection

In the microbiological diagnosis there are two approaches that influence the thera-
peutic behavior, which are: the detection and isolation of the pathogen. This is how 
detection can be carried out through the development of nanostructures such as sil-
ver, gold, and zinc nanoparticles coupled to colorimetric, fluorescent, or biolumi-
nescent markers; in the same way, the isolation of the agent, crucial step for drug 
sensitivity tests, can be carried out in a sensitive and specific way with the use of 
magnetic nanoparticles to be separated by an electromagnetic field (Mocan et al. 
2017). Likewise, this field of action lends itself to the design of all types of devices 
with the use of biosensors with applications at the point of care for obtaining an 
early diagnosis as is the case of optical and electrochemical biosensors (Arduini 
et al. 2017; Craciun et al. 2017). Other interesting approach is the implementation 
of lab-on-chip (LoC) technology that can integrate several analyses (biochemical, 
chemical synthesis, and DNA) into a single chip, which can provide a large amount 

Fig. 3.1 Configuration of 
a nanocluster can be 
composed of a single or 
multiple elements
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of information in the clinical diagnosis and treatment of infectious diseases 
(Fig.  3.2.), also LoC allows the miniaturization to be coupled with microfluidic 
platforms that can be used in the diagnosis and treatment of diseases such as tuber-
culosis and HIV (Gupta et al. 2016). Just as exciting is the possibility of integrating 
these devices to cell phones to track pathogens in clinical samples, as well as those 
from food and environment (Nasseri et al. 2018). This indicates that the diagnosis at 
the point of care will be fundamental for the prevention and treatment of infectious 
diseases in the coming years (Drain et al. 2014).

3.2.2  From Drug Combinations to Antimicrobial Cluster 
Bombs

The combination of two microbicides is possible by their integration in novel 
cluster- type formulations, which allows the union of several functional pharmaco-
logical groups without altering their mechanism of action and stability (Zheng et al. 
2016). Also a great advantage of the nanoclusters is having a higher ratio of the area 
of action per volume of distribution than the conventional NMs (Xu et al. 2016). 
Likewise, its microbicidal activity is due to the increase of reactive oxygen species 
that destroy the cell membranes of infectious agents (Yuan et al. 2014). But it is 
important to keep in mind that absorption, distribution, metabolism, and excretion 
(ADME) and pharmacokinetic (PK) of these particles is dependent on the contact 
surface and its three-dimensional structure that can cause the formulation to be 
trapped by proteins of the reticuloendothelial system, so it is necessary to evaluate 
more biocompatible models or other administration routes (Wong et al. 2013). In 
this way, innovative technologies as nanocluster (NC) aerosol dry powder can be an 
option when avoiding inappropriate PK using other routes such as inhaled for the 
treatment and diagnosis of lung infections (Ruiz et al. 2016). Additionally, these 
nanoclusters can be designed in the form of nanorods, nanohorns, nanospheres, 

Fig. 3.2 Composition of 
the operation process of 
lab-on-chip (LoC) 
technology
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nanocubes, and nanopyramids to achieve greater penetration and interaction with 
affected tissues (Lu et al. 2014; Trandafilović et al. 2014; Nowlin and LaJeunesse 
2017). Other interesting approach is the use of biogenic, biomimetic, bioinspired, 
and bioengineered technologies for obtaining biocompatible drug carriers that can 
mimic cell systems and will be very useful for the delivery of nanoantibiotics (Goes 
and Fuhrmann 2018). Therefore, new antimicrobials with greater biocompatibility 
that are developed under the systems biology model are necessary (Arnold 2018).

3.3  Biofilm Theranostic Approach for Antimicrobial 
Susceptibility Testing and Therapeutics

Biofilm is a model of microbial and survival persistence. This persistence is defined 
inside of matrix barrier conformed in this structure in which genetic and metabolic 
exchange occurs (Flemming et al. 2016). As solidarity expression, biofilm shows 
the ability of bacterial and fungal cells to cooperate for space colonization. For that 
reason, it has become a public health problem because it can produce chronic and 
resistant infections (He et al. 2014). In this way it becomes necessary to implement 
new strategies for diagnostics and treatment of biofilms that avoid the emergence of 
resistance. Theranostic applications can be an interesting approach looking for solu-
tions for biofilm control (Şen Karaman et al. 2018). Theranostic combine diagnos-
tics and selection of adequate treatment in the same platform; in this order of ideas, 
in a biofilm screening platform it would be important to integrate microbiology, 
biosensors, optoelectronics, nanotechnology, and metabolomics, which can provide 
rapid results with this end to give information for selecting the best therapy 
(Ramasamy and Lee 2016). Thus, a new antibiofilm susceptibility testing (ABST) 
is required, which is rapid, portable, with the ability to be miniaturized, and can 
offer results in detection and treatment in a simple device (Trivedi et al. 2017).

In this way, the use of beta-emitting radioactive molecule as 131I to load antibiot-
ics has been useful in monitoring the behavior of antimicrobials within the biofilm 
and also presenting conjugated activity against mature biofilms and microorganisms 
inside the biofilm (Avcıbaşı et al. 2018). On the other hand, photothermal therapy 
(PTT), which uses the ability of materials (gold nanoparticles, carbon nanotubes, 
and graphene) to convert light into thermal energy, is a promising method for the 
destruction of biofilms using light at a wavelength of 700–1000 nm (Wang et al. 
2019). It is important to note that these photoactivatable formulations can be 
designed in nanostructures to obtain a synergistic effect in the detection as in the 
microbicidal activity in combination with nanoparticles, antibodies, and antibiotics, 
which makes them a platform of wide use in the elimination of biofilms in different 
locations (Meeker et al. 2018). So in biofilms the great challenges are early detec-
tion, effective treatment as well as later eradication and prevention of adherence for 
their formation (Wolfmeier et al. 2017).
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3.3.1  Antimicrobial Physics: The Solution to Control Biofilm 
Problem?

Antimicrobial physics is an interesting approach in which anti-infective agents are 
combined with physical sterilizing procedures such as phototherapy and photo-
acoustic that have shown great potential to destroy biofilms (Barroso et al. 2016; Shi 
et al. 2019). In this way new nanostructures are designed and applied, containing an 
antibiotic plus photoactivatable compounds that are activated under light or heat 
(Smeltzer et al. 2015). Likewise, photoactivatable nanostructures using lasers can 
be coupled to antibodies to increase their specificity and activity, as well as decrease 
toxicity (Meeker et al. 2018). In this order of ideas, photodynamic agents have been 
used for the design and development of these nanostructures as tetrapyrroles, which 
contain chlorophyll and cytochromes which makes them photoactivatable; also pho-
tothermic agents have been used successfully in these nanocomposites such as 
metal nanoparticles and carbon-based nanoparticles, which produce heat by light 
stimulation (Chitgupi et al. 2017). Thus, in the search for new biocompatible nano-
structures, the use of biomimetic strategies that are inspired by nature have opened 
the possibility of the use of natural products as a valuable source of functional mol-
ecules with antimicrobial activity, which can penetrate microbial communities such 
as biofilms (Vitiello et al. 2018). Likewise, PTT will be of radical importance in the 
control of healthcare-associated infections (HAI) that are one of the major causes of 
mortality and morbidity in the hospital environment (Percival et al. 2015).

3.3.2  Functional Coatings, the Prevention of Biofilm 
Formation

In this order of ideas, the development of new materials capable of interacting with 
the biological environment to detect and avoid threats from pathogens is an attrac-
tive innovation, as the implementation of zwitterionic surface coatings become an 
alternative due to its stability and repellent capacity (Huang et al. 2015). Likewise, 
graphene-based materials have aroused interest as a protective coating due to their 
chemical resistance, adsorptive capacity, and antimicrobial properties (Nine et al. 
2015; Madni et al. 2018). In addition to the above, nano-assemblies, such as nano-
diamonds, can also be used. When they are covered with polymers, they are con-
verted into particles with theranostics applications (Neburkova et al. 2017). Other 
interesting approach is the use of superparamagnetic iron oxide nanoparticles 
(SPIONs), particles with great penetrability in biofilms and ability to be conjugated 
on the surfaces of cationic polyacrylamide (Taresco et al. 2015). On the other hand, 
molecular biomimicry approach can also be used to obtain functional coatings with 
higher microbicidal capacity; in this case, peptidopolysaccharides that mimic 
 bacterial peptidoglycan, a fundamental component of its cell walls, can be used in 
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coatings designed to destroy microbial cells that adhere to these surfaces (Pranantyo 
et al. 2018). This is how functional coatings are a strategy for reducing the microbial 
load that will allow the development of new materials capable of reducing the 
spread of pathogens within communities (Kratochvil et al. 2017).

3.4  Nanotheranostic Approach for Antimicrobial 
Susceptibility Testing

Antimicrobial susceptibility testing (AST) as diagnostic method is used both to 
determine the resistance profiles of the infecting microorganisms, as well as to 
guide the antibiotic therapy and to predict the clinical response to the antimicrobial 
treatment (Syal et al. 2017). In this order of ideas, the new AST methods must be 
oriented toward a precision medicine capable of giving rapid results at the medical 
care site and with high clinical predictability (Rello et al. 2018). Thus, phenotypic 
methods for the early determination of antibiotic activity have been implemented, 
as is the case of the optical methods developed to measure the deformation of the 
microbial cell membrane at the nanometer scale, which can obtain results after 
20 min of exposure to the antibiotic (Iriya et al. 2017). Also, an important strategy 
in AST is the application of optical biosensors that using both surface plasmon reso-
nance (SPR) and surface enhanced Raman spectroscopy (SERS) have the ability of 
measure the aggregation of gold nanoparticles coupled to receptors which capture 
pathogenic microorganisms in different samples, with the advantage of miniaturiza-
tion as it can be coupled with microfluidic technology (Yoo and Lee 2016). Likewise, 
the use of synthetic biology tools will allow the development of better diagnostic 
techniques due to the possibility of synthesizing biomolecular machines such as 
living cell biosensors that detect resistant microorganisms (Bueno 2014; Courbet 
et al. 2016). In this way, the biosensors will play a key role in the new AST tech-
niques for their ability to determine susceptibility more quickly and their possibility 
to be miniaturized in microfluidic platforms, as well as being designed in multiple 
format with the cantilever system (Sabhachandani et al. 2017).

3.5  Multidrug-Resistant Microbes (MDR)

Multidrug-resistant (MDR) microorganisms are one of the greatest threats to the 
public health of populations, and hence theranostic approaches have been devel-
oped for diagnosis and treatment of MDR as the case of Verigene® which is a gold 
nanoparticles platform (AuNPs) and can identify Gram-negative bacteria from 
blood samples (Baptista et al. 2018). Another interesting multifunctional nanoplat-
form combines fluorescent detection with photodestruction, for the diagnosis and 
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treatment of Salmonella in infected blood; this method also has the ability to per-
form magnetic separation of pathogens to perform fluorescent detection (Dai et al. 
2013). In addition, magnetic separation can be coupled with other nanosystems as 
carbon dots (CD) for obtaining fluorescent magneto-CD nanoparticles as hybrid 
NM with capacity to detect, isolate, and destroy methicillin-resistant Staphylococcus 
aureus (MRSA) (Pramanik et al. 2017). Fullerenes nanostructures can also be pho-
toactivated to release oxygen radicals capable of destroying MDR microorganisms. 
But its biggest problem continues to be hydrophobicity, which requires new formu-
lations that increase the solubility of this NM (Hamblin 2018). For this reason, the 
nanotheranostic approach is fundamental for the design and development of appli-
cable tools of high impact in clinical medicine that decrease the appearance of MDR 
strains and also treat the different outbreaks.

3.6  Nanoplatforms in Antimicrobial Drug Delivery

An important approach in the search for new strategies to reduce mortality due to 
infectious diseases is the development of nanoformulations that allow the antibiotic 
to be brought to the affected site; in this way, new nanoplatforms using zinc oxide 
(ZnO) in conjunction with semiconductor quantum dots (QDs) have shown a prom-
ising potential to improve the antimicrobial activity of the nanosystems where they 
are applied; that is how ZnO QDs structures possess bactericidal, antibiofilm, and 
antifungal activity (Martínez-Carmona et  al. 2018). Likewise, the use of natural 
products has also been of added value to these nanoplatforms, as is the case of 
encapsulated curcumin nanoformulations with high penetration both through the 
skin barrier and intracellularly (Krausz et al. 2015). Also nanostructures have been 
implemented with this end, in this order of ideas nanostructured lipid carriers 
(NLCs) which is a solid lipid matrix which represent a novel formulation to be 
coupled to drugs and fluorescent molecules to be administered both dermally and 
orally because it increases penetration through mucous barriers (Beloqui et  al. 
2016). Equally this DNA-based assemblies as DNA origami nanostructures which 
belong to the emerging DNA nanotechnology it allows a greater functionality of the 
molecules for its use as a biosensor, delivery of drugs and nanomachines (Linko 
et al. 2015). Another important approach in drug delivery is the use of peptide–drug 
conjugates (PDCs) that integrates proteins with drugs in order to increase their 
effectiveness. In addition, conjugates with aggregation-induced emission fluoro-
gens are also possible (AIEgens), which are more photostable and decrease back-
ground interference (Wang et al. 2017).

Finally, the use of a supramolecular architecture will create a new field of syner-
gism in which the biological activities of all the components within the nanostruc-
ture can be potentiated and allowed to have in the same scaffold carbohydrates, 
proteins, DNA, polymers, and synthetic molecules (Ma et al. 2016).
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3.7  Anti-Infectious Therapy and Pharmacogenomics

Pharmacogenomics studies the interindividual variability in pharmacological treat-
ment, with which a more effective medication can be administered (Siest and 
Schallmeiner 2014). This is how the new precision medicine requires predicting the 
effectiveness and adverse effects of the treatments, with the use of biomarkers that 
applied in clinical practice favor the medical outcome (Pirmohamed 2014). In this 
way, the theranostic approach can be the bridge that brings pharmacogenomic tests 
to primary healthcare (Bartlett et al. 2012). Because it has been difficult to translate 
the pharmacogenomic data into clinical practice, an important example has been the 
biomarker HLA-B∗5701 allele as a pharmacogenetic marker for antiviral drug aba-
cavir hypersensitivity, but for the development of a personalized medicine useful in 
pharmacogenomics, it requires fast, safe, and reproducible molecular biology tests 
(Ventola 2011). An advance in this regard is the development of biosensors that 
employ aptamers, which are single-stranded nucleic acid molecules (ssDNA or 
RNA) with the ability to recognize specific targets including pathogenic microor-
ganisms and pharmacogenomic biomarkers (Molefe et al. 2018). Also, these meth-
ods can be adapted to biosensing platforms such as microfluidics that allow the 
development of multiple character devices with which to obtain the most informa-
tion in the point-of-care (Mauk et al. 2018). The prediction of clinical outcome in 
the therapy using pharmacogenomic tools will allow to increase the cure rates and 
decrease the incidence of antimicrobial resistance.

3.8  Nanomedicine and Vaccine Development

One of the major and more successful strategies in infectious disease control is the 
development of new vaccines (Kennedy and Read 2017). Currently, one of the great 
challenges of nanotechnological applications is to increase the immunogenicity of 
current vaccines in an effective and safe way; also the use of nanoparticle formula-
tions such as polymeric, inorganic, liposomes, and emulsions has shown advantages 
as immunopotentiators and delivery of antigens (Zhao et al. 2014; Yan et al. 2019). 
The vaccine platforms capable of presenting the antigen in lymphatic tissues have 
been developed as is the case of SPIONs included in porous silicon (pSi) which has 
demonstrated its ability to stimulate and regulate the response of T cells to a given 
antigen (Lundquist et  al. 2014). Equally, the use of microneedle (MN) patches 
promises an effective and safe immunogenic system that together with thermostable 
formulations such as polyplex can be an alternative to conventional intramuscular 
injections (Liao et al. 2017). On the other hand, a new approach is photodynamic 
vaccination (PDV), which consists of a type of immunotherapy that uses photosen-
sitizers as vaccine carriers, which have shown activity against Leishmania (Viana 
et al. 2018). It is also possible to couple vaccine adjuvants in nanoformulations to 
increase the immunogenicity of antigens when administered in other more 
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 cost- effective routes such as intranasal (Qu et al. 2018). Thus, vaccination is the 
most cost-effective intervention in public health, so this is an area where applica-
tions of theranostics are of great impact and benefits (Pang 2012).

3.9  Antimicrobial Drug Discovery

It is a fact that drug discovery requires drug screening tools with high reproducibil-
ity (Moffat et al. 2017). So, QDs present great advantages for the design and devel-
opment of trials using bioluminescence and fluorescence probes for which they are 
considered promising for the implementation of new platforms for drug screening; 
for that reason QDs has been widely used in high-throughput screening (HTS), 
specially for the implementation of multi-parameter HTS (MPHTS) experiments 
that can measure multiple targets in the same assay (Yao et  al. 2018; Lombardo 
et  al. 2019). Another important approach for the implementation of new drug 
screening tools is the use of aptamers, which can bind specifically to therapeutic 
targets and replace antibodies in this function; equally this method in conjugation 
with SELEX technique that can determinate the right interaction between RNA/
DNA library and targets is very promising for the development of future methodolo-
gies in the discovery of new antimicrobial drugs (Ashrafuzzaman 2014). Equally 
biosensing technologies is another approach useful in drug discovery, where LoC 
devices with 3D structures linked to microfluidics and integrated with living cells 
will be primordial for the increase of efficiency in the process due to advantages as 
it is a faster analysis with lower sample volume (Khalid et al. 2017).

3.10  Monitoring Therapy Response to Antimicrobial Drugs

For an adequate monitoring of antimicrobial therapy, it requires the identification of 
biomarkers to predict the clinical response to treatment in different trials (El Bairi 
et al. 2019). Likewise, the use of integrated nanoplatforms to biomarkers will be an 
indispensable tool for precision medicine; in this way, the coupling of fluorescent 
molecules can be useful to evaluate bioavailability in tissues, as well as healing; in 
this order of ideas, nanosystems that use fluorescence resonance energy transfer 
(FRET)-based drug delivery system have been tested (Chen et al. 2018). Similarly, 
nanostructure-based mass spectrometry imaging (MSI) is an interesting nanoplat-
form for the determination of metabolomic spectra of different clinical samples 
useful for the monitoring of antimicrobial therapy; also this platform can detect 
various compounds in tissues unlike other traditional techniques, which makes it a 
promising technology to perform metabolomic diagnosis in clinical practice 
(Gustafsson et al. 2017). Equally, drug monitoring in real time of bioactive mole-
cules can be performed using nanostructures conformed by mesoporous silica 
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nanoparticles (MSNs) that will allow the development of new devices (Lai et al. 
2015). Similarly, MSNs can be monitored by other techniques such as optical imag-
ing, magnetic resonance imaging (MRI), and positron emission tomography (PET), 
what makes them an alternative with versatility (Narayan et al. 2018). In this man-
ner, the development of new nanoplatforms capable of monitoring antimicrobial 
therapy during the medical care process will go through the possibility of imple-
menting metabolomics-on-a-chip (MoC) devices that can determine the different 
biomarkers that predict the clinical response (Bueno 2017).

3.11  Risk Assessment Process

Therefore, an important aspect to take into account when implementing a new 
diagnostic approach is to demonstrate its safety at the moment of applying it. Thus, 
the greatest risk with the use of NMs is the alteration of biological systems, despite 
the evidence is still uncertain safety for patients and the environment of the nano-
structures, so it is necessary for a real assessment of the possible presence of the 
nanorisk (Fadeel et al. 2018; Hauser et al. 2019). In this context, it is the need of 
hour to study the risk assessment of nanoparticles, as well as the management 
thereof (Roco et al. 2011). In this way, this process must contemplate the following 
aspects (Wiesner and Bottero 2011):

• Generate the correct forecasts for the different levels of uncertainty, in order to 
develop models of immediate response.

• Take into consideration all possible and relevant sources of NMs.
• A comprehensive assessment of the impacts of the production of the NM should 

be carried out in order to determine its effects on life cycles.
• The ability to update risk information as new scientific evidence becomes 

available.
• Implement information collection and analysis methods to improve access to it.
• Implement feedback capabilities to improve the design and production of NMs.

Additionally, any nanotechnological innovation effort should have an approach 
based on the 3S (small, smart, and safe) and it should also include protocols both 
in vitro and in vivo to evaluate immunotoxicity, genotoxicity, and epigenetic toxic-
ity (Dusinska et al. 2017).

3.11.1  Genotoxicity

NMs used in theranostic approach as SPIONs induce ROS generation and genotoxic-
ity, although it is possible to decrease the intensity of toxicity by exercising and 
natural antioxidants (Ansari et  al. 2018). Equally silver nanoparticles can induce 

J. Bueno



53

DNA damage and alteration of cytokine secretion after exposure (De Matteis et al. 
2018). This is how DNA damage caused by oxidative stress should always be 
 considered when designing and evaluating a theranostic impact platform for patient 
care (Gonzalez-Hunt et al. 2018).

3.11.2  Immunotoxicity

The interaction between the nanoparticles and the immune system depends on the 
physical properties of the NMs, as well as the payload and the administration route. 
In this order of ideas, nanoparticles with polymeric coating have presented immu-
notoxicity. In addition, it has been shown that products that have more time in the 
blood circulation and have low clearance in lymphoid organs have less immunotox-
icity, which can be a predictive factor when designing new nanotechnological 
approaches (Elsabahy and Wooley 2015). Also, it is very important to assess the 
immunotoxicity of graphene family nanomaterials (GFNs) due to toxic effect that 
produce mediated by oxidative stress (Yan et al. 2017).

3.11.3  Dermal Toxicity

The skin is usually one of the first places where the toxicity of NMs can be observed, 
where they can cause irreversible pigmentation known as argyria; in this way the 
use of photodynamic agents should also be evaluated for the possible dermal toxic-
ity that these can cause (Schulte et al. 2018). It is equally necessary to evaluate the 
carcinogenic potential in skin of NMs, due to the proinflammatory effects that pres-
ent this kind of compounds (Saifi et al. 2018).

3.11.4  Epigenetic Toxicity

One aspect of concern is the ability of nanomaterials to affect the epigenetic regu-
lation of gene expression; also the heavy metals present in the inorganic nanopar-
ticles are considered as epimutagen, i.e., they alter DNA methylation and histone 
modification (Smolkova et al. 2017). Finally, the stressors that alter the epigenetics 
can lead to mutations that lead to intergenerational effects with impact on the fol-
lowing generations; therefore, the use of long-term NMs should be guided to 
diminish the epigenetic alterations derived from their exposure (Barouki 
et al. 2018).
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3.12  Conclusions and Future Perspectives

Nanotheranostic is one of the most promising tools to alter the deadly course of 
infectious disease and decrease the onset of resistance. This aspect of nanobiotech-
nology should not be approached as a single discipline but as the transdisciplinary 
integration of many areas that will eventually lead to the translation of knowledge 
from basic research to clinical application.

This is how new approaches in this field should be evaluated for the design and 
implementation of new devices, as is the case of nanovesicles capable of transport-
ing different classes of molecules and performing functions of cell signaling and 
antigenic presentation; also this approach can be promising for the development of 
new nanostructures that will serve for the design of theranostics platforms (He et al. 
2018; Yang et al. 2019). Equally, the use of cell membrane-based drug delivery sys-
tems as carrier RBCs (red blood cells) will help the design of biocompatible and 
non-immunogenic platforms with which to implement diagnostic techniques and 
treatment protocols safer and more effective (Tan et al. 2015). In the case of the 
elimination of biofilms, the application of platforms formed by milli/microrobots 
that can reach areas where conventional medicines cannot access to perform a spe-
cific therapy is a future tool of promising and fascinating scope (Vikram Singh and 
Sitti 2016). Other fascinating approach is the use of biomimicry, in which nature is 
used as a guide and as a mentor in order to develop bioinspired products with which 
to have more biocompatible platforms (Evangelopoulos et  al. 2018; Chen et  al. 
2019). This aspect is important to be able to make a correct translation of nanomedi-
cine to clinical practice (Lagarce 2015).

In addition, the toxicity and safety assessment platforms for the use of these tools 
in clinical practice should be considered. The evaluation of the effects of theranos-
tics applications on host autoimmunity/allergy as well as microbiome should be 
implemented at the same time for the development of these approaches for the diag-
nosis and treatment of infectious diseases (Wypych and Marsland 2018).
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Chapter 4
Theranostic Nanoplatforms as a Promising 
Diagnostic and Therapeutic Tool 
for Staphylococcus aureus

Bushra Uzair, Anum Shaukat, and Safa Mariyam

Abstract The Gram-positive microorganism Staphylococcus aureus is the major 
infective agent responsible for life-threatening infections. Staphylococcus aureus 
have developed resistance against last resort therapeutics. Nonetheless, there is a 
great urge to synthesize novel antimicrobial agents with proficient activity and great 
biocompatibility for clinical administrations. Advanced technologies emphasize 
more on detecting and identifying diseases for successful therapy combined with 
the diagnostic agents itself. Theranostics is a novel approach in which the exact 
treatment is conjugated with specific diagnostic tests. With a key spotlight on 
patient-focused consideration, theranostics alter traditional prescription to a 
 contemporary personalized and accurate medicine approach. The research has been 
supported toward the development of enhanced imaging agents as carbon quantum 
dots, nanoparticles, and other new theranostic drugs. Better diagnosis helps in 
 prescreening the profile of target particles to create biomarkers dependent on 
disease- specific therapy, thus making it less expensive with less off-target toxicity 
and high efficiency and specificity with continuous analysis for detailed observation 
and guidance and examining impacts and side effects to develop further alternatives. 
In this chapter, numerous theranostics methods are discussed to cure ailments 
caused by Staphylococcus aureus.
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4.1  Introduction

Staphylococcus aureus (S. aureus) is a very diverse and harmful infectious agent for 
humans that is responsible for a variety of clinical manifestations (Corey 2009). It 
is a circular, nonsporulating, immotile bacterium. When it is observed beneath 
microscope, it appears in sets, grape-like clusters, and in short chains. These facul-
tative aerobic and anaerobic microscopic organisms grow at the temperature range 
between 18 °C and 40 °C. On growth medium, the colonies of S. aureus are often 
yellowish or golden (Taylor and Unakal 2019). Various biochemical tests are 
 performed to identify these organisms. All pathogenic species of Staphylococcus 
are catalase positive. Coagulase-positive test is used to discriminate between 
Staphylococcus aureus and other Staphylococcus strains. Whereas, novobiocin- 
sensitive test and mannitol fermentation-positive test are used to differentiate it 
from Staphylococcus saprophyticus and Staphylococcus epidermidis (Tong et  al. 
2019). Staphylococci are omnipresent and can be found in dust, sewage, water, 
biological surfaces, air, and different animals. It is the normal skin flora and mostly 
present at the nasal area of healthy persons.

S. aureus including drug-resistant strains are skin colonizer and humans are the 
main reservoirs for these microorganisms. Human population is colonized around 
30% with S. aureus (Hennekinne et al. 2012). Almost 15% of human population 
carry these organisms in the anterior nares. However, immunocompromised indi-
viduals, diabetic patients, and health care workers have high risk of S. aureus colo-
nization that is up to 80%. Chronic carriage is related with an increased possibility 
of disease. Nasal carriage has contributed to the spread of methicillin-resistant 
S. aureus strains. It can be passed on from individual to individual by fomites or 
through direct contact (Rasigade and Vandenesch 2014).

S. aureus causes broad range of skin diseases. It may also cause pneumonia, 
bloodstream infections, and bone and joints diseases (Bilung et al. 2018). Based on 
the strains involved and site of the infection, these organisms can cause toxin- 
mediated diseases and invasive infections. Staphylococcus aureus possesses an 
extensive array of virulence factors including capsule, biofilm, techoic and lipote-
choic acids, hemolysins, exfoliative toxins, pathogenicity islands, biofilm, and 
superantigens (Turner et al. 2019).

The rates of infections brought by staphylococci, both hospital-acquired and 
community strains, are expanding consistently. Treatment of these diseases is 
becoming progressively troublesome in view of the expanding predominance of 
multidrug-resistant strains (Boswihi and Udo 2018). The need for new antimicro-
bial therapeutics is becoming increasingly urgent. Theranostics have emerged as a 
novel platform in drug improvement and development.

Based on the above considerations, in this chapter we discuss some multifunc-
tional bacterial theranostic systems with proficient activity and good biocompatibil-
ity for clinical managements.
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4.2  Infections Caused by Staphylococcus aureus

S. aureus generates a variety of life-threatening diseases as follows:

4.2.1  Bacteremia

Bacteremia caused by S. aureus is called as S. aureus bacteremia (SAB). It can also 
lead to infective endocarditis. Age is a dominant element of SAB, with the most 
hoisted rates of infections occurring at either extreme of life (Tong et al. 2019). The 
population which is infected with HIV and hemodialysis patients have a signifi-
cantly high rate of SAB.  The transcendent hazard factors responsible for these 
infections are intravascular devices and explicitly the usage of tunneled and cuffed 
catheter for the purpose of dialysis (Fitzgerald et al. 2011). Notwithstanding among 
other host factors are neutrophil impairment, iron over-burden, diabetes, and 
extended rates of colonization that may enhance the probability of intrusive S. aureus 
infections (Boelaert et al. 1990; Vanholder et al. 1991; Zimakoff et al. 1996).

4.2.2  Skin and Soft Tissue Infections

S. aureus is the eminent infectious agent that causes a huge range of life-threatening 
skin diseases like cutaneous abscesses, cellulitis, impetigo and also isolated from 
infections at surgical sites (Bangert et al. 2012; Tong et al. 2019).

The neutrophil response is major protection against the infections caused by 
S. aureus pathogen. When S. aureus infuses into the skin, both the macrophages 
and neutrophils move to the disease site. S. aureus escapes from the neutrophil 
reaction in a substantial number of ways; it blocks the chemotaxis of leukocytes, 
sequestering host antibodies and avoids the recognition through polysaccharide 
capsules and apposes demolition after absorption by phagocytosis. Numerous 
harmful elements seem to contribute, like Panton-Valentine leukocidin (PVL) that 
causes breakdown of white blood cells (WBCs) of humans. Secondly, alpha-hemo-
lysin, also known as alpha-poison, that produces pores in several cells of humans. 
Thirdly, it prompts cell lysis, and the presence of phenol-dissolvable modulins 
(PSMs) in S. aureus also aid in the breakdown of human neutrophils and erythro-
cytes (Peschel and Otto 2013).

Staphylococci scalded skin syndrome (SSS) is also called Ritter von Ritterschein 
infection. It is common in youngsters, however uncommon in grownups (Spaulding 
et al. 2013).
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4.2.3  Osteoarticular Infections

Osteoarticular infections are the infections of bones. There are three noteworthy 
classes of osteoarticular disease, osteomyelitis (OM), local septic joint pain, and 
prosthetic joint disease. In each of these classes S. aureus is the most well-known 
pathogen. Staphylococcal osteoarticular diseases are more common in kids and 
have critical clinical and board issues as compared to elders. Osteomyelitis is a bone 
disease that prompts incendiary annihilation, bone putrefaction, and the develop-
ment of new bones (Westberg et al. 2012). Waldvogel portrays three kinds of OM: 
Hematogenous OM, adjoining center OM, and OM with vascular inadequacy. 
S. aureus is the transcendent reason for OM in these classifications and is identified 
in 30 to 60% of cases (Waldvogel et al. 1970).

4.2.4  Pulmonary Infections

Pneumonia is a typical disease that may be caused by Staphylococcus aureus and it 
is conceivably hazardous. The presence of methicillin-resistant S. aureus (MRSA) 
in almost 50% of the samples has made the situation gruesome and the management 
of staphylococcal pneumonia has become very difficult (Ragle et al. 2010).

4.2.5  Food Poisoning

Food that is contaminated with viruses, parasite, bacteria, or their toxins may cause 
food poisoning or foodborne illness (Argudín et al. 2010). Staph food poisoning is 
caused by eating food that is contaminated with enterotoxins generated by 
S. aureus. Staph is considered to be a normal skin flora, and food contamination is 
brought about by direct contact of the colonized individual with food-processing 
units. Contaminated food provides the nutrition for bacterial multiplication and 
toxins are produced. These toxins actually cause the disease. Bacteria can be 
destroyed during cooking procedure but toxins are usually heat resistant and per-
sist there. Food contaminated with these toxins does not have any smell or appear 
spoiled (Boswihi and Udo 2018).

4.3  Methicillin-Resistant S. aureus (MRSA)

The first β-lactam drug, penicillin was used successfully for decades to cure  ailments 
caused by S. aureus (Lowy 1998). However, S. aureus penicillin-resistant strains 
emerged and invalidated it (Shanson 1981). The enzyme penicillinase that is gener-
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ated by the bacteria is the main cause of acquired resistance against penicillin 
because the enzyme inactivates the drug.

The quest for antimicrobial agents which are active against S. aureus 
penicillin- resistant isolates has led to the production of methicillin. Methicillin 
is a penicillin derivative formed in the late 1950s by an adjustment in the struc-
ture of penicillin. Similar to penicillin, methicillin prevents the bacterial cell 
wall synthesis and kills bacteria.

The rise in methicillin-resistant S. aureus (MRSA) strains in the UK during the 
1960s made the drug clinically ineffective (Jevons 1961). The acquisition of mecA 
or mecC gene by previously sensitive isolates results in methicillin resistance 
(García-Álvarez et  al. 2011). mecA gene is present on Staphylococcal cassette 
 chromosome which is the mobile genetic element. mecA encodes for penicillin 
binding protein 2A. It has very low affinity for methicillin and penicillin.

mecC gene is mecA’s homolog. MRSA isolates harboring mecC have been 
 isolated from both human and animals. The discovery of mecC in the research lab 
may be tricky. mecA-MRSA shows resistance to both cefoxitin and oxacillin, while 
mecC-MRSA only expresses resistance to cefoxitin (Paterson et al. 2014).

4.4  Resistance Mechanism in S. aureus

It is evident that Staph aureus like other microorganisms develops resistance after 
exposure to antibiotics. Various mechanisms have been reported for acquisition of 
resistance, for instance, activation of antimicrobial efflux, bacterial enzymes that 
breakdown the drug, reduced drug penetration inside the bacteria, and development 
of biofilm as shown in Fig. 4.1 (Khameneh et al. 2016).

4.5  Recent Methods Used for Bacterial Identification 
and Treatment

The in vivo identification and cure of ailments caused by drug-resistant pathogens 
is not facile. Many diverse kind of antimicrobials such as silver nanoparticles, 
 cationic polymers, and antimicrobial peptides are used for this purpose (Marr et al. 
2006; Bazzaz et al. 2014; Wang et al. 2015). Their advantages and disadvantages are 
described in Table 4.1 (Mukherjee et al. 2014; Dai et al. 2016; Cao et al. 2017; Chen 
et al. 2017).

Emerging antimicrobial resistance is a serious issue to deal with, but it is also 
very vital to develop novel techniques for high-pitched bacterial identification 
(Allegranzi et al. 2011). The recent methods used for microbial identification along 
with their drawbacks are described in Table 4.2 (Reller et al. 2007; Oethinger et al. 
2011; Cheng et al. 2016; Gao et al. 2018).
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S. aureus and MRSA are among the most diverse infective agents to cause infec-
tions. The hazard of these life-threatening ailments can be significantly diminished 
if they can be delicately analyzed in vivo and treated at the beginning (Zhao et al. 
2017). Therefore, there is a great urge to design new antimicrobial materials with 
proficient activity and good biocompatibility for patient managements.

Table 4.1 Advantages and disadvantages of antimicrobial materials

Antimicrobial 
agents Merits Demerits

Cationic polymer • Broad-spectrum antibacterial activity
• Easy surface functionalization

•  Cytotoxic to human cells and 
cause hemolysis

Antimicrobial 
peptides

• Very efficient • High cost
• Limited photolytic stability
• Poorly studied toxicology
• Poor pharmacokinetics

Silver 
nanoparticles

•  Increased antibacterial activity against 
multidrug-resistant (MDR) microbes

•  Toxic to humans, causes spasms 
and gastrointestinal diseases

• Death
• Potential immunotoxicity

Fig. 4.1 Antimicrobial-resistant mechanism
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4.6  Theranostics with Dual Function of Detection 
and Treatment

Theranostics is a novel approach in which the treatment is conjugated with specific 
diagnostic tests. With a key spotlight on patient-focused consideration, theranostics 
alter traditional prescription to a contemporary personalized and accurate medicine 
approach. The theranostics utilize nanotechnology to combine both identification and 
therapeutic methods to form a single agent, thus permitting diagnosis, delivery of drug, 
and monitoring of treatment response simultaneously. Various theranostic techniques 
to combat infections caused by Staphylococcus aureus and MRSA are mentioned below.

4.6.1  Theranostic Nanoprobes

NPs have incredible antimicrobial potential and can also identify pathogens if spe-
cific probes are attached because of an extensive surface-to-volume proportion and 
versatile surface chemistry (Li et al. 2012; Cavalieri et al. 2014; Natan and Banin 
2017). As compared to conventional drugs, nano-antimicrobial compounds are less 
inclined to develop antimicrobial resistance.

NPs have the potential of self-assembly. Molecular self-assembly is basically 
the combination of unconstrained mix of individual segments into very much 
arranged structures that are maintained by non-covalent cooperations, including 
electrostatic connection, hydrogen bonding, association between β and β, collabo-
rations between charge and exchange, and hydrophobic impacts (Bhattacharya and 
Samanta 2016). Self-assembled small molecules have gotten extensive consider-
ation because of their biocompatibility, decent variety and adaptability in molecu-
lar structure and photostability among the announced self-assembled nanomaterials 
(Zhao et al. 2017; Gao et al. 2018).

Table 4.2 Methods used for bacterial identification

Methods Merits Demerits

Gram staining Distinguish microbes into
• Gram-positive
• Gram-negative

•  Susceptible to create false 
positive results

•  Enzyme-linked 
immunosorbent assay (ELISA)

•  Polymerase chain reaction 
(PCR)

• Increased sensitivity
•  Increased reproducibility 

to detect microbes

• Time consuming
•  Very lengthy and difficult 

procedures

Fluorescence assay
Antibiotics (vancomycin and 
daptomycin)-modified 
fluorophores nanoparticles

•  Detection of specific 
microbes

•  MDR cases are not detected so 
generating false negative results

•  High level doses of antibiotics 
may indorse antimicrobial 
resistance
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4.6.1.1  Self-Assembled TPIP-FONs Nanoprobes

Fluorescent organic nanoparticles have phenomenal antimicrobial ability and 
diminished bacterial burden in diseased sites. TPIP is made by combining the core 
of tetraphenyl imidazole with the quaternary ammonium group for rapid bacterial 
recognition and cure of infections. TPIP contains three parts: (1) the substituted 
imidazole is utilized as AIEgen with antimicrobial action; (2) the alkyl chain can 
change the spatial arrangement of the positively charged particles and lessen the 
harmful effects of cationic atoms; (3) the pyridinium salt group which acts as a 
hydrophilic terminal has an antibacterial effect. The self-gathering of TPIP was 
explored by utilizing transmission electron microscopy and dynamic light scattering 
in aqueous phase. The laser confocal microscope was used to take image of bacteria. 
Scanning electron microscopy was utilized to examine the antimicrobial  mechanism. 
TPIP could be self-assembled in an aqueous solution into a rectangular structure of 
nanoparticles (TPIP-FONs) with a specific aggregation-induced emission (AIE).

TPIP-FONs picture the bacteria without the need of the washing procedure 
because of predominant optical properties. By observing the SEM results it can be 
seen that NPs cause damage to the cytoplasmic layer and cytoplasm leakage. In vitro 
antibacterial actions confirmed that TPIP-FONs had phenomenal antimicrobial 
activity against S. aureus. With mammalian red blood cells TPIP-FONs  displayed 
characteristic biocompatibility. In light of the low toxic effects and minor hemolysis, 
TPIP-FONs can be utilized as an antimicrobial molecule in vivo. “Self- assembled 
small molecules” novel design of microbial imaging and antimicrobial activity 
provide a unique methodology toward the development of “theranostics” framework 
to cure microbial ailments (Chen et al. 2018; Gao et al. 2018).

4.6.1.2  SiO2-Cy-Van Nanoprobes

Bacteria-activated SiO2-Cy-Van nanoprobes against the infections caused by MRSA 
were designed in another study by vancomycin-modified polyelectrolyte-cypate 
complexes. Silica nanoparticles were initially used in the probe designing and SiO2- 
Cy- Van was coated over it. These synthesized nanoprobes were activated by micro-
bial responsive separation of the polyelectrolyte from silica nanoparticles.

The nanoprobes were nonfluorescent in aqueous phase because of the conglomera-
tion of hydrophobic cypate fluorophores on silica nanoparticles to prompt ground-state 
quenching. MRSA potentially haul out the vancomycin-modified polyelectrolyte-
cypate components from silica nanoparticles and induce them onto their own surface; 
because of this, the cypate condition was altered from off to on and prompted in vitro 
MRSA activation near-infrared fluorescence (NIRF) and photothermal removal.

In vivo trials demonstrated that this novel designed nanoprobe allowed rapid 
NIRF imaging with great affectability and efficient photothermal treatment of 
MRSA diseases. These nanoprobes provided a long-term follow-up of the advance-
ment of MRSA diseases and permitted a source of constant estimation of microbial 
burden in infected tissues.
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This mechanism of the dissociation of polyelectrolyte activated by bacteria from 
nanoparticles could also be used as a common practice for the synthesis and manu-
facture of functional nanomaterials responsive to drug-resistant bacterial infections 
(Zhao et al. 2017).

4.6.2  Theranostic Antibiotic Nanodrug

Theranostic nanodrugs displayed enhanced antibacterial activities. In an experi-
ment conducted by Xie and colleagues, perfluoroaryl ring, ciprofloxacin, and a 
phenyl ring were connected by an amidine bond. These compounds were propeller 
shaped and readily assembled into stable nanoaggregates for the transformation of 
ciprofloxacin derivatives into AIE—active luminogens upon precipitation into 
water. The nanoaggregates showed prolonged luminescence and used to take 
bacterial image. These nanodrugs confirmed improved antimicrobial activity and 
also reduce the MIC of drug against Gram-positive bacteria (Xie et al. 2017).

4.6.3  Aptamers

Macromolecules such as DNA and RNA are responsible of encoding and transmit-
ting hereditary information. In addition to that, they can also be utilized as  recognition 
elements for different targets such as peptides, lipids, molecules, and even entire 
cells (Pan et al. 2018). Aptamers are the nucleic acid-based frameworks including 
RNA or single-stranded DNA (ssDNA). The three-dimensions oligonucleotide 
aptamers noncovalently bind to different targets with increased affinity. Aptamers 
can be practically used as agonists, antagonists, or as chemicals (Sundaram et al. 
2013; Bruno 2015).

Furthermore, several aptamers of ssDNA were generated for the identification of 
diseases caused by bacterial toxins such as staphylococcal enterotoxins (SEs):

• aptamer APTSEB1 is synthesized for staphylococci enterotoxin B (DeGrasse 
2012).

• aptamer C10 is synthesized for enterotoxin C1 (Huang et al. 2015).
• aptamer R12.06 is synthesized for alpha-toxin (Huang et al. 2015).
• aptamer Antibac1 and Antibac2 are for peptidoglycan (Ferreira et al. 2014).
• aptamer PA#2/8 is synthesized for protein A (Stoltenburg et al. 2015).

Cao et al. designed the first single-stranded DNA aptamers to target entire cells of 
S. aureus (Cao et al. 2009; Vivekananda et al. 2014). Likewise, Borsa developed a 
SA20 silica nanoparticle-aptamer conjugate that was also able to detect S. aureus 
cells at low concentrations (Borsa et al. 2016). SA17 was utilized to determine  sepsis. 
Aptamer S3 has a capacity to detect infections caused by S. aureus and enterotoxin A 
(Wang et al. 2017).
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Anti S. aureus aptamers are also used as the recognition components in a drug 
delivery method. Aptamer-gated nanocapsules were designed to target S. aureus with 
a sustainable discharge of drug. The advancement of ssDNA aptamer- functionalized 
gold nanorods (Apt@Au NRs) to deactivate methicillin-resistant S. aureus isolates 
by photothermal therapy was designed by Oscay. They restrained the aptamers onto 
gold nanorods and showed that Apt@Au NRs act as a targeting and photothermal 
agent to recognize and effectively inactivate MRSA (Kavruk et  al. 2015; Ocsoy 
et al. 2017).

4.6.4  Small Organic Molecules

The discovery of these molecules has brought unlimited benefits. Here we will dis-
cuss only those small organic molecules that have biological applications.

4.6.4.1  Carbon Quantum Dots (CQDs)

These innovative natural carbonaceous nanoparticles have gained significant repu-
tation owing to their vital attributes, such as astonishingly minute size, excellent 
brightness, tranquil manufacturing, photostability, and low cell toxicity (Lim et al. 
2015). They have a lot of applications in biomedical and sensor technology, for 
instance, in substantial metal particles identification, fluorescent marking, cells 
imaging, and targeted supply of drug to cancerous cells (Gao et al. 2015). Due to 
unique attributes of CQDs, they have also been utilized for bacterial marking and 
identification of live/dead bacteria (Hua et al. 2017). Carbon dots activated by visi-
ble light effectively kill bacteria (Meziani et al. 2016). In numerous antimicrobial 
applications they act as a unique class of quantum nanoparticles with novel optical 
properties and generally lower toxic reactions.

4.6.4.2  Aggregation-Induced Emission (AIE) Molecules

This emission (fluorescence) is produced by non-emissive molecules when they 
aggregate strongly in solution. Restriction of intramolecular motion is generally con-
sidered as their main mechanism. They are emerging as promising alternative to con-
ventional fluorophores. These molecules have a variety of optical, electrical, and 
biomedical applications. Consequently, AIEgen are luminogens having AIE. A wide 
variety of AIEgen have been discovered since the initiation of concept of AIE in 2001. 
Tetraphenylethene (TPE), triphenylamine (TPA), and tetraphenylpyrazine (TPP) are 
few examples of AIEgen. They kill pathogens by photodynamic inactivation (PDI) or 
ultimately by yielding reactive oxygen species (ROS).

For the recognition and photodynamic inactivation of bacteria zinc (II)-
dipicolylamine (AIE–ZnDPA) based probe was designed with AIEgen that displayed 
potent activity without inducing any cytotoxicity. The positive charge of the probe 
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interacted more strongly with bacterial membranes as compared to mammalian cells. 
Electrostatic interaction between bacteria and AIE–ZnDPA triggered aggregation of 
AIE–ZnDPA on the membranes of bacteria (Gao et al. 2015) (Fig. 4.2). The increased 
antibacterial action was due to the toxicity of positive groups of ZnDPA and the 
phototoxicity of ROS.

4.6.5  Inorganic Metal-Free Nanoparticles

Metal-free nanoparticles such as silicon nanoparticles (SiNPs) have been used 
broadly in numerous fields. Because of tremendous fluorescence and photostability, 
SiNPs have been utilized generally as fluorescent probe to image the bacteria. In 
addition, they built up a synergistic catching procedure for microbial identification 
and removal by forming silicon-based 3D nanowire substrate. In an experiment, qua-
ternized SiNPs were prepared by the covalent connection between amine- containing 
fluorescent SiNPs and carboxyl-containing N-alkyl betaines (Fig. 4.3). The formed 
nanoparticles were able to effectively eliminate and image Gram- positive microor-
ganisms (Zhang et al. 2016).

4.6.6  Natural Antimicrobial Compounds

These compounds have indisputable ability to destroy microorganisms. Because of 
their reproducibility, biocompatibility, biodegradability, and low immunogenicity, 
they have already been utilized in different fields such as medical, farming, food, 
and pharmaceuticals.

Fig. 4.2 AIE-ZnDPA-specific targeting, imaging, and killing of bacteria over mammalian cells
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4.6.6.1  Chitosan

In 1859, Rouget explored chitosan, a natural cationic polymer. Chitosan is highly 
toxic to variety of bacteria, yeasts, and fungus. Corrole grafted-chitosan films were 
manufactured by covalent linkage among chitosan and pentafluorophenyl corrole, 
followed by solvent casting. Corrole is a sweet-smelling natural compound having 
a few alluring photophysical attributes like visible absorption, high luminescent 
quantum yields, and large stokes shifts. These films demonstrated improved antimi-
crobial impact and retained their fluorescence (Barata et al. 2016).

4.6.6.2  Polyethylenimine

It is a cationic synthetic polymer with powerful antimicrobial activity, including 
various amino functions. It can be combined with various particles for desired 
physicochemical attributes because of numerous active amino groups. There is a 
great need to develop biodegradable PEI because increased molecular weight and 
lot of amines make them toxic to human cells. Due to tremendous solubility, great 
antimicrobial activity, and minor toxicity, polyguanidines and polybiguanides are 
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Fig. 4.3 SiNPs manufacturing path, selective bacterial killing, and antimicrobial activity in vivo
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considered an important type of antibacterial polymers. A phototoxic nanocomplex 
based on PEI and polyguanidines was designed which can produce reactive oxygen 
 species to enhance antimicrobial activity under daylight regulation. In the system, 
PEI was covalently linked to arginine (Arg) and cyclodextrin (CD) in order to obtain 
PEI-CD-Arg, then modified by 4,4′-(1,2-diphenylethene-1,2-diyl) bis(1,4- 
phenylene) diboronic acid (TPEDB).

Generally, Arg significantly reduces PEI toxic effects. However, the copolymer’s 
light-induced reactive oxygen species aggravated cell membrane dissociation and 
DNA destruction and deactivated proteins in Gram-positive bacteria. TPEDB, an 
AIE molecule, can selectively image killed bacteria by absorbing into the  membrane 
and joining with DNA inside the cytoplasm. Once bacteria are added, the gradual 
adhesion and assembly of PEI-CD-Arg-TPEDB with membranes of bacteria resulted 
in a steadily increased fluorescence emission. When bacterial damage occurred, the 
fluorescence emissions gradually increased but relatively higher level than the initial 
level. This complex demonstrated the capacity of contemporary bacteria to be 
controlled and monitored (Chen et al. 2018).

4.7  Conclusion

Staphylococcus aureus causes variety of life-threatening diseases. Not only there is 
rise of antibiotics resistance, but the range of clinical ailments also continues to 
change. The advancement of nanotechnology has proposed a great breakthrough to 
endorse the improvement of novel theranostics. Theranostic approaches of “cus-
tomized drugs,” which conjugate identification and treatment, have been established 
to improve the drugs efficiency while reducing its harmful effects. Giving treatment 
on right time depends very much on right-time identification with high specificity 
and accuracy. Theranostics holds a bright future with constant improvement in tech-
nology, research, and advancement.

Apparently, huge advancement in microbial identification and prevention has 
been accomplished so far. However, there is still a need for further investigation and 
proper optimization and utilization for biomedical application. Prosperous 
 application of antimicrobial materials and high-quality studies can help to achieve 
better healthy life.
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Chapter 5
Current Status and Prospects of Chitosan: 
Metal Nanoparticles and Their 
Applications as Nanotheranostic Agents

Dilipkumar Pal and Supriyo Saha

Abstract Nanotheranostic is an approach to merge nanotechnology, therapeutics, 
and diagnosis for the betterment of mankind. Chitosan is a natural polysaccharide 
procured from chitin, which has a great impact as carrier of drug materials. Chitosan- 
gold nanoparticles have been applied in carcinoma, detection of solid tumors, 
 prostate cancer, glucose, amplified nucleic acid, cancer cell imaging, etc. Chitosan-
silver nanoparticles have also been used for inhibition of bacterial growth, tissue 
regeneration process, wound healing process, etc. Technetium-radiolabeled  chitosan 
nanoparticles have directly been used to study the biodistribution of molecule, 
 specialized delivery system as nose to brain, etc. This chapter mainly emphasizes on 
the nanotheranostic applications of chitosan-gold/silver or technetium-radiolabeled 
chitosan nanoparticles.

Keywords Nanotheranostic agent · Chitosan-gold nanoparticles · Chitosan-silver 
nanoparticles · Technetium-radiolabeled chitosan nanoparticles · Biosensor · 
Tumor detector · Biodistribution

5.1  Introduction

The word “Nanotheranostic” comprises nanotechnology, therapeutics, and diagnosis. 
This field mainly focuses on the applicability of nanotechnology for efficient 
 diagnosis of disease, site-specific delivery of therapeutic agents, imaging of solid 
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tumor, proper distribution of drugs, diagnosis of heavy metals, specific delivery of 
DNA molecule to achieve greater efficacy (Hamburg and Collins 2010), and mini-
mizing the pharmacokinetic load on the therapeutic agent (Swierczewska et  al. 
2011). It is a very well-known fact that maximum part of the drug molecule excrete 
out of the body without showing any therapeutic response (Swierczewska et  al. 
2012). This nanotheranostic approach delivers the molecule into its site of absorp-
tion for better therapeutic index and lowest adverse effects. Particle size in the nano 
range as  delivered by nanotechnology promotes greater absorption (Akhter et al. 
2012),  biodistribution, bioavailability, and greater surface-area-to-volume ratio, 
which is correlated with therapeutic window of the molecule (Yang et al. 2013). 
Initially the term “theranostic” deals with the magnetic resonance imaging, com-
puted tomography, and positron emission tomography using fluorescent dyes appli-
cation in the imaging technology. The amalgamation of nanotechnology and 
theranostic approach is used in the imaging studies, biomolecular sensing, drug 
delivery, etc. (Lim et al. 2015). We know that chitosan is a heterogeneous polymer 
of amino sugar  glucosamine and a monosaccharide N-acetyl glucosamine (Nayak 
and Pal 2012; Nayak et al. 2012). Source of chitin and isolation of chitosan from 
chitin regulate the quality of chitosan. Chitosan is largely found in crabs, shrimps, 
and prawns and after alkali treatment or after reaction with papain, it is extracted 
out; after the hydrolytic cleavage of acetamide group and heat treatment, chitin is 
converted into chitosan with greater degree of deacetylation. After the molecular 
level modification, solubility problem of chitosan is modified to achieve its applica-
bility spectrum as diversified polymer. In case of metal, we select three metals, 
namely gold, silver, and  technetium. Gold is a transition metal (Au) of group 11 and 
gold nanoparticle has diversified applications in the photodynamic therapy, delivery 
of therapeutic agent, colorimetric sensation of heavy metal, detection of solid tumor, 
and cancer progression (Nayak and Pal 2011; Nayak and Pal 2015a). Silver (Ag) is 
a soft, transition metal with greater electrical and thermal conductivity, and silver 
nanoparticle has applications in diagnosis, antibacterial application, conductive 
application, and optical application (Nayak and Pal 2016). Technetium (Tc) is a 
silvery-gray metal with oxidation states of +7,+5,+4 (Pal and Nayak 2010). It has 
four different radioisotopes, namely 99mTc, 98mTc, 97mTc, and 95mTc, where m stands 
for metastate (Nayak and Pal 2014a). But here technetium is not directly applied in 
the chitosan nanoparticle formation, and is mainly applied as image developer using 
its ability to emit gamma radiation (Nayak and Pal 2015b; Pal and Nayak 2015). 
The importance of chitosan in this approach is to crosslink the nanoparticle with 
polymer for better applicability (Nayak and Pal 2014b, c). Chitosan itself is applied 
in wound healing process, tissue engineering, stem cell technology, carrier for vac-
cines, etc. (Nayak et al. 2013; Nayak and Pal 2013). In this chapter, we emphasize on 
the various applications of chitosan-gold/silver/technetium (radiolabeled) nanopar-
ticles as nanotheranostic agent.
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5.2  Application of Chitosan-Gold Nanoparticles 
as Nanotheranostic Agents

5.2.1  Chitosan/Gold Nanoparticles as the Detector 
of Carcinoma Antigen (CA-125)

Pakchin et al. (2018) developed a chitosan-gold nanoparticle as carcinoma antigen 
125 (CA125) detector (Scheme 5.1). The nanoparticles were developed by the 
 reaction of chloroauric acid and chitosan. The nanocomposite was performed as 
substrate for immobilization of protein. Electrochemical behavior of the electrode 
was observed at a low electrode potential (0.034 V) due to peroxidation. Lactate 
oxidase enzyme was used for the first time in sandwich-type immunosensor. In the 
optimum condition, the designed immunosensor exhibited two linear ranges. 
Chronoamperometric data showed that immunosensor was observed with two linear 
ranges, i.e., 0.01–0.5 U/mL and 0.5–100 U/mL. Immunosensor was observed with 
good accuracy, precision, reproducible data characteristic, and easily detectable 
CA125 level in human serum (Pakchin et al. 2018).

5.2.2  Chitosan-Gold Nanoparticles as Detector of Amplified 
Nucleic Acid

Tammam et  al. (2017) developed chitosan-gold nanoparticles by the reaction of 
 chitosan and gold (III) chloride trihydrate in acetic acid solution. Atomic force 
microscopy, scanning electron microscopy, and transmission electron microcopy 
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Scheme 5.1 Development of chitosan-gold nanoparticle (Source: Pakchin et  al., copyright © 
2018 with permission from Elsevier B.V.)
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were applied to characterize the nanoparticles (Fig. 5.1). Mycobacterium tuberculosis 
was considered as the target. TB sputum samples were collected from Abassia Chest 
Hospital in Cairo and amplified. Chitosan-free nonconjugated DNA molecule with 
interaction was considered as negative control and showed red color. Amplified DNA 
molecule possessed with gold nanoparticles was blue in color. Gel electrophoresis 
data suggested that most of the samples were observed with positive response, so it 
would behave as cheap polymer to increase the sensitivity of gold nanoparticle 
 detection of nucleic acids (Tammam et al. 2017).

5.2.3  Chitosan-Gold Nanoparticles as Tool for Cancer 
Chemo-Radiotherapy

Fathy et al. (2018) developed chitosan-gold nanoparticles loaded with doxorubicin 
as a new radiotherapy tool for cancer treatment. Reaction of chitosan and tetra- 
chloroauric acid was used to develop chitosan-gold nanoparticle and 125 μg of 
doxorubicin as a nanosensitizer was added per milliliter solution of nanoparticle. 
Encapsulation efficiency, cancer cell viability, and cell apoptosis behavior against 
breast cancer cell line (MCF-7) were evaluated and outcomes revealed that this 
nanoparticle increased the radiotherapeutic effect with decreasing cancer cell 
 viability by DNA strand breakage, cell necrosis, and apoptotic nature of cell at 
0.5 Gy, 6 MV of X-rays dose. Hence, this formulation would be one of the good 
medication tools for cancer radiotherapy (Fathy et al. 2018).

Fig. 5.1 SEM and AFM tomographic image of chitosan-gold nanoparticle (Source: Tammam 
et al., copyright © 2017 with permission from Elsevier B.V.)
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5.2.4  Chitosan-Gold Nanoparticles for Hepatocellular 
Carcinoma

Salem et al. (2018) developed chitosan-based gold nanoparticles using hydrogen 
tetrachloroaurate trihydrate (HAuCl4·3H2O, 98%, MW: 393.83) and chitosan (75% 
of deacetylation) at 100  °C, and it was found that after complete reduction, the 
color of the nanoparticles was changed from colorless to ruby-red (Scheme 5.2). 
5-Fluorouracil was loaded into the nanoparticles and final nanocomposite was 
 evaluated by particle size, zeta potential, TEM, FTIR, HPLC, and in vitro cytotox-
icity assay against human hepatocellular carcinoma (HepG2) cell. In the higher 
amount of chitosan as 0.1%, 0.5%, and 1% w/v, zeta potential was greater than 
30 mV, hydrodynamic diameter was greater than 100 nm, and polydispersity index 
was greater than 0.5. These outcomes revealed a clear correlation between chitosan 
concentrations and positively charged amino groups on nanoparticles. The 
 maximum values of zeta potential, hydrodynamic diameter, and polydispersity 
index PDI were showed at 0.2% chitosan concentration. The stability of 

Scheme 5.2 (a) Chemical structure of chitosan and acidified chitosan with illustration of Au NPs 
formation, (b) chemical structure of anticancer drug, 5-FU, and conjugation of 5-FU with acidified 
chitosan-coated Au NPs, and (c) schematic illustration of the treatment of cancer cells with 5-FU@
Au NPs for chemophotothermal therapy (Source: Salem et al., copyright © 2018 with permission 
from Elsevier B.V.)
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 nanoparticles was observed at acidic and neutral media with zeta potential greater 
than 30 mV, and exposure to laser radiation potentiated the inhibition of HepG2 
cell with respect to laser radiation- free 5-fluorouracil nanocomposite. These results 
clearly stated that chitosan- gold-5-fluorouracil nanoparticle was effective against 
hepatocellular carcinoma but laser radiation application would create a great 
impact (Salem et al. 2018).

5.2.5  Chitosan-Gold Nanoparticles for Electrochemical 
Detection of Salmonella

Xiang et  al. (2015) developed an ultrasensitive immunosensor as detector of 
Salmonella. Gold nanoparticles were obtained from the reaction of hydrochloroau-
ric acid and chitosan (1% w/v). A suspension of chitosan-gold nanoparticles was 
poured into the clean glass electrode and the composite was immobilized with 
 capture antibody (Ab1). Further incubation was done using Salmonella and 
 horseradish peroxidase conjugated secondary antibody (Ab2), so that a sandwich 
 immunosensor was obtained. Cyclic voltammetry and electrochemical impedance 
spectroscopy were used to evaluate the sensor. The outcomes showed that sensor 
creates 10–105  CFU  mL−1 with 3:1 signal-to-noise ratio (Tables 5.1 and 5.2). 
Electrochemical behavior of sensor was evaluated in hydrogen peroxide environ-
ment. Anti- Salmonella antibody crusted nanoparticles may be used as immunosen-
sor to detect Salmonella in sample (Xiang et al. 2015).

5.2.6  Novel Chitosan-Gold Nanoparticle as Xanthine Biosensor

Dervisevic et al. (2017) developed chitosan-gold nanoparticle for the detection of 
xanthine. The nanoparticles were obtained by the reaction between 
1-(2- carboxyethyl) pyrrole and 1-ethyl-3-(3- dimethylaminopropyl)carbodiimide 
hydrochloride at  equimolar concentration. Concentration of xanthine was source 
of spoilage of food. Compact, soft, portable electrochemical interface and imped-
ance analyzer were used to identify the amount of xanthene. The electrode showed 
low 0.25 mM (LOD), less than 8 s of response time, 1.4 nA low response time 
(~8 s), and 1–200 mm as linear range (Table 5.3). The final formulation showed 
good results with fish, beef, and chicken real-sample measurements. The prepared 
formulation was the good formulation for xanthine oxidase identification 
(Dervisevic et al. 2017).
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Table 5.1 Comparison between the proposed method and the reported immunosensor for the 
detection of Salmonella

Immunosensor 
platform

Bio-receptor of 
immobilization

LOD (CFU/
mL)

Fabrication and analysis 
time (h)

SPR Antibody 5 × 106 36
Fluorescence Oligonucleotide 30 27
Electrochemical Antibody 500 14.5
Electrochemical Antibody 42 5
Electrochemical Antibody 143 2
Electrochemical Antibody 10 26
Electrochemical Antibody 5 4

Source: Xiang et al. (2015), copyright © 2015 with permission from Elsevier B.V.

Table 5.2 Comparison of the proposed detection immunosensor assay and plate counting methods

Samples Number Immunosensor (CFU/mL) Plate counting method (CFU/mL)

Tapped water 1 1.2 × 103 1.1 × 103

2 1.5 × 103 1.4 × 103

3 2.0 × 103 2.1 × 103

4 3.3 × 103 3.2 × 103

5 4.1 × 103 4.1 × 103

Milk 1 1.4 × 103 1.3 × 103

2 1.9 × 103 1.8 × 103

3 2.3 × 103 2.2 × 103

4 3.7 × 103 3.5 × 103

5 4.8 × 103 4.9 × 103

Source: Xiang et al. (2015), copyright © 2015 with permission from Elsevier B.V.

Table 5.3 Analytical data of chitosan-gold xanthine biosensor

Xanthine added (mM) Xanthine found (mM) RSD (%) Recovery %

1 0.98 2.45 98.0
10 9.75 3.1 97.5
100 103.67 3.73 103.67
200 194.8 2.88 97.4

Source: Dervisevic et al. (2017)

5.2.7  Chitosan-Gold Nanoparticles as Nanocarrier 
for Erlotinib Delivery

Fathi et al. (2018) suggested a chitosan-gold nanoparticle for the delivery of  erlotinib 
(mainly used to treat non-small lung cancer and pancreatic cancer) against A549 cell 
line. In this case, chitosan copolymer was developed by reacting chitosan and sodium 
dodecyl sulfate, and by maleoylation reaction the polymeric behavior of chitosan 
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copolymer was initiated by maleic anhydride. In the next step, the grafting was done 
by the reaction of oleic acid and maleoyl-sodium dodecyl chitosan and the final prod-
uct was developed by the reaction of chitosan copolymer and chloroauric acid. 
Formulations were characterized by dynamic light scattering, atomic absorption spec-
troscopy,  transmission electron microscopy, in vitro drug release and in vitro cytotox-
icity against A549 cell line, and also cellular uptake analysis by flow cytometry 
(Table 5.4). The outcomes revealed that 80–100 nm was the particle size of the formu-
lation with greater stability in different pH value without any sign of agglomeration. 
Erlotinib was released from the nanoparticles in a thermoresponsive manner with 
85.81% of cellular uptake as observed by flow cytometry. In vitro cytotoxicity data 
confirmed formulation with greater antiproliferative efficacy against A549 cell line. 
These data surely indicate the larger prospect of the nanoparticle as anticancer agent 
(Fathi et al. 2018).

5.2.8  Chitosan-Gold Nanoparticles with Paclitaxel for Cancer 
Cell Imaging

Manivasagan et al. (2016) developed a chitosan-gold nanoparticle embedded with 
paclitaxel which was used as image developer of cancer cell (Scheme 5.3). The 
polymeric nanoparticles were developed by the reaction of chitosan and gold (III) 
chloride trihydrate (HAuCl4, 3H2O) and the prepared formulation was further 
reacted with paclitaxel in dimethyl sulfoxide. The final formulation was lyophilized 
and characterized by X-ray diffraction, scanning electron microscopy, and FTIR, 
which showed formulation with spherical shape and 61.86  ±  3.01  nm average 

Table 5.4 The kinetics models used to fit the ETB release data from CGH NPs at different 
temperatures

Kinetics model Equation
Coefficient of determination (R2)
T = 25 °C T = 37 °C

Zero order F = k0t 0.9083 0.9394
First order ln(1 − F) = −kft 0.9784 0.9549
Higuchi F =  kH√t 0.9911 0.9801
Power law ln F = ln KP +  PI nt 0.9772 0.9451
Square root of mass 1 − √(1 − F) = k1/2 t 0.9815 0.9861
Hixson-Crowel 1 − 3√(1 − F) = k1/3 t 0.9919 0.9862
Three seconds root mass 1 − 3√(1 − F)2 = k2/3 t 0.9626 0.9769
Weibull ln(−ln(1 − F)) = −βIntd + βInt 0. 897 0.8253

Reciprocal powered time 1
1

F

m

tb
−






 =

0.7826 0.6794

Source: Fathi et al. (2018)
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 particle size (Fig. 5.2) and pH-dependent drug release. The formulation was also 
observed with greater antiproliferation activity against MDA-MB-231 cell line. 
Flow cytometry data showed the cellular internalization inside the formulation. 
These outcomes clearly indicated the development of a new optical contrasting 
agent for photoacoustic imaging.
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Scheme 5.3 Overall scheme for the biosynthesis of gold nanoparticles using chitosan 
 oligosaccharide, subsequent loading of paclitaxel (PTX) on chitosan oligosaccharide-stabilized 
gold nanoparticles (COS AuNPs) and the possible mechanism for cellular uptake of paclitaxel-
loaded chitosan oligosaccharide-stabilized gold nanoparticles (PTX-COS AuNPs) in MDA-MB-231 
cancer cells (Source: Manivasagan et al., copyright © 2016 with permission from Elsevier B.V.)
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5.2.9  Chitosan-Gold Nanoparticles as Detector of Prostate 
Cancer

A new detector molecule of prostate cancer was developed by Suresh et al. (2018). The 
nanoparticles were fabricated on electrodes as a reaction with chitosan and gold (III) 
chloride trihydrate (HAuCl4, 3H2O). Then the electrodes containing nanoparticles 
were immersed in monoclonal prostrate primary antibody, which was further immersed 
in horseradish peroxidase (HRP)-tagged secondary antibody. The final nanoformula-
tion was characterized by scanning electron microscopy (Fig. 5.3), energy dispersive 

Fig. 5.2 (a) HRTEM micrograph and selected area electron diffraction pattern (SAED) of  chitosan 
oligosaccharide-stabilized gold nanoparticles. (b) HRTEM micrograph and selected area electron 
diffraction pattern (SAED) of paclitaxel-loaded chitosan oligosaccharide-stabilized gold nanopar-
ticles. DLS histogram of chitosan oligosaccharide-stabilized gold nanoparticles (c) and paclitaxel-
loaded chitosan oligosaccharide-stabilized gold nanoparticles (d) (Source: Manivasagan et  al., 
copyright © 2016 with permission from Elsevier B.V.)
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X-ray spectroscopy, cyclic voltammetry, and electrochemical impedance spectros-
copy. Methylene blue was used as redox mediator to identify the electron movement 
from electrode to horseradish peroxidase enzyme. The amount of hydrogen peroxide 
and pH of the medium greatly impacted the immunosensor ability. The hydrogen per-
oxidase concentration of 2.5 mM showed remarkable effect on prostate-specific anti-
gen concentration and the developed immunosensor was observed with 1–18 ng/mL of 
linear response with LOD value of 0.001   ng/mL. These results confirmed that this 
developed nanoformulation was used as a potential  biomarker for prostate cancer 
(Suresh et al. 2018).

5.2.10  Chitosan-Gold Nanoparticles for Diagnosis of Invasive 
Aspergillosis

Bhatnagar et al. (2018) formulated chitosan-gold nanoparticles for the diagnosis 
of Aspergillosis. Invasive Aspergillosis was developed by spreading of Aspergillus 
fumigatus into the blood vessel and the formulation of electrochemical nanobio-
sensor with the detection ability of virulent glip-T gene. The nanosensor was 
developed using 1,6-hexanedithiol and chitosan-gold nanoparticle with glip-P 
gene probe. Ultraviolet-visible spectroscopy, cyclic voltammetry, and electro-
chemical impedance spectroscopy were used to characterize the nanoformulation. 
Toluidine blue indicator was used to analyze the signal and detect the glip-T gene 
by hybridization reaction. The nanosensor was observed with dynamic range 
between 1 × 10−14 and 1 × 10−2 M with LOD of 0.32 ± 0.01 × 10−14. This ability 
perfectly showed the development of a good nanobiosensor of glip-T gene 
(Bhatnagar et al. 2018).

Fig. 5.3 SEM image of 
AuNPs/CHI film on SPE 
(Source: Suresh et al., 
copyright © 2017 with 
permission from Elsevier 
B.V.)
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5.2.11  Glycol Chitosan-Gold Template for Anti-Cancer 
Theranostics

Shanavas et  al. (2018) suggested the development of glycol chitosan-gold 
 nanoparticles as anticancer theranostic agent. The synthesis of nanoparticles was 
done by the reaction with poly lactic-co-glycolic acid, glycol chitosan, and gold 
hydrochloride with ascorbic acid as reducing agent. Photothermal therapy, X-ray-CT 
imaging, and in vitro biocompatibility test [against mouse fibroblast cell (L929)] 
were the way of nanoformulation evaluation. The average size and shape of the 
nanoparticle were 100 nm and spherical. Presence of amino groups regulated the 
formation of continuous and branched gold nanoformulation with 0.025% of glycol 
chitosan concentration. If the concentration of glycol chitosan was 0.25%, then the 
nanoshell became merged due to abnormal distribution of tetrachloroaurate 
 complex. The efficacy of the nanoshell was observed with greater cell death against 
breast cancer cell line. These data confirmed the development of new gold nanoshell 
as anticancer theranostic agent (Shanavas et al. 2018).

5.2.12  Chitosan-Gold Nanoparticles for STAT3 siRNA 
Delivery

Labala et  al. (2016) developed chitosan-gold nanoparticles for STAT3siRNA 
 delivery through transcutaneous iontophoretic application. The nanoparticles 
were synthesized using tetrachloroaurate trihydrate and chitosan with polyvinyl 
pyrrolidine as stabilizing agent and finally adsorbed with siRNA through HEPES 
buffer. Gel retardation assay was performed to determine the N/P (nitrogen to 
phosphorous) ratio in nanoparticle and siRNA, which showed that 10:1 ratio is 
needed for optimal complexation. STAT3siRNA was replaced by siRNA as con-
trol. Encapsulation  efficiency was determined by biospectrometer at 260  nm. 
STAT3siRNA was  evaluated against murine melanocyte cell viability, western 
blot analysis was used to identify the in vitro gene silencing, FITC-Annexin V/PI 
apoptosis assay was used to perform the cell proliferation, and Cy3-labeled siRNA 
was used to evaluate skin penetration value using excised porcine ear skin method. 
The formulation was observed with 150 ± 10 nm and 35 ± 6 mV of average particle 
size and zeta potential, respectively. At 0.25 nm concentration 49.0% and 0.50 nm 
concentration 66.0% of cell inhibition against murine melanocyte cell were 
observed. Confocal microscope and skin cryosections showed that application of 
anodal iontophoresis of 0.47 mA/cm2 was observed with greater skin penetration. 
So, this nanoformulation was observed as theranostic agent to treat melanoma 
(Labala et al. 2016).
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5.2.13  Chitosan-Gold Nanoparticles Probes as Melamine 
Sensor

In 2013, a new probe for the sensation of melamine was developed by Guan et al. 
The chitosan-gold nanoparticles were synthesized by the reaction of chloroauric 
acid tetrahydrate, chitosan and tripolyphosphate as reducing agent, where chitosan 
was used as stabilizer. Finally, the color of the solution was changed from pale 
 yellow to dark red. X-ray diffraction, transmission electron microscopy, and 
UV-visible spectroscopy were used to characterize the nanoformulation. The 
nanoparticles were spherical in shape and particle size was less than 20 nm. At room 
temperature, 50 μL of processed milk was reacted with 450 μL of chitosan-gold 
nanoparticle for 10 min to detect the presence of melamine in liquid milk. Outcomes 
revealed that A650/A520 of absorbance ratio was linearly correlated with melamine 
concentration with minimal concentration of melamine (6 × 10−6 g/L as detected by 
UV-visible spectroscopy) (Fig. 5.4). This nanoprobe was able to detect minimal to 
large concentration of melamine in liquid milk. This was the most simple and rapid 
visual colorimetric method. These data surely indicated that this nanoprobe is best 
for detection of melamine in nano level (Guan et al. 2013).

Chitosan-stablized AuNPs melamine

NH2

NH2

NN

NH2N

Fig. 5.4 Schematic representation of the colorimetric mechanism for melamine detection. The 
insert is photographs of solution of tube (a) chitosan-stabilized AuNPs, tube (b) chitosan- stabilized 
AuNPs with melamine, tube (c) chitosan-stabilized AuNPs with melamine and TEM image of 
chitosan-stabilized AuNPs with melamine (Source: Guan et al., copyright © 2013 with permission 
from Elsevier B.V.)
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5.2.14  Prussian Blue–Chitosan-Gold Nanoparticles 
as β-Glucan Biosensor

Wang et  al. (2014) developed a new chitosan-gold-embedded Prussian blue as 
beta- glucan biosensor. The biosensor development was initiated by PB–CS/Au, 
which was formed by electrodeposition of Prussian blue-chitosan on gold disk 
electrode and then gold-chitosan nanoparticle (50 nm of average particle size) was 
chronoamperometrically deposited on PB-CS/Au with the reaction of chloroauric 
acid tetrahydrate- chitosan. Linear range of 6.25–93.75 μM was maintained by bio-
sensor and detection limit was 1.56 μM with 1.0 mM Michaelis-Menten constant 
(Km). The developed biosensor exhibited greater response toward beta-glucan 
with greater sensitivity, selectivity, and stability (Wang et al. 2014).

5.2.15  Chitosan-Gold Nanoparticles as Stabilizer in Cytotoxic 
Effects

Boca et al. (2011) used Chinese hamster ovary cell as target to produce cytotoxic 
effect of chitosan-gold nanoparticle. The nanoparticle was developed by the reac-
tion of chloroauric acid tetrahydrate and ascorbic acid followed by the addition of 
chitosan in acetic acid. The color of the nanoparticle was changed from colorless to 
dark blue and finally as pinkish red with 50 nm of average particle size and spherical 
in shape. Optical extinction spectra, transmission electron microscopy, and zeta 
potential were used to characterize the nanoparticle. Spectrum of light scattering 
was observed with large asymmetric shape with 587 and 700 nm overlapping band 
with surface plasmon resonance, and +37 mV of zeta potential was observed with 
chitosan-gold nanoparticle. Cell toxicity and cell viability were assessed with 
 standard citrate-coated and CTAB-coated gold nanoformulation. It was noticed that 
after 10 min of incubation more than 95% cells were viable, and after 19 h of incu-
bation, cell viability was greater than 87%. The particles were spherical with 50 nm 
particle size. These data indicated that the same formulation may be used as cellular 
imaging agent to probe the cellular process (Boca et al. 2011).

5.2.16  Chitosan-Gold Nanoparticle as Mercury (II) Sensor

Tian et  al. (2017) developed chitosan-gold nanoparticle-embedded 
2,6- pyridinedicarboxylic acid as the biosensor of mercury (II). The nanoparticle 
was developed using chitosan, hydrochloroauric acid tetrahydrate with 
2,6- pyridinedicarboxylic acid for the sensitization of mercury (II) with colorimetric 
process. Pyridine of 2,6-pyridinedicarboxylic acid was responsible for strong affin-
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ity toward mercury (II) and the final 2,6-pyridinedicarboxylic acid-embedded 
chitosan- gold nanoparticle was able to form complex Hg2+ ion. This agglomerate 
was identified by change of color from red to blue. The agglomerate was character-
ized by transmission electron microscopy and ultraviolet spectroscopy with 300 nM 
to 5 μM and greater selectivity toward Hg2+ in the river water sample. These data 
confirmed the development of new biosensor of mercury (II) (Tian et al. 2017).

5.2.17  Chitosan-Gold Nanoparticles Biocompatible Film 
as Detector of Aflatoxin B1

Ma et al. (2016) developed a new generation chitosan-reduced gold nanoparticle 
(10 nm of particle size) biofilm as aflatoxin B1 detector. The detector was devel-
oped using chronoamperometric method with the reaction of chitosan and chloro-
auric acid tetrahydrate fixed within a microelectrode chip at −1.1  V for 300  s. 
 Anti- aflatoxin B1 antibody was activated upon reaction of N-hydroxysuccinimide 
and N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide and it was immobilized 
into nanoparticle. Cyclic voltammetry and electrochemical impedance spectros-
copy were used to evaluate the electrochemical measurement of the formulation. 
Also FTIR and SEM were used to characterize the morphology of the nanoparticle 
(Ma et al. 2016).

5.2.18  Chitosan-Gold Nanoparticle-Modified Electrode 
as Nonenzymatic Glucose Sensor

Kangkamano et al. (2017) developed a chitosan-reduced gold nanoparticle- modified 
electrode for nonenzymatic glucose sensation. The first multiwall carbon nanotube 
was developed using electrostatic interaction between gold nanotube with citric 
acid with the subsequent transformation of Au3+ to Au0 and final gold nanoparticle 
(60–100  nm) was obtained. The obtained gold nanorod was electrochemically 
cleaned with sulfuric acid, which was further reacted with chitosan solution with 
glutaraldehyde as crosslinking agent and cryogelation was developed on gold elec-
trode, which was characterized by transmission electron microscope (Fig. 5.5). The 
electrochemical characterization was performed by μAutolab type III controlled by 
GPES 4.9 software with the platinum reference electrode. The presence of glucose 
was detected by amperometric process with the Autolab. The biosensor was 
observed with linear range between 0.001 and 1.0 mM with LOD of 0.5 μM. The 
glucose sensation created a good correlation employed by hexokinase method. 
These data suggested that this nanoparticle was feasible for glucose detection 
(Kangkamano et al. 2017).
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5.2.19  Chitosan-Gold Nanoparticle as Heavy Metal Ion Sensor

Sugunan et  al. (2005) developed a chitosan-reduced gold nanoparticle for heavy 
metal sensation. The nanoparticle was developed upon reaction with hydrochloro-
auric acid, monosodium glutamate, and chitosan (3.3%), whereas copper sulfate 
and zinc sulfate were used to detect heavy metal by ultraviolet spectroscopic analy-
sis within 350–1000  nm wavelength. At 519  nm wavelength, particle size was 
10–20 nm in diameter. TEM analysis data was observed with approximately 20 nm 
in diameter without any sign of agglomeration, and greater detection of Cu2+ and 
Zn2+ ions were observed at 650 nm wavelengths. These outcomes clearly indicate 
the usefulness of this nanoparticle as heavy metal sensor (Sugunan et al. 2005).

Fig. 5.5 (a) TEM image of AuNPs-MWCNTs nanocomposite; SEM images of (b) AuNPs- 
MWCNTs- CS noncryogel and (c) the top view of AuNPs-MWCNTs-CS cryogel modified layer at 
×80 magnification showing the porous structure of cryogel and (d) the inside pore view at ×20,000 
magnification showing the surface of the chitosan cryogel with coated protrusions of the embedded 
MWCNTs (Source: Kangkamano et al., copyright © 2013 with permission from Elsevier B.V.)
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5.2.20  Chitosan-Gold Nanoparticle Film as Glucose Biosensor

Du et al. (2007) developed a new chitosan-fabricated gold nanoparticle film for the 
detection of glucose. The first phase of the development included chitosan solution 
preparation, done by reacting chitosan with hydrochloric acid with pH adjustment 
to 5.0 by sodium hydroxide solution, the average particle size of the formulation 
was 50 nm with 10 nm of roughness layer. CHI electrochemical instrument was 
used for the measurement of overnight mutarotated glucose, and amperometric 
studies were performed under phosphate buffer solution with 0.70 V. The deposition 
of gold nanoparticle on glass carbon electrode was done by potentiostatic procedure 
within −0.5 to −3.0 V, and glucose oxidase enzyme was immobilized over formula-
tion. Atomic force microscopy and cyclic voltammetry were used to characterize 
the developed electrode. The outcomes were recorded at 5.0 × 10−5 to 1.30 × 10−3 M 
linear range, 3.5 mM (Michaelis-Menten constant) and 13 μM (LOD) of glucose 
sensation (Fig. 5.6). These data suggested that this newly developed formulation 
would be one of the best detectors of glucose (Du et al. 2007).

5.2.21  Chitosan-Gold Nanomaterial as Efficient Antifilarial 
Agent

Saha et al. (2017) utilized a black pepper-embedded gold nanoparticle as an  efficient 
antifilarial agent. The formulation was developed upon reaction of chitosan, Piper 
nigrum extract, and chloroauric acid. Absorption maxima with 531–557 nm con-
firmed the formation of gold nanoparticle. Size distribution was observed by 
dynamic light scattering method with 50–400 nm particle size; TEM images deliv-
ered a sphere of nanoparticle with 10 nm particle size range. Antifilarial activity was 
assessed against Setaria cervi roundworm and by MTT assay. At minimum effective 
concentration (5 μg/mL), cell viability was reduced up to 5.56% in adult parasite. 
There was a sign of apoptosis which was evidenced by DNA ladder assay, TUNEL 
assay, Hoechst staining, and Western blot analysis. Reactive oxygen species genera-
tion was confirmed by H2DCFDA assay. These data confirmed the development of 
nanomaterials with greater antifilaric activity (Saha et al. 2017).

5.2.22  Chitosan-Gold Nanoparticles as Cholesterol Sensor

Gomathi et  al. (2011) developed a cholesterol biosensor based on chitosan-gold 
nanoparticle. The first step of the development was chitosan nanofiber formation by 
the reaction of hydrochloric acid, ammonium persulfate, petroleum ether, and 
 chitosan, then the nanofiber (50–100 nm of spherical particle) was immobilized on 
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indium-doped tin oxide-coated glass electrode followed by amalgamation of 
 chloroauric acid. Finally, cholesterol oxidase was immobilized on the nanoparticle, 
which was characterized by field emission SEM, and the electrochemical behavior 
of the biosensor was examined by hydrodynamic voltameter and amperometry, 
which resulted in linear response of 1–45  M concentration within less than 5  s 
response time followed by extended stability. These data clearly suggest the greater 
electrochemical detection of cholesterol by the biosensor (Gomathi et al. 2011).

5.2.23  Chitosan-Gold Nanoparticle as Bacillus cereus 
Electrochemical Immunosensor

Kang et  al. (2013) developed a new generation electrochemical biosensor for the 
detection of Bacillus cereus. The biosensor was developed by the reaction between 
gold nanoparticle, horseradish peroxidase, and thionine chitosan film. Bacillus cereus-
immunized SP2/0 myeloma and spleen cells were used to prepare hybridoma cell. 

300
250

200

150

100

50

0

300
250

200

150

100

50

0

nm

550

500

450
400

350

300

250

200

150

100

50

0

0 200 400 nm 0 200 400 nm

0 25 50 75

4-1 # 1

Scanned Scanned

0 200 400 nm

0 100

0 100

Scanned

nm

550

500

450
400

350

300

250

200

150

100

50

0

6-1 # 1

0 200 400 nm

0 200 400 Scanned

T
opograph

T
opograph

C D

A B

Fig. 5.6 AFM images of bare gold substrate (a), electrochemically deposited gold nanoparticles 
(b), chitosan (c), chitosan-gold nanoparticles (d) on gold surfaces (Source: Du et al., copyright © 
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The fabrication of Bacillus cereus on glass carbon electrode was done by the reaction 
of chitosan on acetate solution followed by the reaction of sodium hydroxide solution. 
Transmission electron microscopy and UV–visible spectroscopy were used to charac-
terize the formulation and the outcomes showed that particles were spherical, epi-
granular with 15 nm particle size. Cyclic voltagram revealed that redoc current was 
linear with scan rate. The sensation of the nanoparticle was 5.0 × 101 to 5.0 × 104 
cfu/mL as evaluated by chronoamperometric method. The results revealed that this 
immunosensor would be the best tool for B. cereus identification in the food sample 
(Kang et al. 2013).

5.2.24  Chitosan–Gold Nanoparticles as Carcinoembryonic 
Antigen Immunosensor Application

Gao et al. (2011) developed a chitosan-crosslinked gold nanoparticle immunosensor 
for the identification of carcinogenic antigen. The formulation was created by the 
reaction of carboxylated multiwalled carbon nanotube and chitosan solution 
 followed by the addition of gold colloid. Application of constant voltage −1.5 V for 
3 min and fabrication of chitosan-gold nanoparticle (with 16 nm of average diame-
ter) over glass carbon nanotube was done. Immunosensation toward carcinogenic 
antigen of the nanoparticle was measured by electrochemical impedance spectros-
copy and cyclic voltameter using K3[Fe(CN)6]/K4[Fe(CN)6] mixture in phosphate 
buffer solution; which was observed with 0.1–2.0 and 2.0–200.0 ng mL−1 of two 
linear expression with LOD value of 0.04 ng mL−1. These outcomes revealed the 
development of new carcinogenic antigen immunosensor (Gao et al. 2011).

5.2.25  Chitosan-Gold Nanoparticle as Mucosal Vaccine 
Delivery

Barhate et al. (2013) developed a new targeted delivery agent made of chitosan-gold 
nanoparticle for antigen tetanus toxoid along with Quillaja saponaria extract with 
mucosal vaccine delivery. The nanoparticle was developed upon reaction of chito-
san and chloroauric acid. Stability of the nanoparticle was characterized by zeta 
potential and pH value, which was observed with 40 nm spherical size and +35 mV 
of positively charged portions along with 65% of tetanus toxoid and 0.01% of 
Q. saponaria extract without any alteration of tetanus toxoid secondary structure. 
ELISA data was observed with antigen specificity. Tetanus toxoid amalgamated 
with Q. saponaria extract increased the activity by 28 times. These data indicated 
that co-administration of tetanus toxoid and Q. saponaria extract embedded with 
nanoparticle would work as a remarkable approach for oral delivery of vaccine 
(Barhate et al. 2013).
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5.2.26  Chitosan-Gold Nanoparticle as In Vitro Cytotoxic Agent 
Against Human Fibroblasts Cells

Yang and Li (2015) developed a chitosan-crosslinked gold nanoparticle as in vitro 
cytotoxic agent against human fibroblasts cells. The nanoparticle was obtained by 
chitosan oligosaccharide and chloroauric acid tetrahydrate. High-resolution trans-
mission electron microscopy and FTIR were used to characterize the morphology 
and particle size of the nanoparticle. MTT assay on human fibroblast cell was used 
to evaluate in vitro toxicity assay and computed tomography was used to evaluate 
the in vivo biodistribution of chitosan oligosaccharide. The shifting of absorbance 
was observed with 542–566 nm at pH value 2.90 and it showed the presence of 
anionic form of chloroauric acid (AuCl4)−. Average particle size of the nanoparticle 
was 115.21 ± 16.87 nm with spherical shape. At 15.6 μg/mL, 31.3 μg/mL, 62.5 μg/
mL, 125.0 μg/mL, 250.0 μg/mL, and 500.0 μg/mL concentration of nanoformula-
tion, it was treated with human fibroblast cell for 24 h and observed with dose- 
dependent toxicity above 62.5 μg/mL concentration, whereas at a concentration 
above 500.0  μg/mL, cell morphology was destroyed with the sign of apoptosis 
(Yang and Li 2015).

5.2.27  Carboxymethyl Chitosan-Gold Nanoparticle as Targeted 
Anticancer Therapy

Madhusudhan et  al. (2014) developed doxorubicin immobilized chitosan-gold 
nanoparticle for the targeted anticancer therapy. The gold nanoparticle was 
 developed upon reaction of carboxymethylated chitosan and chloroauric acid tetra-
hydrate and the mixture was autoclaved; it was indicated by red color formation and 
the particle size of the formulation was 9 nm with spherical shape. The immobiliza-
tion of doxorubicin into the nanoparticle was done by incubation for 24 h followed 
by centrifugation at 20,000 rpm for 20 min and at 480 nm absorbance of doxorubi-
cin was recorded by UV-visible spectroscopy. HeLa cell was used to evaluate the 
anticancer efficacy. The results showed that 83.3% drug was loaded with doxorubi-
cin and nanoparticle was observed with 95% cell viability. Doxorubicin-embedded 
gold nanoparticle was observed with cervical cancer cell inhibition, which was 
higher at acidic condition as induced by nigericin. These observations clearly 
 suggested the efficiency of doxorubicin-loaded gold nanoparticle as anticancer 
 theranostic agent (Madhusudhan et al. 2014).
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5.2.28  Chitosan-Gold Nanoparticle as Targeted DNA Delivery

Bhattarai et  al. (2008) developed a chitosan-crosslinked gold nanoparticle as 
 targeted DNA delivery. The formation of nanoparticle was done by the reaction 
of chloroauric acid and N-acetylated chitosan with sodium borohydride as 
 reducing agent. Plasmid DNA with bacterial-beta-galactosidase within cytomeg-
alovirus  promoter along with E. coli as host cell were considered for the ampli-
fication of plasmids. Mouse embryo cell, colon cancer cell, and breast cancer cell 
were considered for cell toxicity effect using MTT assay. Outcomes revealed that 
well-dispersed spherical particles were formed with 10–12 nm particle size with 
no sign of cytotoxicity at low concentration. Surface potential was reduced by 
50–66.6% upon  addition of plasmid DNA with increase in hydrodynamic 
 diameter by 13.33%. Higher cell toxicity effect was observed by gold nanopar-
ticle against breast cancer cell line and maximum activity was observed at 
4.5 mg/mL concentration as similar with in vivo transfection kit. These outcomes 
showed that these nanoparticles would be the possible source of DNA delivery 
(Bhattarai et al. 2008).

5.3  Application of Chitosan-Silver Nanoparticle 
as Nanotheranostic Agents

5.3.1  Chitosan-Silver Sulfadiazine Nanoparticles as Wound 
Healer

El-Feky et al. (2017) developed a chitosan-crosslinked silver sulfadiazine nanopar-
ticle for the fast healing of burn. The nanoparticle was created upon reaction between 
positively charged amino groups of chitosan and negatively charged carboxymethyl- 
beta- cyclodextrin and silver sulfadiazine was loaded into the formulation with 1:1 
molar ratio. Transmission electron microscopy and association efficiency were used 
to characterize the nanoparticle. Wound healing efficiency was assessed by using 
Egyptian cotton gauze padded with chitosan-silver sulfadiazine nanoparticle using 
pad-dry-cure process followed by thermal treatment at 85 °C for 5 min and 150 °C 
for 3 min. Water absorbency, nitrogen percentage, tensile strength, weight, thick-
ness, FTIR, XRD, in vitro drug release, and assessment of fungicidal activity were 
used to characterize the chitosan-silver sulfadiazine nanoparticle. Results expressed 
that chitosan concentration (0.2% w/v) was responsible for nanoparticle formation 
whereas TEM images come with spherical molecule and 40.56–87.67 nm of particle 
size diameter. Highest association efficiency was observed with 7  mg/mL of 
 carboxymethyl-beta-cyclodextrin concentration with −0.2% w/v of chitosan. All 
silver sulfadiazine nanoparticle-embedded dressing material showed 4.9–17  mm 
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and 4–14  mm of inhibition zone for gram-positive and gram-negative bacteria, 
 respectively, and also observed with fungal strain inhibition against C. albicans. 
These data confirmed the development of chitosan-silver sulfadiazine nanoparticle 
for wound healing (El-Feky et al. 2017).

5.3.2  Chitosan-Silver Nanoparticles as Antitoxoplasmic Agent

Gaafar et al. (2014) developed new chitosan and silver nanoparticle for the inhibi-
tion of intracellular protozoan infection caused by Toxoplasma gondii by single or 
in combination. Chitosan nanoparticle was developed by the reaction of chitosan 
and tripolyphosphate using ionotropic gelation method and silver nanoparticle was 
developed by the reaction of silver nitrate and trisodium citrate, after that nanopar-
ticles were characterized by transmission electron microscopy and ultraviolet 
 spectroscopy. Mice were immunized with nanoparticles and infected with T. gondii 
tachyzoites and immunological assay was performed by interferon gamma and tox-
icity was determined by atomic absorption spectrometer. TEM analysis was 
observed with 90.3–97.00 nm spherical particles. In case of infected control group, 
mean parasite count was 9.1 and 11.3 found in liver and spleen, respectively, and it 
was observed that parasite count was correlated with combination therapy of silver 
and chitosan nanoparticle. The degree of deformity and immobilization of organism 
were profound for combination therapy with increased amount of interferon gamma. 
Highest quantity of silver was obtained with liver without any traces of that in brain 
in case of silver nanoparticle-immunized animals. These data clearly stated that the 
combination of chitosan and silver nanoparticle will create a positive response 
toward T. gondii (Gaafar et al. 2014).

5.3.3  Chitosan-Silver Nanoparticles as Small Molecules 
Enhanced Delivery

Levi-Polyachenko et  al. (2016) developed chitosan-silver nanoparticle for the 
 delivery of small molecules. The chitosan-silver nanoparticle films were developed 
by the reaction of chitosan and hexagonal silver nanoparticle and were analyzed by 
transmission electron microscopy, dynamic light scattering, zeta potential, and 
 differential scanning calorimetry (Fig. 5.7). The outcomes showed 15 nm of average 
diameter with spherical shape. HepG2 cells were used to evaluate the cell toxicity 
of the formulation and the intracellular heat generation capability was also recorded 
by Rhod-conjugated dextran for fast delivery of small molecules (Levi-Polyachenko 
et al. 2016).
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5.3.4  Chitosan-Silver Nanoparticles as Wound Healer

Oryan et al. (2018) developed chitosan-silver nanoparticle as burn wound healer. 
The nanoparticle was created upon reaction between sodium borohydride-reduced 
silver nitrate and chitosan. FTIR, XRD, and TEM were used to analyze the nanopar-
ticle. Free radical scavenging assay was performed using DPPH method and 
7–9-week-old male Sprague-Dawley rats with weight between 180 and 210 g were 
considered for the evaluation of burn healing process followed by calculation of 
percent wound closure. Also the mRNA level in each target was calculated by 
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Fig. 5.7 (a) TEM image of the hexagonal Ag NP with an approximate edge length of about 
100 nm. (b) Stability of the hexagonal AgNP in tissue culture media was evaluated over time by 
UV–vis (Source: Levi-Polyachenko et al., copyright © 2016 with permission from Elsevier B.V.)
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 real- time polymerase chain reaction. Scar Evaluation Index and Epidermal Thickness 
Index were evaluated by histopathological studies along with wound contamination 
evaluated by microbiological assay (Fig. 5.8). The collagen content was obtained by 
hydroxyproline content assay. TEM analysis data exhibited uniformly dispersed 
chitosan-silver nanoparticle with 15 mm of average size and a weak peak at 21.8° by 
XRD data demonstrated high degree of crystalline nature with dose-dependent anti-
oxidant and rapid re-epithelialization characteristics. These data confirmed the 
development of newer generation chitosan-silver nanoparticle with greater wound 
healing behavior (Oryan et al. 2018).

5.3.5  Chitosan-Silver Nanoparticles as Antibacterial 
Nanocarrier

Sharma (2017) developed a chitosan-crosslinked silver nanoparticle as nanocarrier 
for antibacterial drugs. The nanoparticle was obtained upon reaction of silver nitrate 
and chitosan by ionic gelation method followed by addition of sodium hydroxide 
solution. TEM, dynamic light scattering, and laser Doppler electrophoresis were 
used to assess the nanoparticles. Gram-positive bacterial strains as Bacillus cereus 
(MTCC1305), Enterococcus faecalis (MTCC439), and gram-negative bacterial 
strains E. coli, Enterobacter aerogenes (MTCC2822), Pseudomonas aeruginosa 

Fig. 5.8 Histopathologic sections from the H-Ch/AgNPs, L-Ch/AgNPs, SSD, and negative 
 control at day 7, 14, and 28 post wounding (Hematoxylin and Eosin, 100∈). I inflammatory cell, 
GT granulation tissue, V blood vessel, C crusty scab, E epidermis, F hair follicle cell, CO collagen, 
Red arrows hemorrhage, H-Ch/AgNPs high dose chitosan-capped silver nanoparticles, L-Ch/
AgNPs low dose chitosan-capped silver nanoparticles, SSD silver sulfadiazine. n = 4, in each group 
(Source: Oryan et al., copyright © 2018 with permission from Elsevier B.V.)
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(MTCC2488) were used to assess the antibacterial efficiency of the nanoparticle. 
AAS studies indicated the role of Ag NPs rather than leached out Ag+ ions for the 
killing activity against bacteria. The data obtained from TEM analysis confirmed 
the average particle size with 162.3 ± 35 nm and the flow cytometry using GFP- 
propidium iodide data revealed that nanoparticles were affected by the integrity of 
cell wall proceeding to cell lysis and greater activity against both gram-positive and 
gram-negative bacterial strain. These findings suggested the development of 
chitosan- crossslinked silver nanoparticle as an effective nanocarrier for antibacte-
rial agents (Sharma 2017).

5.3.6  Chitosan-Silver Nanoparticle as Anti-Tubercular Drug 
Delivery System

Praphakar et  al. (2018) developed rifampicin-pyrazinamide-embedded chitosan- 
crosslinked silver nanoparticle as antitubercular drug delivery system. At first, silver 
nanoparticle was formulated using silver nitrate and polyvinylpyrrolidone. Cetyl 
alcohol-maleic anhydride was developed using cetyl alcohol, maleic anhydride, and 
dimethylaminopyridine, then pyrazinamide was added into the solution. Then, 
ethyl-dimethylaminopropyl carbodiimide and N-hydroxysuccinimide were used as 
coupling agents to react between cetyl alcohol-maleic anhydride-pyrazinamide and 
chitosan solution; finally, the mixture was amalgamated with silver nanoparticles. 
SEM, TEM, XRD, NMR, dynamic light scattering, encapsulation efficiency, and 
atomic force microscopy were used to characterize the nanocomposite (Fig. 5.9). 
Swelling studies, in vitro drug release, antibacterial activity against E. coli, S. aureus, 
K. pneumoniae, and B. streptococci, cytotoxicity assessment against human mono-
cytic cell line, and cell apoptosis assessment using Hoechst 33342 and propidium 
iodide were also checked as the bioactivities of nanoformulation. Outcomes revealed 
that 84.23 and 86.70% of rifampicin and pyrazinamide were encapsulated within 
the 10–20 nm spherical nanocomposite, and at pH 7.4, a maximum of 20% of drugs 
were released from the system. Greater antibacterial and cytotoxic effects were 
observed for the nanocomposites. These data clearly expressed the credits of the 
nanocomposite as delivery system for antitubercular agents (Praphakar et al. 2018).

5.3.7  Chitosan-Silver Nanoparticles as SERS Substrate 
for Biomedical Applications

Jung et al. (2013) developed surface-enhanced Raman scattering-fabricated chitosan- 
crosslinked silver nanoparticle of 20–100  nm size with three-dimensional porous 
structure as atopic dermatitis genetic marker for different biomedical application. The 
nanoparticle was created using chitosan and silver nitrate, reduced by sodium boro-
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hydride. SEM, TEM, and XRD were used to study the properties of nanoparticle. 
Rhodamine B and chemokine CL17 were used as fluorescence dye for Raman spectra 
analysis as analyzed by SENTERRA confocal Raman system. SERS activity was 
evaluated using Rhodamine B and thiolated single-stranded DNA as marker. The 
pore size was 40–100 μm. Four peaks at 38°, 44°, 64°, and 77° confirmed the pres-
ence of face-centered cubic silver crystal and peak at 21.9° suggested low crystalline 
nature of the structure. SERS enhancement factor was 6.7 × 104. These data  suggested 
the development of chitosan-silver nanoparticle as SERS substrate for responsible 
biomedical application (Jung et al. 2013).

5.3.8  Chitosan-Silver Nanoparticles as Anti-Cytotoxic Effect 
on MCF-7

Nayak et al. (2016) developed a combination of vitamin A, vitamin C, and chitosan- 
silver nanoparticle as effective inhibitor of breast cancer cell line (MCF-7). The 
nanoparticle was developed upon reaction of chitosan, sodium tripolyphosphate, 
 glucose, and ascorbic acid with the further addition of vitamin E and catechol which 
was amalgamated with H. rosa-sinensis extracted silver nanoparticle, 155.9 and 
182.8 nm of particle size. Polydispersity index, surface charge, field emission SEM, 

Fig. 5.9 SEM images of (a) Ag NPs, (b) CS-g-(CA-MA-PZA), and Ag NPs and RF loaded CS-g-
(CA-MA-PZA) at (c) 2 μm, (d) 1 μm (Source: Praphakar et al., copyright © 2018 with permission 
from Elsevier B.V.)
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attenuated total reflection-FTIR, and XRD were used to chemically study the 
nanoparticle. In vitro antioxidant assay by DPPH radical scavenging, hydrogen 
 peroxide scavenging, and nitric oxide scavenging; hemocompatibility test by hemo-
lysis, hemagglutination, and erythrocyte aggregation studies followed by MTT 
assay on MCF-7 cell line and in vitro reactive oxygen species by dichloro-dihydro- 
fluorescein diacetate assay were used to biologically characterize the nanoparticle. 
The outcomes from MTT assay revealed that IC50 was observed as 53.36 ± 0.36 μg/
mL by chitosan-ascorbic acid-glucose nanocomposite, 55.28  ±  0.85  μg/mL by 
chitosan- vitamin E nanocomposite, 63.72 ± 0.27 μg/mL by chitosan-catechol nano-
composite, and 58.53 ± 0.55 μg/mL by chitosan-silver nanoparticles. These findings 
confirmed the synergistic effect of antioxidant, silver and chitosan nanoparticle as 
targeted delivery for breast cancer cell line (Nayak et al. 2016).

5.3.9  Chitosan-Silver Nanocomposites as Potential Wound 
Healer

Hernandez-Rangel et al. (2019) developed chitosan-silver nanoparticle 7–50 nm of 
average size and spherical shaped films as potential dressing material for wound. 
The nanoparticle was prepared upon reaction of chitosan and silver nitrate and 
nanoparticle was poured into a petri dish and dried at 60 °C to obtain the film. TEM, 
ICP-OES, FTIR, swelling property, vapor transmission rate, and biodegradability 
data were used to characterize the film by means of morphology and physical 
 characteristic. In vitro drug release from the film, antibacterial activity against 
gram- positive S. aureus (ATCC 25923) and S. epidermidis (ATCC 14990) and 
gram-negative E. coli (ATCC 33780) and P. aeruginosa (ATCC 43636), and immu-
nofluorescence using human fibroblast cell were used to evaluate the release proper-
ties, antibacterial efficacy, and biocompatibility behavior, respectively. TEM 
analysis data showed that spherical, 7–50 nm silver nanoparticles were dispersed 
into the film and 260% of swelling was observed by the film. Antibacterial efficacies 
of the film were increased in a dose-dependent manner and cell viability was greater 
than 90% with positive sign of tropoelastin, procollagen type I, and Ki-67. These 
data stated that silver concentration of 0.04–0.20% weight would be profound for 
wound dressing (Hernandez-Rangel et al. 2019).

5.3.10  Chitosan-Silver Nanocomposites as Antibacterial 
and Tissue Regeneration Agent

Luna-Hernandez et al. (2017) developed chitosan-silver nanocomposite as potential 
burn healer with the inhibition of bacterial growth and tissue regeneration for fast 
recovery. The nanocomposite was prepared by the reaction of chitosan and silver 
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nitrate, poured in petri dish and dried to develop film. UV-visible spectroscopy, 
FTIR, TEM, and atomic force microscopy were used to analyze the formulation. 
Antibacterial efficacy was evaluated against S. aureus and P. aeruginosa followed 
by thermal burn and histological assay. Silver content of 0.018% in chitosan-silver 
nanocomposite was observed with 7.01–33.09 nm of average particle size. A com-
plete inhibition of bacterial growth was observed after 1.5  h of exposure. After 
7 days of treatment with chitosan-silver nanocomposite on the thermal burn induced 
in rats, tissue regeneration was evidenced by increased amount of myofibroblast 
formation, collagen remodeling, and blood vessel formation indicating faster 
 healing. These data clearly proved the formation of chitosan-silver nanoparticle for 
tissue regeneration (Luna-Hernandez et al. 2017).

5.3.11  Chitosan-Silver Nanoparticles for Effective Delivery 
of Gene

Sarkar et  al. (2015) developed chitosan-polyacrylamide copolymerized silver 
nanoparticle for the effective delivery of gene to treat diseases. The formulation was 
developed upon reaction of chitosan-polyacrylamide copolymer and silver nitrate in 
a one-pot synthesis using polyethylene glycol as stabilizer. The dynamic light 
 scattering and transmission electron microscope were used to evaluate the morphol-
ogy of the formulation. pDNA was immobilized on the nanoparticle and binding of 
pDNA on nanoparticle was evaluated by agarose gel electrophoresis. In vitro cyto-
toxicity against HeLa and A549 cell line using MTT assay was evaluated. Average 
size of the nanoparticle was 38 ± 4 nm with greater distribution of particle into the 
formulation. Peptide sequence of Arg–Gly–Asp–Ser (RGDS) was used to enhance 
the gene transfection with 42 ± 4% and 30 ± 3% of transfection in HeLa and A549 
cells, respectively. These data clearly indicated that copolymerized silver nanopar-
ticle was with minimal induced toxicity and effectively delivered gene for targeted 
therapy (Sarkar et al. 2015).

5.4  Application of Technetium-Radiolabeled Chitosan 
Nanoparticle as Nanotheranostic Agents

5.4.1  Ultrafine Chitosan-Technetium Nanoparticle 
for Biodistribution into Bone Marrow

Banerjee et al. developed a radiolabeled technetium (99mTc) chitosan nanoparticle 
for the biodistribution into bone marrow for bone imaging. The chitosan nanopar-
ticle was developed using sodium bis(ethylhexyl) sulfosuccinate and chitosan in 
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acetic acid and Tris–HCl. Quasi-elastic light scattering (QELS), scanning electron 
microscope, and FTIR were used to characterize the size and morphology of the 
nanoparticle, and the radiolabeling efficiency of 99mTm was checked by thin layer 
chromatography, whereas gamma imaging study was performed through the dorsal 
ear vein of animal (Fig. 5.10). The particle size of the nanoparticle was 30–110 nm 
in diameter upon all amines when crosslinked. TEM images observed with spheri-
cal particle without aggregation and 85% of technetium was complexed with 
nanoparticle. Gamma studies observed that after 2 h of exposure, sample was  visible 
in liver, kidney, bladder, and vertebral column. These biodistribution data  confirmed 
the development of nanoparticle to identify biodistribution in bone marrow 
(Banerjee et al. 2002).

5.4.2  Chitosan-Technetium Nanoparticle for Radiolabeling

Gundogdu et al. (2015) developed technetium-radiolabeled chitosan nanoparticle 
for radiolabeling. The chitosan nanoparticle was developed by ionotropic gelation 
method with reaction with sodium tripolyphosphate and nanoformulation was 
developed. Photon correlation spectroscopy and scanning electron microscopy were 
used to characterize the formulation. Particle size diameter of the formulation was 

1) Chitosan,ammonia
    andcrosslinking agent
    (Glutaraldehyde)
    added to AOT/hexane
    reverse micelle

2) Overnight stirring at
     room temperature for
     crosslinking

The ppt. of Ca(DEHSS)2
dissolved in n-hexane
and then leached with
1 ml buffer three times.
the leached aqueous
soln. was added to the
main aqueous soln.

The solution was dialyzed for
two hours to eliminate

unreacted materials and then
freeze-dried

Nanoparticles in
buffer

The freeze-dried
powder is ready
for further use

Dissolved in buffer

and then 30% CaCl2
sol

n 
was added

Dry mass

Nanoparticals

AOT

Evaporation of
the solvent
under low
pressure

Centrifuged for 10 min.
at 6,000 rpm

and then decanted off
the upper layer

Fig. 5.10 Flowchart of preparation of crosslinked chitosan nanoparticles (Source: Banerjee et al., 
copyright © 2002 with permission from Elsevier B.V.)
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within 100–800 nm and formulation was evaluated against U2OS and H209 cell 
lines and observed with greater activity. This formulation was highly effective for 
cancer diagnosis (Gundogdu et al. 2015).

5.4.3  Chitosan-Technetium Nanoparticle as Antihyperglycemic 
Agent

Lopes et  al. (2017) developed insulin-fused alginate/dextran nanoparticle 
 amalgamated with radiolabeled chitosan polymer for antihyperglycemic activity. 
Nanoparticle was developed using emulsification/internal gelation process. At first 
alginate- dextran sulfate matrix was developed using reaction of sodium alginate 
and dextran sulfate and incorporation of insulin was made with polyoxamer addi-
tion. Polyethylene glycol-chitosan solution was reacted with alginate-dextran 
matrix along with albumin solution at pH 5.1 using magnetic stirrer at 800 rpm for 
60 min. Laser diffractometry and zeta potential were used to study the particle size 
and diameter. Field environmental-cryo-SEM was used to identify the morphology 
of the nanoparticle. Intraperitoneal glucose tolerance test was performed on both 
type 1 and type 2 diabetic rat by using 50 IU/kg insulin-entrapped nanoparticle and 
outcomes were observed with prolonged antihyperglycemic effect within 8–12 h 
period as compared to that of noninsulin-entrapped nanoparticle. The outer layer of 
the formulation was bovine serum albumin-type structure, which was radiolabeled 
by 99mTechnetium for biodistribution studies in mice balb-c identified by gamma 
camera and monitored for 1440 min throughout the GI tract. As intestine was the 
site of absorption for insulin, greater absorption was observed at 120–180  min. 
These data suggested that 160–170  nm sized nanoparticle was observed with 
greater antihyperglycemic activity and the 99mTc-ALB-NP formulation created a 
positive connection between intestinal wall and mucoadhesiveness of chitosan. So 
this insulin-entrapped nanoformulation would be greatly influential on the antihy-
perglycemic disease (Lopes et al. 2017).

5.4.4  Chitosan-Technetium Nanoparticle for Nose-to-Brain 
Delivery of Thymoquinone

Alam et  al. (2012) developed a thymoquinone-loaded chitosan-targeted nose-to- 
brain delivery system for Alzheimer’s disease. The nanoparticle was developed by 
the reaction of amino group of chitosan and tripolyphosphate with the amalgama-
tion of thymoquinone using ionic gelation method. Dynamic light scattering and 
X-ray diffraction were used to characterize the nanoparticle, which showed particle 
diameter between 150 and 200 nm range, and it also comes with a good correlation 
between particle size and drug:chitosan ratio whereas tripolyphosphate:chitosan 
ratio was less correlated with particle size. In vitro drug release from the nanopar-
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ticle was performed by dialysis sac, ex vivo permeation through nasal passage was 
observed by HPLC method and the biodistribution of the nanoparticle was 
 monitored through 99mTechnetium. Percent brain targeting efficiency (% DTE) and 
brain  targeting potential (% DTP) were evaluated as the parameter for nose-to-
brain  delivery, which showed 3318.24 ± 65.79 and 96.99 ± 3.64 data, respectively. 
Drug entrapment efficiency and loading were observed with 63.3% and 31.23%, 
respectively, and were negatively correlated with drug:chitosan ratio. Amorphous 
thymoquinone was dispersed into the nanoparticle. This study comes with a 
 conclusion that this formulation delivers thymoquinone more rapidly with proper 
cerebrospinal fluid penetration with greater extent of applicability against 
Alzheimer’s disease (Alam et al. 2012).

5.4.5  Chitosan-Technetium Nanoparticle as Oral Delivery System

Chauhan and Bhatt (2016) developed amphotericin B-loaded chitosan nanoparticle 
as an oral delivery system. The nanoparticle was developed by the reaction of chito-
san, bovine serum albumin, and tripolyphosphate in amphotericin B solution by 
ionic gelation method and the biodistribution of the nanoparticle was done by 
99mTechnetium with stannous chloride as reducing agent. Nanoparticles were 
observed with 440 nm of mean size, +22 mV of zeta potential, 9.02% of loading 
capacity, and 58% of entrapment efficiency as well as the gamma scintigraphic 
images correlated with drug localization effect. Biodistribution data revealed that 
amphotericin B was largely accumulated in stomach and intestine, and after 10 h, 
maximum molecule had remained in the GIT. These data confirmed the nanoformu-
lation as better oral drug delivery system (Chauhan and Bhatt 2016).

5.4.6  Chitosan-Technetium Nanoparticle for Breast Cancer 
Diagnosis

Ekinci et  al. (2015) developed methotrexate-loaded chitosan nanoparticle for the 
diagnosis of breast cancer progression. The nanoparticle was developed using chito-
san and tripolyphosphate and the resultant mixture was centrifuged with methotrexate 
to obtain final molecule. The formulation was characterized by polydispersity index 
and zeta potential and the formulations were kept at 25 ± 2 °C temperature/60 ± 5% 
humidity and 40 ± 2 °C temperature/75 ± 5% humidity for 6 months to assess the 
accelerated stability profiles. FTIR, SEM, and encapsulation efficiency were used to 
characterize the formulation. The mean diameter and zeta potential of the formula-
tions were 169 nm, 427.63 nm and 20.133 mV, 29.067 mV, respectively, with 35% 
and 64% of encapsulation efficiency (Figs.  5.11, 5.12). The nanoformulation was 
radiolabeled with 99mTechnetium with suitable emission of gamma rays and greater 
than 90% labeling efficiency and stability up to 6 h were observed. Antiproliferation 
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efficiency was evaluated against human breast cancer cell line (MCF-7) and human 
keratinocyte cell line (HaCaT). The radiolabeled chitosan nanoparticle was found two 
times more active in breast cancer cell than that of  normal cell. These data clearly 
indicated the efficiency of methotrexate-loaded chitosan nanoparticle in relevance to 
breast cancer (Ekinci et al. 2015).

5.5  Conclusion

This chapter provides a brief and compressive data about the nanotheranostic 
 applicability of chitosan-gold/silver nanoparticle or technetium-radiolabeled 
 chitosan nanoparticle. Chitosan-gold nanoparticle has been applied in carcinoma, 
detection of solid tumors, prostate cancer, glucose, amplified nucleic acid, and 

Fig. 5.11 SEM imaging of F1 (a: F1 images, b: F1 images with particle size) (Source: Ekinci 
et al., copyright © 2015 with permission from Elsevier B.V.)

Fig. 5.12 SEM imaging of F2 (a: F2 images, b: F2 images with particle size) (Source: Ekinci 
et al., copyright © 2015 with permission from Elsevier B.V.)
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 cancer cell imaging and also used as immunosensor, cholesterol sensor, electro-
chemical sensor, etc. Chitosan-silver nanoparticle has also been applied in inhibi-
tion of bacterial growth, tissue regeneration process, wound healing process, etc. 
Technetium- radiolabeled chitosan nanoparticle has directly been used to study the 
 biodistribution of molecule, specialized delivery system of thymoquinone, antipar-
kinson drugs for nose-to-brain delivery, etc. The main limitation of nanoparticle 
includes toxicity on prolong  exposure of it which was considered as nuisance 
dust. Technetium may be considered as highly appreciable for biodistribution 
study, but it can cause serious damage, it may even cause cancer or create genetic 
mutation, if proper protection is not taken. Despite these limitations, chitosan-
gold/silver or technetium radiolabeled  nanoparticles are extensively used in the 
field of controlled drug delivery system, cell imaging, anticancer therapy, and 
radiopharmaceutical applications.

5.6  Future Scope

Nowadays, natural polymers are the primary selection for scientists to develop new 
pharmaceutical agent(s) for human due to their biocompatibility, biodegradability 
along with diversified spectrum of activity. So, if we focus on the natural polymer 
as plant derived, microorganism derived or animal derived and make them amal-
gamated with metal nanoparticles such as gold, silver, copper, zinc, and titanium, 
they will appear as novel nanotheranostic agents with greater activity, lesser 
adverse effect, and higher diagnostic properties, which will act as boon for the 
mankind. In future various other polymers derived from microbial source as algi-
nate or plant- derived polymers as albumin or chondroitin sulfate used as crosslink-
ing agent for nanotheranostic application of drug molecules, the spectrum of 
activity will increase.
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Chapter 6
Nanomaterials for Selective Targeting 
of Intracellular Pathogens

Muhammad Ali Syed and Nayab Ali

Abstract Many infectious diseases are caused by intracellular pathogens such as 
Mycobacterium tuberculosis, Salmonella enterica serovar Typhi, Listeria monocy-
togenes, Plasmodium species, Toxoplasma gondii, Brucella species, and 
Cryptococcus neoformans. Infections caused by such pathogens are treated with 
antimicrobial agents. Nevertheless, selective targeting of intracellular pathogens is 
difficult due to the reason that the drug has to enter the infected host cells in order 
to target or kill the infectious agent. Further, nonspecific interaction of the antimi-
crobial agent also affects noninfected body cells. On one side there is substantial 
loss of drug in the body due to nonspecific interaction while, on the other hand, 
many drugs find it difficult to enter the host cells. Targeted drug delivery using 
nanomaterials offers unique and efficient opportunity to deliver the drug loaded in 
the nanocarriers such as liposomes, polymeric nanoparticles, or micelles into the 
host cells infected with intracellular pathogens. Furthermore, sustained drug release 
inside the infected cells may solve the issues of bioavailability and patient compli-
ance. Research studies conducted by different groups have shown promising results 
of drug-loaded nanocarriers against intracellular pathogens in a number of studies. 
This chapter discusses various types of intracellular pathogens, nanocarriers, and 
their role in targeted drug delivery of intracellular pathogens.
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Nomenclature

AuNPs Gold nanoparticles
CAMP Cationic antimicrobial peptides
CPP Cell-penetrating peptides
LPG Lipophosphoglycan
MPS Mononuclear phagocytic system
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MSNPs Mesoporous silica nanoparticles
PEG Polyethylene glycol
PLA Poly lactic acid
PLGA Poly lactide-co-glycolide
PMA Polymethacrylic acid
PMs Polymeric micelles
PV Parasitophorous vacuole
SCV Salmonella containing vacuole
SLNPs Solid lipid nanoparticles
T3SS Type III secretion system

6.1  Introduction

Nanomaterials have attracted great attention in the last few decades due to their 
unique optical, physiochemical, electronic, thermal, and magnetic properties. 
Among many other applications in medicine, they are widely being investigated for 
their utilization as therapeutic drug delivery vehicles including targeted drug deliv-
ery systems in a number of diseases and disorders (Hubbell and Chilkoti 2012; 
Chen et al. 2013; Kumari et al. 2016). The most important features of nanocarriers 
are their improved pharmacokinetics, stability, controlled release, and usage in site- 
specific toxicity of the drug they carry (Din et al. 2017; Atbiaw et al. 1965).

One of the main problems with the antibiotics is nonspecific toxicity to human 
cells. In human body, drugs have to travel to the site of their action whereby they 
encounter a number of barriers including rapid filtration by kidneys and reticuloen-
dothelial system or transport from blood stream to the target cells. Further, drugs are 
also supposed to be stable in harsh acidic environment inside the host cells (Gagliardi 
2016). Nanomaterial-based carrier systems have emerged as a promising alternative 
to existing drug delivery systems to cope with such problems (Hubbell and Chilkoti 
2012; Xie et al. 2014). Drugs to be administered in the target cells is either adsorbed 
onto or impregnated, or encapsulated into the nanomaterials such as liposomes, 
nanoparticles, and micelles (Singh and Lilliard 2009). Of particular importance are 
the biodegradable, polymeric nanocarriers that are nontoxic, easy to functionalize, 
and have controllable features such as charge, size, and hydrophobicity (Singh and 
Lilliard 2009; Moritz and Gezske-Moritz 2015).

Intracellular pathogens such as Mycobacterium tuberculosis, Listeria monocyto-
genes, Brucella spp., Salmonella typhi, Plasmodium spp., and Toxoplasma gonidii 
have the ability to grow and reproduce inside the host cells and hence are particu-
larly more difficult to eradicate from the body as compared to other pathogenic 
microorganisms. Intracellular pathogens account for millions of illnesses such as 
listeriosis, Legionnaires’ disease, toxoplasmosis, leishmaniasis, typhoid, and tuber-
culosis with higher morbidity rate (Casadevall 2008). They are special focus of the 
scientists not only due to the health burden, but also due to hurdles in treating such 
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infections, since many antibiotics are unable to enter the infected cells (Thi et al. 
2012). In spite of the discovery of new antibiotics, eradication of intracellular para-
sites still remains problematic (Ladaviere and Gref 2015; Atbiaw et al. 1965).

Over the last few degrades, biodegradable nanomaterials, such as liposomes, and 
polymeric nanosystems, e.g., polymeric micelles, niosomes, solid lipid nanoparti-
cles (SLNPs), and dendrimers, have been explored for intracellular delivery of anti-
microbial agents that have shown promising bactericidal effects in the target cells 
(Lamprecht et al. 2001; Xie et al. 2014). These nanocarriers have the ability to reach 
and accumulate in the infected target cells including macrophages and release drug 
content to kill the intracellular pathogens efficiently (Xie et al. 2017).

The concept of targeted drug delivery dates back to 1906, when Paul Ehrlich 
introduced magic bullets to target infectious agents selectively. Targeted drug deliv-
ery to intracellular pathogens requires the materials carrying the drug to the infected 
cells be stable and not cleared immediately from the body (Ranjan et  al. 2012). 
Nanomaterials have been found to be active agents to carry the drug to the target 
cells when coupled with antibodies or aptamers against the infected cells (Fahmy 
et al. 2005). This chapter describes basic concepts and some developments made in 
the field of targeted drug delivery for intracellular pathogens using nanomaterials.

6.2  Intracellular Pathogens

Pathogen adaptation or resistance to antibiotic therapy, increasing migration, and 
increase in the number of immunosuppressed patients are some of the factors lead-
ing to an increase in infectious diseases. Infectious agents can be categorized as 
extracellular, obligate, or facultative intracellular pathogens (Silva 2012). Proli-
feration of extracellular pathogens takes place in extracellular body fluids that is 
highly conducive to the growth of these pathogens and is characterized by the lack 
of intracellular invasion. In contrast to these, intracellular pathogens such as 
Mycobacterium tuberculosis have the ability to invade host cells. These pathogens 
replicate within endosomal vesicles or in the cytoplasm of various body cells like 
macrophages, dendritic cells, erythrocytes, fibroblasts, neutrophils, epithelial, or 
endothelial cells. Just like viruses, certain bacteria, fungi, and protozoan pathogens 
exist with the potential of intracellular replication (Dehio et al. 2012). The intracel-
lular invasion gives the pathogens a selective advantage of being protected from 
host cell defense. Some intracellular pathogens can replicate both inside and outside 
the host cell and are considered as facultative intracellular, while others are obligate 
intracellular and can only replicate inside the host cells (Niller et al. 2017).

Intracellular pathogens have evolved several mechanisms that facilitate their 
intracellular survival and protection from host defense system. Bacteria coordi-
nately express the genes that are responsible for their intracellular survival and this 
gives the bacteria a selective advantage for their survival (Ernst et al. 1999). A brief 
discussion of some common intracellular pathogens is given below.
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6.2.1  Bacterial Pathogens

A number of bacterial diseases such as tuberculosis, typhoid, and meningitis are 
caused by intracellular bacterial pathogens. These bacteria have evolved mecha-
nisms to survive inside the host cells and escape from immune system. Examples of 
some intracellular bacterial agents are discussed in the next few paragraphs.

6.2.1.1  Salmonella enterica serovar Typhi

Salmonella enterica serovar Typhi is a facultative intracellular bacterium with the 
ability to replicate inside phagocytic and nonphagocytic cells. Salmonella utilize 
Type III secretion system (T3SS) for successful intracellular invasion. Membrane 
ruffle formation and intracellular internalization are mediated by effector proteins 
like SipA, SipC, SopD, and SopE2. After internalization the bacterium survives in 
salmonella containing vacuole (SCV). Avoidance of intracellular antibacterial activ-
ity is mediated by a number of virulence factors located on Salmonella pathogenic-
ity island, most notably are T3SS and T1SS that facilitate its survival in host cells in 
a protected manner (Ibarra and Mortimer 2009).

6.2.1.2  Mycobacterium tuberculosis

Mycobacterium tuberculosis survives in host macrophages by various mechanisms. 
One such mechanism that aid in its intracellular survival, is that after internalization 
by macrophages and phagosomes containing Mycobacteria resist fusion with lyso-
somes, an important step in their intracellular survival (Walburger et al. 2004). After 
internalization by host macrophages, pathogenic Mycobacteria secrete eukaryotic- 
like threonine/serine protein kinase G, thus inhibiting phagosome fusion with lyso-
somes and survive intracellularly (Walburger et al. 2004).

6.2.1.3  Neisseria meningitidis

For intracellular survival, capsule of Neisseria meningitidis plays an important role. 
The pathogens remain protected from the components of host immune system like 
cationic antimicrobial peptides (CAMPs), cathelicidins, defensins, and protegrins 
by means of their capsule (Spinosa et al. 2007).

6.2.1.4  Listeria monocytogenes

L. monocytogenes is a foodborne pathogen with the intracellular mode of replica-
tion. Of the total genome, approximately 17% is responsible for intracellular sur-
vival in the host cell. Gene expression by the pathogen in the intracellular 
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environment encodes for glucose limitation, reduction in mRNA expression having 
role in central metabolism, and expression of alternate carbon utilization pathway 
genes and its regulation (Chatterjee et al. 2006).

6.2.2  Protozoan Parasites

In order to survive, protozoan parasites induce various changes in host cell signaling 
pathways and trafficking mechanism. Some protozoan parasites inhibit phagosomes 
fusion with lysosomes in order to get protected from hydrolytic action of lysosomal 
enzymes and others produce certain inhibitory factors to resist hydrolytic enzymes 
(Mauel 1984). One mechanism involves the formation of lipid-rich organelles called 
lipid bodies within the host cell cytoplasm. When parasite interacts with an immune 
or nonimmune host cell, lipid bodies also accumulate around the parasitophorous 
vacuole (PV). These lipid bodies may serve as a source for the growth of parasites 
and also induce inflammatory mediators that cause deactivation of host immune 
response (Toledo et  al. 2016). Some medically important species of intracellular 
protozoans are discussed in following.

6.2.2.1  Leishmania species

Leishmania infantum chagasi is an obligate intracellular pathogen that is responsi-
ble for visceral leishmaniasis in South America. One of the intracellular survival 
strategies of these parasites involves transient delay in maturation of phagolyso-
some such that enough time is available for promastigotes to be converted into 
amastigotes, and amastigotes are highly resistant to degradation (Ueno 2011).

Leishmania donovani is an important species of Leishmania genus. Its promasti-
gote forms when its phagosome poorly fuses with lysosomes and endosomes. Also 
Leishmania species display lipophosphoglycan (LPG) molecules on their cell sur-
face that has a role in inhibition process of phagosome maturation (Desjardins and 
Descoteaux 1998).

6.2.2.2  Malarial Parasites

Plasmodium, the causative agent of malaria, can cause the infection via successful 
replication within erythrocytes. This parasite has evolved molecular and cellular 
pathways for successful multiplication within host cells as well as to protect itself 
from host immune responses (Miller et al. 1994). Their survival is mostly based on 
changes in number of genetic factors like allelic variation, intracellular replication, 
and bimolecular exposure of proteins (Gomes et al. 2016).
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6.2.2.3  Toxoplasma gondii

Toxoplasma gondii is a highly potent intracellular parasite that resides within host 
cell vacuole. Like other pathogens, Toxoplasma gondii survive intracellularly via 
inhibition of phagosome fusion with lysosomes and also via modification of acidity 
of phagosomes that contain them (Sibley et al. 1985).

6.2.3  Fungal Intracellular Pathogens

Pathogenic fungi have enormous impact on human health as many fungal species 
may cause serious and life-threatening infections. Many pathogenic fungi may also 
grow intracellularly. Some medically important fungal species that are intracellular 
parasites are discussed here.

6.2.3.1  Candida species

Like other microorganisms that behave as intracellular pathogens, some fungi can 
also exist with intracellular mode of replication. Many Candida species can evade 
engulfment by host cell macrophages and reduce formation of inflammatory cyto-
kines that can otherwise inhibit their growth. This helps them to survive in host cells 
(Brothers et al. 2013).

6.2.3.2  Cryptococcus neoformans

One of the intracellular fungal pathogens is Cryptococcus neoformans. Similar to 
other intracellular pathogens, Cryptococcus neoformans also have evolved mecha-
nisms for their intracellular survival. One of the strategies for their intracellular 
survival in host cell involves accumulation of polysaccharide vesicles in the cyto-
plasm followed by intracellular replication, leading to the formation of special 
phagosomes. In these phagosomes, multiple replicated Cryptococcal neoformans 
cells are present in a protected manner (Alvarez and Casadevall 2006).

6.2.3.3  Aspergillus species

In the case of Aspergillus species, after their internalization into phagosomes, matu-
ration and acidification is inhibited through an unknown mechanism that helps them 
to survive intracellularly (Morton et al. 2012). Secondary metabolite production by 
A. fumigatus plays a role in its residence in phagosome. Various toxins are produced 
by A. fumigatus with immunosuppressive properties, preventing macrophages from 
their functioning (Gilbert et al. 2015).
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6.3  Treatment Options and Challenges

Introduction of antibiotics into medical practice has resulted in the control of vari-
ous diseases and saved millions of human lives. However, with the passage of time 
many pathogens have evolved ways of protection against antibiotics. Further, some 
pathogens have the ability to survive intracellularly within immune and nonimmune 
cells and thus remain protected within these cells. This results in disease relapses 
and treatment failure (Maurin and Raoult 2001). Macrophages are the main target 
site for many intracellular pathogens, despite the fact that macrophages produce an 
antimicrobial response against the pathogens. There is cooperation between neutro-
phils and macrophages in generating defense, as neutrophils transfer their pre-
formed antimicrobial granules to macrophages, thus producing an innate immune 
response against intracellular pathogens. It also complements various pathways 
involving antimicrobial peptide delivery to macrophages (Tan et al. 2006).

Treatment of intracellular pathogens such as M. tuberculosis involves use of anti-
biotics or other antimicrobials that are capable of entering the infected host cells to 
kill bacterial agents (Carryn et  al. 2003). Some antibiotics such as quinolones, 
rifampicin, and streptomycin have shown better effect against intracellular bacteria; 
it is a very limited option available to treat such infections (Kamaruzzaman and 
Kendall 2017).

As stated previously, one of the challenges of treating intracellular pathogens is 
reduced drug efficacy inside the host cells. For example, amino glycosides are effec-
tive against extracellular infections, but ineffective or poorly effective against intra-
cellular infections. The reason behind this is their exclusive concentration within 
lysosomes and inactivation due to local acidic environment, as these antibiotics are 
highly sensitive to pH (Maurin and Raoult 2001). Another problem encountered in 
treatment practices is delivery of therapeutic agents to their target site. Conventional 
methods of drug utilization are associated with poor distribution, lack of sensitivity, 
limited effectiveness, and side effects. An alternative approach to this is the targeted 
delivery of therapeutic agents. This approach employs loading of antibiotics into 
carrier molecules like nanoparticles, micelles, and liposomes to efficiently and 
selectively deliver therapeutic agents to their targets (Atbiaw et al. 1965). In the 
recent years, significant progress has been made by nanocarrier-based technology in 
targeted drug delivery for the treatment of intracellular infections (Lin et al. 2015).

Conventional methods for the treatment of these diseases are associated with 
combination of drugs and long-term therapy practices that result in antibiotic resis-
tance and various side effects (Armstead and Li 2011). Salmonellosis, one of the 
most common intracellular infections, is difficult to treat because the pathogen 
remains protected in intracellular compartments and it is difficult for various antibi-
otics to cross the selective permeable plasma membrane and target these pathogens 
intracellularly (Klemm et al. 2018).

Nanotechnology offers great promise to overcome these limitations as in this 
technology nanomaterials can be fabricated with antibiotics and thus an efficient 
drug delivery to their targets (Ranjan et  al. 2012). Recently developed sol-gel 

6 Nanomaterials for Selective Targeting of Intracellular Pathogens



122

 technique showed great efficacy for the treatment of intracellular infections. 
Biologically active agents are incorporated into silica matrix that delivers these 
therapeutic agents to their target (Saleem et al. 2009a, b). Another effective strategy 
for treatment of intracellular pathogens involves the use of cell-penetrating peptides 
(CPP). Cell-penetrating peptides enhance the delivery of large macromolecules 
intracellular. These arginine- or lysine-rich cationic peptides have successful appli-
cations in the field of medicine for targeted drug delivery. These peptides have the 
potential to cross various barriers like blood brain barrier, neurons, and retina, thus 
having advantage over other therapeutic agents that cannot cross these barriers  
(Ye et al. 2016).

6.4  Nanomaterials as an Alternative Treatment Option

Targeted drug delivery in the body using nanomaterials is one of the key focus areas 
of nanomedicine (Abrhaley and Miku 2018; Bei et al. 2010; Hillaireau and Couvreur 
2009; Giri et al. 2011). According to an estimate, over 90% of the drugs suffer from 
poor pharmacokinetics and biopharmaceutical properties that require therapeuti-
cally active drug to be delivered into the target cells and tissues (Ruggiero et al. 
2010). Targeted drug delivery into the cells infected with infectious agents is an 
efficient way of delivering drug without affecting the normal body cells. Furthermore, 
nanocarriers also increase the drug solubility in blood and protect from degradation 
in the body (Li et al. 2017). By doing so, the therapeutics index will be reduced and 
safety profile improved (Baruah et al. 2017; Oeztuerk-Atar et al. 2018).

Nanocarriers to be used for selective targeting of pathogens inside the infected 
cells are usually bioconjugated with either antibodies or aptamers having high affin-
ity for the receptors on the target host cells. More importantly, they should have 
higher ability to be internalized through endocytosis and biodegradability (Yu et al. 
2016; Senapati et al. 2018; Sinha et al. 2006).

The treatment options for infectious diseases caused by intracellular pathogens 
may be improved, as we enter the new era of nanotechnology. Biodegradable 
nanoparticles have been a widely investigated material for targeted drug delivery 
among others (Hans and Lowman 2002). Some drugs like fluoroquinolones and 
macrolides have the ability to penetrate the host cells, but they are poorly retained 
and efficacious. There is a need of alternative drug options with both improved pen-
etration and retention inside the hosts. Here, nanocarriers such as nanoparticles or 
liposomes seem to be a promising strategy to deliver the drug selectively to the 
infected host cells, such as macrophages, dendritic cells, and red blood cells, 
infected with intracellular pathogens. The drugs may be encapsulated, attached, or 
incorporated in these nanocarriers and released in the infected cells in the site- 
specific manner. Furthermore, the properties of the nanocarriers such as size, shape, 
hydrophobicity, and other chemical features may also be tuned according to the 
requirement (Armstead and Li 2011; Urban et al. 2011; Li et al. 2017).
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Treatment of intracellular pathogens (e.g., M. tuberculosis) requires long-term 
drug administration that may cause side effects on patients. Patient compliance is a 
major issue in treating such infections and controlling the disease burden. This may 
be compensated with reduced drug doses per day using solutions offered by nano-
technology. Sustained drug release from then nanocarriers causes better therapeutic 
level for prolonged period of time, so the shorter half-life of drug elimination may 
be prolonged (Ranjan et al. 2012; Ladaviere and Gref 2015).

Biocompatibility is an important feature of a drug delivery system that is aimed 
at minimizing nonspecific effects on the host cells other than the target. Nanoparticles 
have been made of a number of biocompatible materials such as poly(lactide-co- 
glycolide) (PLGA), poly lactic acid (PLA), polyethylene glycol (PEG), and poly-
methacrylic acid (PMA) and natural polymers such as gelatin, chitosan, and alginate, 
as well as gold and silica (Armstead and Li 2011).

One of the prerequisites of the smart nanocarriers is their prolonged retention in 
the body and resistance to clearing action of reticuloendothelial cells. This is 
achieved by attaching PEG molecules (PEGylation) on the nanocarrier surface. 
Nevertheless, PEGylation reduces uptake of the nanocarriers by the target cells, a 
twist known as PEGylation dilemma (Hossen et al. 2018). The life of nanocarriers 
(e.g., liposomes) may be increased by attaching PEG groups with them, so that they 
remain protected engulfment by phagocytes (Peer et al. 2007).

In addition, nanocarriers are bioconjugated with some ligands such as monoclo-
nal antibodies, aptamers, sugars, peptides, or any other biomolecule having affinity 
for the surface receptors of the infected host cells. Therefore, ease of bioconjugation 
with the desired ligands may be considered a feature of the smart nanocarrier, as it 
prevents accumulation of nanocarriers in liver, kidneys, or other sites (Lin et  al. 
2015; Hossen et al. 2018).

An important issue to be considered is the release of encapsulated drug from 
endosome into the cytoplasm. Rapid release of nanocarriers from endosome into 
cytoplasm may be achieved by incorporating cell-penetrating peptides such as 
 fusogenic lipids or listeriolysin-O onto the nanocarriers (Paulo et al. 2011; Ranjan 
et al. 2012).

In the studies carried out on the use of drug-loaded nanocarriers for the clearance 
of intracellular pathogens from mice, it has been found that nanocarriers required 
lesser amount of drug to clear the pathogen as compared to drug alone (De 
Steenwinkel et al. 2007). Furthermore, some groups have also reported better drug 
uptake by the infected cells carried by the nanocarriers as compared to drugs alone 
(Toti et al. 2011; Xie et al. 2017).

6.4.1  Types of Nanocarriers

A number of nanomaterials may be used as nanocarriers in targeted drug delivery 
systems (Uddin et al. 2017) (Fig. 6.1). Detail of some of them is given in the pro-
ceeding sections.
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6.4.1.1  Polymeric Nanoparticles

Polymeric nanoparticles are among the most widely investigated types of nanoma-
terial that find a range of applications in targeted drug delivery systems (Karlsson 
et  al. 2018). They are prepared from biodegradable and biocompatible polymers 
(Nagavarma et al. 2012; Gopalasatheeskuma et al. 2017). Initial use of polymeric 
nanoparticles was limited to nonbiodegradable nanoparticles (e.g., polystyrene, 
polyacrylamide, poly(methyl methacrylate)). These nonbiodegradable nanoparti-
cles were required to be removed from body after use through urine and feces and 
they were not supposed to accumulate in the tissues at toxic level. Chronic toxicity 
and inflammation reactions were observed in the case of nonbiodegradable nanopar-
ticles that lead to consider the biodegradable nanoparticles owing to their reduced 
toxicity and interference with drugs as well as biocompatibility (Banik et al. 2016).

There are two major categories of polymeric nanoparticles, namely nanocapsules 
and nanospheres. Nanocapsules have a drug reservoir in their liquid or nonliquid 

Fig. 6.1 Different types of nanomaterials that may be used as nanocarriers for targeted drug deliv-
ery (Source: Senapati et al. 2018)
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core, while polymeric shell covers it. In contrast, in case of nanospheres, the entire 
particles have a polymeric matrix-like structure retaining the drug inside it or on its 
surface (El-Say and El-Sawy 2017).

There are several advantages of polymeric nanoparticles. For examples, they are 
easy and economical to synthesize. The choice of polymer and controlled drug 
release at the site of infection have made them an ideal candidate of nanocarriers in 
drug delivery systems. Drug may easily be impregnated into them and effectively 
released into the target cells. Further, they are easy to conjugate with biomolecules 
such as antibodies (Chan et al. 2010; Dalbhanjan and Bomble 2013; Nagavarma 
et al. 2012).

6.4.1.2  Liposomes

Since their first introduction by British hematologist Alec Bangham in 1961 
(Bangham et al. 1965), liposomes have been the most widely investigated type of 
nanocarriers for the targeted drug delivery due to their greater physiochemical and 
biophysical properties. They have been used to stabilize the drug as well as improve 
cellular uptake and biodistribution in the body (Sercombe et al. 2015). Liposomes 
are phospholipid vesicles consisting of one or two bilayer membranes with discrete 
aqueous space. Liposomal particles possess unique property of entrapping diverse 
types of drugs including both hydrophilic and hydrophobic molecules. The biocom-
patible lipid exterior and aqueous interior of the liposomes permit delivery of a 
variety of biomolecules such as antibiotics, anticancer drugs, proteins, enzymes, 
and DNA. They are usually considered as pharmacologically inactive with mini-
mum side effects or toxicity. They offer the advantage of large payloads, protection 
of drug from degradation, and inactivation as well as least immunogenicity inside 
the human body (Sercombe et al. 2015; Alavi et al. 2017).

Chemically, liposomes are phospholipid bilayers with aqueous center. Lipids are 
amphipathic molecules with hydrophobic and hydrophilic ends; thus, their 
 self- assembly results in separate orientation of both hydrophobic and hydrophilic 
ends in aqueous phage (Alavi et al. 2017). Several methods of liposome synthesis 
have been described including lipid hydration, ethanol injection, freeze thawing, 
and reverse phase evaporation. Initially, liposome had some disadvantages such as 
difficulties with mass production, short shelf life, and poor stability. However, these 
all issues have been resolved with continuous research and optimization of synthe-
sis procedures. To date, about ten liposome-based drugs have reached the market 
and many more are in the phase of clinical trials (Kim 2016).

6.4.1.3  Gold Nanoparticles

Gold nanoparticles (AuNPs) are among the most widely investigated type of 
 nanomaterials. They possess a range of applications in medicine including  
drug delivery systems, imaging, diagnosis, as well as treatment of the diseases 
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(Dreaden et al. 2012; Kong et al. 2017; Syed and Bokhari 2011). AuNPs are non-
toxic and inert in body fluids. They may be synthesized in different sizes and shapes 
and bioconjugated with a single or multiple drugs (Kong et al. 2017).

AuNPs may also be decorated with fluorescent dyes, antibodies, and drugs. Cell 
internalization peptide TAT may also be attached with the AuNPs. The intracellular 
location of the AuNPs may also be traced using fluorescent microscopy (Singh 
et al. 2016).

6.4.1.4  Micelles

Polymeric micelles (PMs) were introduced in drug delivery system by Kataoka’s 
group as doxorubicin-encapsulated nanocarriers of copolymers in 1990s. PMs con-
sist of a core and a shell made of block copolymers. The hydrophobic core encap-
sulates poorly water-soluble drug, whereas the hydrophilic shell protects it from 
body fluids and reticuloendothelial system (Kedar et al. 2010).

Majority of the drugs are poorly soluble in water and their application in drug 
delivery is often challenging. Micelles are a group of nanocarriers that may carry 
drugs that are poorly water soluble (Zhang et al. 2014). The amphipathic MPs are 
formed by copolymers in aqueous phase. The drug to be incorporated is inside the 
hydrophobic core (Xu et al. 2013). They may be used for both active and passive 
delivery of the drugs (Kedar et al. 2010). Variation in the chemistry of the core- 
forming copolymer of the PMs may be performed to improve drug loading, stability, 
and controlled release (Aliabadi and Lavasanifar 2006).

6.4.1.5  Solid Lipid Nanoparticles

Solid lipid nanoparticles (SLNPS) are at the forefront of nanoparticles research for 
drug delivery system (Calderon-Colon et al. 2015; Mukherjee et al. 2009). They are 
lipid nanoparticles of the size range 50–1000 nm. These nanoparticles are prepared 
by dispersing the solid lipid in water, whereas emulsifiers are used to stabilize the 
dispersion (Uddin et al. 2017). These nanoparticles may be used to overcome the 
limitations of the polymeric nanoparticles and liposomes. These nanoparticles are 
more useful for lipophilic drugs (Mukherjee et  al. 2009). Nevertheless, these 
nanoparticles may be used for the delivery of both hydrophobic and hydrophilic 
drugs as well as proteins and DNA (Dolatabadi et  al. 2015). SLNs have already 
been used for the controlled and targeted drug delivery for the treatment of cancer 
and intracellular pathogens. The core of SLNs is hydrophobic with single layer of 
phospholipids and the drug is usually impregnated in the core (Dolatabadi et  al. 
2015; Mishra et al. 2018). SLNs carry more drug than the liposome and protect it 
from degradation.

Monocytes and macrophages are target of a number of intracellular pathogens. 
As natural carriers, liposomes may target the cells of mononuclear phagocytic sys-
tem (MPS) including macrophages for targeted delivery of antimicrobial agents. 
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The macrophages express a number of surface receptors on their surface such as 
integrins, mannose receptors, and Fc portion receptors. Addition of ligands of these 
receptors to the liposome facilitates selective attachment of drug-loaded liposomes 
on the surface of macrophages (Kelly et al. 2011).

6.5  Current Research Trends

A number of dedicated research groups have published excellent articles with 
promising results on intracellular delivery of antibiotics into the infected cells 
(Delsol et al. 2004; Lemmer et al. 2015; Choi 2017). The goal of intracellular drug 
delivery is sustained drug release at subcellular level that is not going to be affected 
by low endosomal pH (Ranjan et al. 2012).

As mentioned previously, tuberculosis is one of the most notorious intracellular 
pathogens that invade macrophages. A number of studies have been carried out that 
reported efficient delivery of antimycobacterial drugs such as first-line antibiotics 
using nanocarriers. For example, a recent study conducted by Vieira et al. (2017) 
used lipid nanoparticles decorated with mannose sugar for the delivery of rifampin 
antibiotics into the macrophages. These mannosylated lipid nanoparticles were 
more efficient in uptake by the macrophages for inhibiting the microbial survival 
inside the cells (Vieira et al. 2017). A previous study conducted by Clemens et al. 
(2012) used mesoporous silica nanoparticles (MSNPs) for the efficient delivery of 
isoniazid into the human macrophages. These MSNPs used acid gates that open in 
the acidic environment and release its antibiotic content for bacterial killing.

Another example of targeting highly pathogenic microorganisms using nanopar-
ticles is the study conducted by Saleem et al. (2009a, b). They applied polymeric 
nanoparticles loaded with doxycycline and streptomycin that exhibited promising 
effects while clearing microbes inside the host macrophage cells. Application of 
two doses of antibiotics-loaded nanoparticles cleared Brucella melitensis signifi-
cantly from the balb/c mice.

Salmonella species are notorious for the range of infections they cause in humans. 
Salmonella enterica serovar Typhimurium, Salmonella enteric serovar Typhi, and 
Salmonella enterica Paratyphi are the bacterial species that have gained resistance 
against a number of commonly used antibiotics. Bactericidal drug concentration for 
these intracellular pathogens is higher than the extracellular bacteria. Salmonella 
invade macrophages and reside in a vacuole called Salmonella-containing vacuole. 
Salmonella in the SCVs have increased arginine requirement causing scavenge the 
host cells of arginine starvation. In case of presence of Salmonella in SCV, there is 
an upregulation of CAT 1 transporters responsible for enhanced arginine uptake. A 
study conducted by Mudakavi et al. (2017) synthesized arginine decorated mesopo-
rous nanoparticles loaded with ciprofloxacin used to target Salmonella infected mac-
rophages. The results of their study revealed that these nanoparticles exhibited better 
antibacterial effect of the drug against the target bacteria as compared to free cipro-
floxacin. In another study conducted by Saleem et al. (2009a, b) gentamycin- loaded 
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silica xerogel was synthesized to target Salmonella enterica serovar Typhimurium 
inside mice. The results of their study revealed that the drug was active inside the 
nanoparticles and there was significant reduction in bacterial number in spleen and 
liver of the infected AJ 646 mice at lower drug dose as in nanocarriers as compared 
to free drug.

One of the most remarkable areas of applications of targeted drug delivery is the 
cure of malaria, treatment of which has been hampered due to the problem of emerging 
drug-resistant strains (Fernandez-Busquets 2016). Nanocarriers may offer opportunity 
to encapsulate various drugs in a single cargo to selectively deliver to the infected 
RBCs (Urban et al. 2015; Baruah et al. 2017). A combined formulation of more than 
two antimalarial drugs will also increase the rate of patient compliance, as patient may 
avoid taking different tablets separately. Sustained drug release may be achieved by 
increasing or decreasing the drug discharge from the carrier in the cells (Thakkar and 
Brijesh 2016). Moles et al. (2016) developed immunoliposomes as drug carriers to 
selectively target Plasmodium falciparum infected RBCs. A 70% reduction in all para-
sitic forms in culture was observed after 30 min of incubation with  drug-loaded immu-
noliposomes. In another such study, Urban et  al. (2014) used poly(amidoamine) 
biodegradable nanocarriers for selectively targeting plasmodium infected red blood 
cells for drug delivery. Intraperitoneal administration of drug-loaded nanocarriers 
cured the infected mice, while mice with free drug did not survive.

The intracellular parasite of the genus Leishmania cause cutaneous, subcutane-
ous, and visceral disease and pose a serious public health threat globally. Leishmania 
donovani, causative agent of visceral leishmaniasis, is an intracellular pathogen that 
infects macrophages of reticuloendothelial system. In a study conducted by 
Mukherjee et  al. (2004), a parasite-specific 51  kDa protein was isolated from 
L. donovani-infected macrophages. Active delivery of doxorubicin to the infected 
macrophages was carried out using immunoliposomes prepared by grafting anti 
51 kDa antibody onto the liposome surface. A 45-day-old mouse model of visceral 
leishmaniasis was used to study the effects of targeted drug delivery in  vivo. 
Complete elimination of spleen parasite burden was achieved by delivering 
doxorubicin- loaded immunoliposomes on four consecutive days at the drug concen-
tration of 250 μg/kg/day.

AuNPs have also been used as nanocarriers for selective targeting intracellular 
pathogens. For example, a study conducted by Chowdhury et al. (2017) conjugated 
AuNPs with antimicrobial peptide VG16KRKP. The peptide not only facilitated the 
intracellular uptake by the macrophages and epithelial cells but also exhibited anti-
microbial activity against intracellular pathogen Salmonella. The results of their 
study revealed that there was a reduced level of bacterial recovery from the cells.

6.6  Theranostic Approaches for Intracellular Pathogens

In 2002, the term theranostic was for the first time coined by Funkhouser (Kelkar 
and Reineke 2011). In theranostic approach, the diagnostic and therapeutic 
 properties of nanoparticles are combined for personalized and more specific disease 
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management. The nanoparticles can serve as multifunctional system in theranostics 
(Yang et al. 2013; Fig. 6.2). In this approach, therapeutic drugs and the diagnostic 
agents are delivered in an equal dose at the same time (Kelkar and Reineke 2011). 
For making nanoparticles-based theranostics, carbon nanotubes, quantum dots, gold 
nanoparticles, and silica nanoparticles are well investigated (Chen et al. 2014; Liu 
et al. 2018; Xie et al. 2010).

Bacterial infections of a blood stream possess a greater threat to economy and 
public health. Emergence of antibiotic resistance makes the targeting of these bacte-
rial infections a difficult task. Furthermore, for early intervention serology and 
blood culture techniques are not much sensitive. To overcome these problems, 
nanotheranostic is a novel strategy for the diagnosis and provide an effective treat-
ment platform (Jagtap et al. 2017).

Multidrug-resistant bacteria like Salmonella typhi possess a great threat to 
healthcare. To save lives, early detection of the bacteria in the blood stream and 
development of novel antibiotics are of prime importance. Dai et al. reported multi-
functional nanocarrier platform consisting of a magnetic core-plasmonic shell 
nanocarrier, multidrug-resistant bacteria (MDRB) Salmonella DT104-specific anti-
body, and a methylene blue bound aptamer. The reported nanocarrier platform is 
capable of targeted separation of the pathogen from the blood and in the detection 
and multimode killing of multidrug-resistant bacteria (Dai et al. 2013).

Therapeutic filled core (DNA, Protein/Peptide)

Therapeutic (DNA, Protein/Peptide)

Stabilizer (PEG, polysaccharides)
Linker
Coating (Dextran, PEI, Chitosan)

Imaging agent

Targeting (antibody, ligand)

Theranostic
Nanoparticles

Diagnosis/Prognosis Therapeutics

MR Imaging/
Ultrasound

PET/
Fluorescence

CT/
SPECT

Gene/
Chemotherapy

Radiation
Therapy Hyperthermia

Fig. 6.2 Schematic illustration of nanoparticle-based theranostics and their potential applications 
(Source: Howell et al. 2013)
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Nanotheranostics has proven to be effective in the therapeutics with less side 
effects in comparison with therapeutic drugs (Yang et al. 2013). It has the potential 
in the diagnosis and the treatment of chronic respiratory tract diseases such as TB 
and lung cancer. A multidrug resistance in the former case and high dose of drugs in 
the latter one make the therapy somewhat complicated and result in poor therapeutic 
outcome. Theranostics has overcome these problems and results in effective diagno-
sis and treatment of these diseases. Polymer or liposomal nanoparticles are loaded 
with the drug and are delivered in some cases via respiratory route for the diagnosis 
and treatment of respiratory tract diseases. These are most commonly used nanopar-
ticles for respiratory infections. These nanoparticles not only deliver the drug but 
also have paramagnetic metals that give contrast image, thus providing platform for 
both treatment and diagnosis (Howell et al. 2013).

Complexity of inflammation makes the treatment of inflammatory diseases a dif-
ficult task. Nanotheranostics has solved this problem by serving as an efficient plat-
form for effective treatment of these diseases (Patel and Janjic 2015). Nanodiagnostics 
or theranostics are also employed for lymphography and angiography (Rizzo et al. 
2013). Nanodiagnostics is proven to be effective in every case of disease manage-
ment, particularly in case of intracellular pathogens (Rizzo et al. 2013).

Despite advanced treatment strategies and development of novel drugs, cancer 
still remains the second major cause of death worldwide. Radiation therapy, chemo-
therapy, immunotherapy, vaccination, stem cell transplantation, and their combina-
tion are the major strategies for cancer treatment. Also one drawback is that these 
therapies are highly expensive and possess severe side effects and toxicity. 
Phytochemical-based green synthesized gold nanoparticles have proven to be effec-
tive in the diagnosis and treatment of cancer. These nanoparticles have the potential 
to be used in diagnostics, therapy, imaging, and as a delivery system for drugs in 
case of cancer treatment (Ovais et al. 2017). Gold nanoparticles have gained the 
attention of researchers for cancer treatment because of its unique physiochemical 
and optical properties. Additionally, these nanocarriers have been effectively used in 
cancer therapies and diagnosis because of their multimodality imaging, as a carrier 
for drug delivery, and tumor targeting (Akhter et al. 2012). Same strategy may be 
employed in the cases of chronic infections of Hepatitis B and C as well as latent 
infections of tuberculosis (Fig. 6.2).

6.7  Conclusion and Future Perspectives

There has been substantial development in the field of nanomedicine in the last decade. 
Explosive research in nanomaterials and their applications to solve the problems of 
biomedical sciences has resulted in many breakthroughs. Dozens of nanodrugs have 
acquired FDA approval and the list of drugs in clinical trials is ever increasing. Despite 
being widely investigated interdisciplinary science, nanomedicine is still in infancy 
and most of its products are in pipeline and did not yet reach the commercialization. 
Despite potential benefits, nanodrugs also face some challenges such as need for 
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better characterization, toxicity of nanomaterials, lack of regulatory bodies, cost-
benefit considerations, as well as lack of enthusiasms by healthcare professionals in 
some cases. Nevertheless, the future of nanomaterials in targeted drug delivery seems 
to be bright. The number of nanodrugs approved by the FDA is disproportionately 
smaller as compared to the massive investment in the last two decades. It may be justi-
fied by the fact that in the past many of the discoveries in medicine have taken many 
long years to reach the market and patients (Ventola 2017).

Successful targeting of intracellular pathogens demands smart strategies and 
deeper understanding of selective binding of the nanocarriers on the infected cells, 
intracellular release of drugs from nanocarriers, and microbial killing. Drug released 
in the endosome may or may not kill microbe, as microbe may be present in cyto-
plasm or nucleus and it may interact endoplasmic reticulum or Golgi apparatus. 
Therefore, bacterial interaction with the drug inside the host cell must be deeply 
investigated.

The unique features and advantages offered by different types of nanomaterials 
in drug delivery to intracellular parasites have been effective and promising in a 
number of studies. Encapsulation of concentrated antibiotics in nanocarriers will 
not only reduce the risk of toxicity to normal cells but it is also a very effective mode 
of sustained drug delivery to intracellular pathogens. Further, the issue of patient 
compliance in the case of long-term treatment in the diseases such as tuberculosis 
may be resolved if nanocarrier-based drug delivery systems are used to carry antibi-
otics to the pathogen.
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Chapter 7
Nanoformulations: A Valuable Tool  
in the Therapy of Viral Diseases Attacking 
Humans and Animals

Josef Jampílek and Katarína Kráľová

Abstract Various viruses can be considered as one of the most frequent causes of 
human diseases, from mild illnesses to really serious sicknesses that end fatally. 
Numerous viruses are also pathogenic to animals and plants, and many of them, 
mutating, become pathogenic also to humans. Several cases of affecting humans by 
originally animal viruses have been confirmed. Viral infections cause significant 
morbidity and mortality in humans, the increase of which is caused by general 
immunosuppression of the world population, changes in climate, and overall global-
ization. In spite of the fact that the pharmaceutical industry pays great attention to 
human viral infections, many of clinically used antivirals demonstrate also increased 
toxicity against human cells, limited bioavailability, and thus, not entirely suitable 
therapeutic profile. In addition, due to resistance, a combination of antivirals is 
needed for life-threatening infections. Thus, the development of new antiviral agents 
is of great importance for the control of virus spread. On the other hand, the discov-
ery and development of structurally new antivirals represent risks. Therefore, another 
strategy is being developed, namely the reformulation of existing antivirals into 
nanoformulations and investigation of various metal and metalloid nanoparticles 
with respect to their diagnostic, prophylactic, and therapeutic antiviral applications. 
This chapter is focused on nanoscale materials/formulations with the potential to be 
used for the treatment or inhibition of the spread of viral diseases caused by human 
immunodeficiency virus, influenza A viruses (subtypes H3N2 and H1N1), avian 
influenza and swine influenza viruses, respiratory syncytial virus, herpes simplex 
virus, hepatitis B and C viruses, Ebola and Marburg viruses, Newcastle disease virus, 
dengue and Zika viruses, and pseudorabies virus. Effective antiviral long- lasting and 
target-selective nanoformulations developed for oral, intravenous, intramuscular, 
intranasal, intrarectal, intravaginal, and intradermal applications are discussed. 
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Benefits of nanoparticle-based vaccination formulations with the potential to secure 
cross protection against divergent viruses are outlined as well.

Keywords Antivirals · Metals · Metal oxides · Nanoformulations · Nanoparticles · 
Nanoparticle-based vaccines · Viruses

7.1  Introduction

Nanotechnology is a fast-growing field that provides the development of materials 
that have new dimensions, novel properties, and a broader array of applications. 
U.S. National Nanotechnology Initiative defines nanoparticles (NPs) in the range 
1–100 nm (National Nanotechnology Initiative 2008). Microbial, fungal, and viral 
infections represent an increasing worldwide threat that is caused by both general 
immunosuppression of the world population and the growth of resistance of patho-
gens to clinically used drugs as well as development of cross-resistant or multidrug- 
resistant strains (Jampílek 2018). In particular, viruses caused a number of diseases 
worldwide, many of them with fatal termination. Although smallpox has been eradi-
cated and for some of them vaccines were developed, viruses continuously indicate 
to us that conventional antiviral drugs/strategies directly targeting viral or cellular 
proteins have been limited, due to frequent virus variation resulting in drug resis-
tance, because many of drugs show high specificity (e.g., De Clercq and Li 2016; 
Takizawa and Yamasaki 2018; Wang et al. 2018a; Deng and Wang 2018). It can be 
stated that design and discovery of structurally new anti-infectives with a new/inno-
vative mode of action is time consuming and relatively risky (Jampílek 2016a, b, 
2018). Moreover, many of the existing antivirals demonstrate also human toxicity 
and rapid clearance from the body. Thus, design and development of new safe and 
potent antivirals with activity against viral infection at multiple points in the viral 
life cycle remains a major challenge (Al-Ghananeem et al. 2013; Li et al. 2016; Kos 
et al. 2019).

Strategy based on the reformulation of existing anti-infectives into nanoformula-
tions as well as investigation of various metal and metalloid nanoparticles with 
respect to their anti-infectious activity and potency is applied more and more fre-
quently (Jampílek and Kráľová 2017; Pisárčik et al. 2017, 2018). In fact, this strat-
egy is not only used for anti-infectious drugs but nanoformulations are also widely 
used for different classes of drugs, such as antineoplastics (Pentak et  al. 2016; 
Jampílek and Kráľová 2019a), antipsychotics, antidepressants (Jampílek and 
Kráľová 2019b, c), and nootropics (Jampílek et  al. 2015). Nanoscale dimension 
significantly modifies properties and behavior of all materials (e.g., Dolez 2015), 
whereby to benefits of pharmaceutical and medical nanoformulations belong pri-
marily sustainable release of drugs, modifications of bioavailability, reduction of the 
required drug amount, reduction of toxicity of drugs, as well as increasing drug 
stability (e.g., Jampílek and Kráľová 2018; Patra et al. 2018). Thus in the light of the 
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above mentioned facts, nanomaterials can constitute a useful tool in combat with 
viruses as well (Szunerits et al. 2015; Milovanovic et al. 2017; Siddiq et al. 2017; 
Singh et al. 2017; Zazo et al. 2017).

Recent findings related to development of virus-based nanoparticle (NP) systems 
as vaccines estimated for the prevention or treatment of infectious diseases, chronic 
diseases, cancer, and addiction were summarized by Lee et  al. (2016), while 
Jackman et al. (2016) focused their attention on the progress in application of nano-
medicine strategies to control critical stages in the virus life cycle through either 
direct or indirect approaches involving membrane interfaces. For example, diagnos-
tic, prophylactic, and therapeutic applications of metal and metal oxide NPs in 
human immunodeficiency virus (HIV), hepatitis virus, influenza virus, and herpes 
simplex virus (HSV) infections were overviewed by Yadavalli and Shukla (2017) 
and Scherliess (2019). Antiviral activity of the metal NPs, especially the mechanism 
of action of AgNPs against different viruses (HSV, HIV, hepatitis B virus (HBV), 
metapneumovirus, respiratory syncytial virus (RSV)), was discussed by Rai 
et al. (2016).

In the nonviral gene therapy, the use of multifunctional NPs (e.g., lipid-based 
NPs, quantum dots, carbon nanotubes, magnetic NPs, silica NPs, and polymer- 
based NPs) is advantageous because these nonviral vectors ensure enhanced gene 
stability at gene delivery, shielding of cargo from nuclease degradation, and improve 
passive/active targeting (Lin et al. 2018a; Ariza-Saenz et al. 2018).

At the entry process of viruses into host cells, multivalent interactions with dif-
ferent cell surface receptors occur. Many human viruses attach to the cells through 
heparan sulfate (HS) proteoglycans and the attachment of the virus to HS on the cell 
surface start up a cascade of events ending with virus entry. Cagno et al. (2018) 
designed antiviral NPs having long and flexible linkers mimicking HS proteogly-
cans, allowing for effective viral association with a binding that was simulated to be 
strong and multivalent to the viral attachment ligand repeating units, generating 
forces that eventually lead to irreversible viral deformation and showing nanomolar 
irreversible activity against HSV, human papilloma virus, RSV, dengue virus, and 
lentivirus in vitro and were active ex vivo in human cervicovaginal histocultures 
infected by HSV-2 and in vivo in mice infected with RSV. Nanogels with different 
degrees of flexibility based on dendritic polyglycerol sulfate to mimic cellular HS 
designed by Dey et al. (2018) were able to multivalently interact with viral glyco-
proteins, shield virus surfaces, and efficiently block infection and were found to act 
as robust inhibitors for human viruses. Dendritic cells are crucial during develop-
ment of T cell-specific responses against bacterial and viral pathogens.

Surfactant proteins A and D form an important part of the innate immune 
response in the lung, which can interact with NPs to modulate the cellular uptake of 
these particles. Unmodified polystyrene NPs of 100 nm were found to modulate 
surfactant proteins A and D mediated protection against influenza A infection 
in vitro (McKenzie et al. 2015). Substitution of sulfate groups in cellulose nanocrys-
tals by tyrosine sulfate mimetic groups (i.e., phenyl sulfonates) led to improved 
viral inhibition indicating that the conjugation of target-specific functionalities to 
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cellulose nanocrystal surfaces provides a mean to control their antiviral activity 
(Zoppe et al. 2014).

A well-defined structure of virus due to its multifunctional proteinaceous shell 
(capsid) surrounding genomic material is a promising approach to obtain nano-
structured materials, and viruses exhibit an ideal template for the formation of 
nanoconjugates with noble metal NPs. The interaction of the multifunctional 
viruses with NPs and other functional additives results in generation of bioconju-
gates with different properties, including possible antiviral and antibacterial activi-
ties (Parboosing et al. 2012; Capek 2015).

This contribution is focused on nanoscale materials/formulations with potential 
to be used to treat or inhibit the spread of viral diseases caused by human immuno-
deficiency virus, influenza A viruses (subtypes H3N2 and H1N1), avian influenza 
and swine influenza viruses, respiratory syncytial virus, herpes simplex virus, hepa-
titis B and C viruses, Ebola and Marburg viruses, Newcastle disease virus, dengue 
and Zika viruses, and pseudorabies virus (see Fig.  7.1). Effective antiviral long- 
lasting and target-selective nanoformulations developed for oral, intravenous, intra-
muscular, intranasal, intrarectal, intravaginal, and intradermal applications are 
discussed. Benefits of nanoparticle-based vaccination and nanoformulations with 
potential to secure cross protection against divergent viruses are outlined as well.

7.2  Human Immunodeficiency Virus

Human immunodeficiency virus (HIV) is a lentivirus (a subgroup of retrovirus) that 
causes HIV infection and over time acquired immunodeficiency syndrome (AIDS). 
HIV is a virus spread through certain body fluids that kills or impairs cells of the 
immune system, specifically the CD4 T cells, and progressively destroys the body’s 
ability to fight infections and certain cancers (German Advisory Committee 
Blood 2016).

human 
immunodeficiency virus influenza A viruses 

(subtypes H3N2 and H1N1)
avian influenza and 

swine influenza viruses

herpes 
simplex virus

respiratory 
syncytial virus
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Fig. 7.1 The most common cause of viral diseases
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Based on the investigations of the antiretroviral (ARV) activity of carbon nano-
tubes (CNTs) using computational molecular approach, the strong molecular inter-
actions suggested the efficacy of CNTs for targeting the HIV-mediated retroviral 
infections (Krishnaraj et al. 2014). Also, highly hydrophilic and dispersible carbox-
ylated multiwalled carbon nanotubes (MWCNTs) bearing ARV drugs and hydro-
philic functionalities were found to exhibit anti-HIV activity (Iannazzo et al. 2015). 
SiNPs (5–50 nm) prepared by grinding of porous silicon were found to act as effi-
cient scavengers of HIV and RSV (Osminkina et al. 2014).

The production of AgNPs and their use as antiviral therapeutics against patho-
genic viruses was reviewed by Galdiero et  al. (2011). Ag nanocomplexes with 
anionic linear globular dendrimers that were assessed against HIV replication path-
way in vitro showed also good ARV activity with nonsevere toxic effects in com-
parison with nevirapine as the standard drug in positive control group (Ardestani 
et al. 2015). Polyvinylpyrrolidone (PVP)-coated AgNPs were found to be a promis-
ing microbicidal candidate for use in topical vaginal/cervical agents to prevent 
HIV-1 transmission (Lara et al. 2010). Inactivation of microbial infectiousness by 
AgNPs-coated condom as a new approach to inhibit HIV- and HSV-transmitted 
infection was proposed by Fayaz et al. (2012). At treatment of HIV-1 infected cells 
with curcumin-stabilized AgNPs of 45 nm reduced replication of HIV by inhibition 
of NF-B nuclear translocation and the downstream expression of the pro- 
inflammatory cytokines interleukin-1β, tumor necrosis factor-α, and interleukin-6 
was estimated and no similar biological effects were observed with curcumin alone 
and conventional AgNPs capped with citric acid (Sharma et al. 2017a). Stable and 
crystalline AgNPs fabricated using the aqueous leaf extract of mangrove 
(Rhizophora lamarckii) with particle sizes ranging from 12 to 28 nm inhibited HIV 
type 1 reverse transcriptase activity (IC50 of 0.4 μg/mL on the HIV-1) showing the 
promising potential to be used in the fight against HIV and other viruses of public 
health importance (Kumar et al. 2017a). AuNPs capped with sulfate-ended ligands 
that are able to bind HIV envelope glycoprotein gp120 and inhibit in vitro the HIV 
infection of T cells at nanomolar concentrations were reported by Di Gianvincenzo 
et al. (2010). AuNPs inhibiting HIV entry by binding with gp120 and preventing 
CD4 attachment were described by Vijayakumar and Ganesan (2012). HIV-1 pep-
tides loaded onto AuNPs bearing high-mannoside-type oligosaccharides increased 
HIV- specific CD4+ and CD8+ T cell proliferation and induced highly functional 
cytokine secretion compared with HIV peptides alone and elicited a highly efficient 
secretion of pro-Th1 cytokines and chemokines, a moderate production of pro-Th2, 
and considerably higher secretion of pro-inflammatory cytokines such as tumor 
necrosis factor-α and interleukin-1β, suggesting that AuNPs that could simultane-
ously deliver HIV-1 antigens and high-mannoside-type oligosaccharides could be 
utilized as a superb vaccine delivery system (Climent et al. 2018).

Nowacek et al. (2011) performed analyses of nanoformulated ARV drugs and 
found that physical characteristics such as particle size, surfactant coating, surface 
charge, and most importantly shape are predictors of cell uptake and ARV effi-
cacy. The progress in the development of NP-based drug delivery systems for HIV 
therapy which focused mainly on injectable nanocarriers enabling delivery of 
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drug combinations that are long-lasting and target-selective in physiological con-
texts (in vivo) to provide safe and effective use was summarized by Gao et  al. 
(2018). For example, tenofovir (TFV) alafenamide and elvitegravir (EVG) loaded 
NPs  subcutaneously administered to female humanized CD34+-NSG mice showed 
long residence time and exposure for both drugs. The AUC(0–14 day) estimated for 
TFV and EVG using NPs was 23.1 ± 4.4 and 39.7 ± 6.7 μg h/mL, while with 
application of drug solutions the observed AUC(0–72 h) reached 14.1  ±  2.0 and 
7.2 ± 1.8 μg h/mL, respectively. Similarly, application of NPs resulted in strong 
increase of elimination half-life (t1/2) that was 5.1 and 3.3 days for TFV and EVG, 
respectively, while the corresponding t1/2 values for free drugs were 14.2 and 
10.8 h (Prathipati et al. 2017).

Jiang et al. (2015) incorporated ARV drugs maraviroc, etravirine, and raltegravir 
into poly(lactic-co-glycolic) acid (PLGA) NPs and found that ARV NPs maintained 
potent HIV inhibition and were more effective, when used in combinations. 
Significantly higher antiviral potency and dose-dependent reduction against both 
cell-free and cell-associated HIV-1 BaL infection in vitro was estimated mainly for 
ARV NPs combinations involving etravirine NPs, whereby the combinations that 
showed large dose-reduction were identified to be synergistic. Moreover, ARV NPs 
combinations inhibited propagation of reverse transcriptase in simian-human immu-
nodeficiency viruses in macaque cervicovaginal tissue and blocked virus transmis-
sion by migratory cells emigrating from the tissue. PGLA NPs were also used as a 
biodegradable carrier for loading with TFV in combination with efavirenz or saqui-
navir, which resulted in pronounced combination drug effects, and emphasized the 
potential of NPs for the realization of unique drug-drug activities (Chaowanachan 
et al. 2013). TFV and EVG-loaded PLGA NPs tested using humanized BLT mouse 
model were reported to be suitable for long-acting prevention of HIV-1 vaginal trans-
mission (Mandal et al. 2017a). In an in vitro HIV-1 inhibition study, the IC50 value 
observed with emtricitabine-loaded PLGA NPs (size of <200 nm and surface charge 
−23  mV) was found to be 43-fold lower in TZM-bl cells (0.00043  μg/mL) and 
approx. fourfold lower (0.009 μg/mL) in peripheral blood mononuclear cells com-
pared with drug solution (0.01861 and 0.033 μg/mL, respectively) and showed com-
parable activity with emtricitabine solution. Based on prolonged intracellular drug 
concentration and inhibition of HIV infection, the researchers noted that this long-
acting, stable formulation could ensure once-biweekly dosing to prevent or treat HIV 
infection (Mandal et al. 2017b). PLGA-EVG NPs (~47 nm; zeta potential of approx. 
6.74 mV) showed time- and concentration-dependent uptakes in monocytes with an 
approx. twofold higher drug intracellular internalization of EVG compared to free 
drug and also exhibited superior viral suppression over control for a prolonged period 
of time (Gong et al. 2017). Due to the presence of mannose receptors on the surface 
of macrophages, the mannosylated NPs of anti-HIV drug can target the macrophages, 
resulting in improvement of the therapeutic outcome and reduced toxicity of ARV 
bioactives. Surface-functionalized mannosylated-PLGA NPs of lamivudine (LVD) 
administered by intravenous route in a dose of 10 mg/kg to rats showed pronouncedly 
higher calculated brain/plasma ratio than PLGA NPs and continuously increased 
drug concentration up to 12 h (Patel et al. 2018). EFV- loaded PLGA NPs prepared 
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using microfluidic method with particle size 73 nm, zeta potential −14.1 mV, and 
10.8% drug loading showed a sustained in vitro EFV release (50% released within 
the first 24 h), and NPs functionalization with a transferrin receptor-binding peptide 
was found to be safe to blood brain barrier (BBB) endothelial and neuron cells (meta-
bolic activity above 70%) and nonhemolytic, whereby functionalized nanosystems 
exhibited 1.3-fold higher drug permeability through a BBB in vitro model compared 
to free drug (Martins et al. 2019). EFV- loaded PLGA NPs and PLGA NPs with poly-
ethylene glycol (PEG) coating with particle sizes 200–225 nm also retained native 
ARV activity of drug in vitro, while showed lower cytotoxicity against different epi-
thelial cell lines and HIV target cells. Both types of NPs were readily taken up by 
colorectal cell lines and mildly reduced EFV permeation and increased membrane 
retention in Caco-2 and Caco-2/HT29- MTX cell models monolayer in vitro. At intra-
rectal administration to CD-1 mice in phosphate-buffered saline (pH 7.4), the coated 
PLGA NPs encapsulating EFV reached higher drug levels in colorectal tissues and 
lavages compared to free EFV or EFV-loaded PLGA NPs and they provided enhanced 
local pharmacokinetics that could be beneficial in preventing rectal HIV transmission 
(Nunes et al. 2018). TFV and EFV-loaded PLGA NPs incorporated alongside free 
TFV into fast dissolving films during film manufacturing showed higher retention 
in vivo in vaginal lavages and tissue when associated to film, and NPs-in-film were 
still able to enhance drug concentrations of EFV.  Film alone also contributed to 
higher and more prolonged local drug levels as compared to the administration of 
TFV and EFV in aqueous vehicle, and once daily vaginal administration to mice of 
this formulation did not cause notable histological changes and major alterations in 
cytokine/chemokine profiles (Cunha-Reis et al. 2016).

The comparison of EVG-loaded nonadhesive and surface-modified bioadhesive 
poly(lactic acid)-hyperbranched polyglycerols NP formulations after intravaginal 
administration showed that bioadhesive NPs markedly improved and prolonged 
intravaginal delivery of drug and could provide sustained protection over longer 
durations (Mohideen et al. 2017).

Atripla-trimethyl chitosan (CS) NPs nanoconjugated with particle sizes of 
177.2 ± 7.8 nm and zeta potential of −1.35 ± 0.04 mV showed a higher inhibitory 
effect on HIV replication than atripla alone, and at low doses it could be used for 
antiviral treatment resulting in reduction of drug resistance and other side effects 
(Shohani et  al. 2017). Spherical intranasal EFV NPs prepared using CS-g- 
hydroxypropyl-β-cyclodextrin (198 ± 4.4 nm) with 23.28 ± 1.5% drug loading and 
38  ±  1.43% entrapment efficiency (EE) exhibited sustained drug release 
(99.03 ± 0.30% in 8 h), 4.76-fold greater permeability through porcine nasal mucosa 
than plain drug solution, and 12.40-fold higher central nervous system bioavailabil-
ity than drug solution administered by i.v. route (Belgamwar et  al. 2018). 
Experiments with NPs coated with glycol chitosan and loaded with a HIV-1 inhibi-
tor peptide tested in vitro and ex vivo using the porcine vaginal mucosa showed that 
such formulation reached the vaginal tissue and released the peptide within intercel-
lular space without any side effects (Ariza-Saenz et al. 2017).

A novel NP-in-microparticle (MP) delivery system (NiMDS) comprised of pure 
NPs of the darunavir (DRV) and its boosting agent ritonavir (RTV) encapsulated 
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within film-coated MPs was reported, in which pure NPs were encapsulated within 
calcium alginate/CS MPs that were film-coated with a series of poly(methacrylate) 
copolymers showing differential solubility in the gastrointestinal tract and enabling 
stability under gastric-like pH and sustained drug release under intestinal one. Using 
this formulation a 2.3-fold higher oral bioavailability of DRV with respect to both 
the unprocessed and the nanonized DRV/RTV combinations was estimated in albino 
Sprague-Dawley rats (Augustine et al. 2018). Enhanced bioavailability of darunavir- 
loaded lipid nanoemulsion in the brain after oral administration was described by 
Desai and Thakkar (2019).

Among TFV-loaded HIV-1 g120 targeting mannose responsive particles pre-
pared through the layer-by-layer coating of CaCO3 with concanavalin A (Con A) 
and glycogen, the one Con A layer containing system showed about twofold increase 
in drug release vs. control at a concentration of 25 μg/mL HIV gp120 and percent 
mucoadhesion estimated ex  vivo on porcine vaginal tissue, ranged from 10% to 
21%, depending on the number of Con A layers in the formulation (Coulibaly 
et al. 2017).

Hillaireau et al. (2013) referred about the potential of nanoassemblied nucleoside 
reverse transcriptase inhibitors (NRTIs) delivered as squalenoylated prodrugs to 
enhance their absorption and improve their biodistribution and also to enhance their 
intracellular delivery and antiviral efficacy toward HIV-infected cells. Biodegradable 
cationic cholesterol-ε-polylysine nanogel carriers for delivery of triphosphorylated 
NRTIs demonstrating high anti-HIV activity along with low neurotoxicity, warrant-
ing minimal side effects following systemic administration, were prepared by 
Warren et  al. (2015). Nanogel modification with brain-specific peptide vectors 
resulted in efficient central nervous system targeting. Senanayake et al. (2015) con-
jugated succinate derivatives of NRTIs with cholesteryl-ε-polylysine nanogels. 
Nanogel conjugates of zidovudine (ZDV), LVD, and abacavir demonstrated tenfold 
suppression of reverse transcriptase activity in HIV-infected macrophages with 
EC90 drug levels of 2–10, 2–4, and 1–2 μM, respectively, for single nanodrugs and 
dual and triple nanodrug cocktails, conjugate of LVD being the most effective single 
nanodrugs (EC90 2 μM). NPs of 50–60 nm prepared by encapsulation of ZDV in 
lactoferrin NPs were found to be stable in simulated gastric and intestinal fluids and 
the anti-HIV-1 activity of drug remained unaltered in nanoformulation in acute 
infection, the drug release from NPs was constant up to 96  h and bone marrow 
micronucleus assay showed that nanoformulation exhibited ca. twofold lower toxic-
ity than soluble form (Kumar et al. 2015). Lactoferrin NPs loaded with a triple drug 
combination of ZDV, EFV, and LVD showing a diameter of 67 nm and EE >58% for 
each drug delivered the maximum of its payload at pH 5 with a minimum burst 
release in vitro, exhibited improved anti-HIV activity, were practically not toxic to 
the erythrocytes, and reached in in vivo experiment an approx. >4-fold increase in 
AUC, 30% increase in the Cmax compared to individual drugs, and >2-fold enhance-
ment in the half-life of each drug. They also showed improved bioavailability of 
all drugs with less tissue-related inflammation (Kumar et al. 2017b). Improved 
HIV- microbicide activity through the co-encapsulation of drugs acting as NRTIs 
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in biocompatible metal organic framework nanocarriers containing iron(III) 
polycarboxylate NPs was reported by Marcos-Almaraz et al. (2017).

TFV disoproxil fumarate encapsulated in multifunctional magneto-plasmonic 
liposomes, a hybrid system combining liposomes and magneto-plasmonic NPs, 
enabled the treatment in the brain microenvironment that is inaccessible to most of 
the drugs, showed enhanced transmigration across an in vitro BBB model by mag-
netic targeting, and exhibited desired therapeutic effects against HIV-infected 
microglia cells, while the gold shell of liposomes showed bright positive contrast in 
X-ray computed tomography (Tomitaka et al. 2018).

EFV-loaded solid lipid NPs (SLNPs) with mean particle size of 108.5 nm, poly-
dispersity index of 0.172, and 64.9% EE administered intranasally in vivo revealed 
increased concentration of the drug in brain as desired suggesting their potential to 
be used for eradication of HIV and cure of HIV-infected patients (Gupta et al. 2017). 
Endsley and Ho (2012) constructed CD4-targeted SLNPs providing selective bind-
ing and efficient delivery of indinavir to CD4+-HIV host cells (whereby inclusion of 
PEG in SLNPs minimized immune recognition of peptides) that showed enhance-
ment of anti-HIV effects even under limited time exposure. Nanoscaled NRTIs 
decorated with the peptide-binding brain-specific apolipoprotein E receptor demon-
strated low neurotoxicity and high antiviral activity against HIV infection in the 
brain (Gerson et al. 2014).

A cell surface chemokine receptor CXCR4 targeting peptide 4DV3 acting as an 
HIV entry inhibitor and a ligand for targeted drug delivery was described by Lee 
et al. (2019). The use of 4DV3 as the targeting ligand resulted in enhanced endocy-
tosis due to the uptake of 4DV3 functionalized nanocarriers combined with the 
allosteric interaction with CXCR4, suggesting that 4DV3 peptide could be consid-
ered as a dual function ligand.

Bayon et al. (2018) developed vaccine formulations comprising nanostructured 
lipid carriers (NLC) grafted with p24 antigen, together with cationic NLC opti-
mized for the delivery of immunostimulant CpG, which was able notably enhance 
immune responses against p24 manifested in specific antibody production and T 
cell activation in mice as well as in nonhuman primates.

A tissue- and cell-targeted long-acting four-in-one nanosuspension composed of 
lopinavir, RTV, TFV, and LVD administered as a single injection subcutaneously to 
four macaques was able to exhibit persistent drug levels in lymph node mononu-
clear cells and peripheral blood mononuclear cells for 5 weeks and could be pro-
posed for a long-acting treatment with the potential to target residual virus in tissues 
and improve patient adherence (McConnachie et al. 2018).

Biocompatible ZDV-loaded hybrid core-shell NPs of carboxymethyl cellulose 
(core) and Compritol®-PEG (shell) for ARV drug delivery with mean size of 
161 ± 44.06 nm and 82% drug EE showed controlled drug release and were able 
effectively enter the brain cells (Joshy et al. 2017). The biocompatible PF-68-coated 
NPs of amide functionalized alginate prepared by coupling reaction with d,l- glutamic 
acid encapsulating ZDV with mean size of 432 ± 11.9 nm and a loading efficacy of 
29.5 ± 3.2% showed slow and sustained release of drug in phosphate- buffered saline 
(PBS, pH 7.4) and exhibited significantly higher cellular internalization efficiency 
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in vitro (Joshy et  al. 2018a). Considerable improvement in cellular internalization 
(murine neuro-2a and HeLa cells) in vitro was observed also with ZDV-loaded PVP/
stearic acid (SA)-PEG NPs due to the core-shell NPs prepared from lipid and poly-
mer, suggesting that such NPs have potential to be used for  antiviral drug delivery for 
use in HIV/AIDS therapy (Joshy et al. 2018b). ZDV-loaded core-shell dextran hybrid 
nanosystem expressed enhanced cellular internalization of drug-loaded hybrid NPs in 
comparison with free drug (Joshy et al. 2018c).

Retained intracytoplasmic nanoformulations consisting of a hydrophobic and 
lipophilic modified dolutegravir prodrug encapsulated into poloxamer released the 
drug from macrophages and suppressed viral replication and spread of virus to 
CD4+ T cells, while the drug blood and tissue levels in BALB/cJ mice were above 
64 ng/mL corresponding to IC90 value for 56 and 28 days, respectively (Sillman 
et al. 2018).

Crystals of myristoylated cabotegravir prodrug that were formulated into NPs 
facilitated avid monocyte-macrophage entry, retention, and reticuloendothelial sys-
tem depot formulation, showed sustained protection against HIV-1 challenge, and a 
single 45  mg/kg intramuscular injection of these NPs at a dose of 45  mg/kg to 
BALB/cJ mice resulted in fourfold higher pharmacokinetic profiles compared to 
long-acting parenteral cabotegravir, and similar results were obtained also with rhe-
sus macaques (Macaca mulatta); improved viral restriction in human adult 
lymphocyte- reconstituted NOD/SCID/IL2Rγc−/− mice by this nanoformulations 
was observed as well (Zhou et al. 2018).

7.3  Influenza A Viruses, Subtypes H3N2 and H1N1

Influenza is a respiratory illness caused by a virus. All influenza viruses are negative- 
sense, single-stranded, segmented RNA viruses. Viruses of influenza A type occur 
in humans and animals, while types B and C can be found only in humans. Influenza 
A viruses are classified according to the type of hemagglutinin (H) and the type of 
neuroaminidase (N) into subtypes H1N1, H1N2, H2N2, H3N2, H5N1, and H8N4. 
Each virus subtype has mutated into a variety of strains with differing pathogenic 
profiles using humanized BLT mouse model (Taubenberger and Morens 2010; 
Takizawa and Yamasaki 2018). Influenza A virus causes influenza in birds and some 
mammals, and is the only species of the Alphainfluenzavirus genus of the 
Orthomyxoviridae family of viruses. Type A influenza is a contagious viral infection 
that can have life-threatening complications if left untreated. An influenza could be 
pandemic, when an epidemic of an influenza virus spreads on a worldwide scale, 
e.g., “Spanish flu” of 1918 (Kuchipudi and Niessly 2018).

Inhibition of A/Human/Hubei/3/2005 (H3N2) influenza virus infection by 
AgNPs in vitro and in vivo was reported by Xiang et al. (2013). Feng et al. (2013) 
designed glycosylated metal (Ag and Au) NPs as potent influenza A virus hemag-
glutinin (HA) blockers. Inhibitory effects of AgNPs with particle size of 10 nm 
on H1N1 influenza A virus in vitro were also reported by Xiang et al. (2011). 
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The effect of size dependence of the AgNPs (3.5, 6.5, and 12.9 nm average diameters) 
that were embedded into the CS matrix on antiviral activity against H1N1 influenza 
A virus was also observed showing generally stronger antiviral activity with smaller 
AgNPs in the composites (Mori et  al. 2013). Evaluation of the efficacy of 
 AgNP- decorated silica hybrid composite (Ag30-SiO2) with particle size of 400 nm 
in diameter for inactivation of influenza A virus showed that even after 1 h of expo-
sure to these NPs >80% of HA damage, 20% of neuraminidase activities, and reduc-
tion of the infection caused by the virus in Madin-Darby Canine Kidney (MDCK) 
cells was observed. The Ag30-SiO2 NPs were found to interact with viral compo-
nents situated at the membrane causing them nonspecific damage resulting in virus 
inactivation (Park et al. 2018).

As the primary mechanism of influenza virus inhibition by AuNPs with different 
anionic groups blocking of viral attachment to cell surface was suggested, although 
viral fusion inhibition could not be excluded (Sametband et  al. 2011). Li et  al. 
(2016) proposed a new modality to inhibit viral infection by fabricating DNA- 
conjugated AuNPs networks on cell membranes as a protective barrier, antiviral 
activity of which may be attributed to steric effects, the disruption of membrane 
glycoproteins, and limited fusion of cell membrane bilayers. In addition, these 
DNA-AuNPs beside inhibition of virus attachment and entry could also inhibit viral 
budding and cell-to-cell spread. Multivalent sialic acid-functionalized AuNPs of 
14 nm inhibited influenza virus infection. As the binding of the viral fusion protein 
HA to the host cell surface is mediated by sialic acid receptors, a multivalent inter-
action with sialic acid-functionalized AuNPs is expected to competitively inhibit 
viral infection (Papp et al. 2010). Intranasal immunizations with a mixture of con-
jugated recombinant trimetric influenza A/Aichi/2/68(H3N2) HA onto functional-
ized AuNPs surfaces in a repetitive, oriented configuration and AuNPs coupled with 
Toll-like receptor 5 agonist flagellin as particulate adjuvants resulted in improved 
mucosal B cell responses (increasing influenza-specific immunoglobulin (Ig) A and 
IgG l in nasal, tracheal, and lung washes), stimulation of antigen-specific interferon- 
γ- secreting CD4+ cell proliferation and induced strong effector CD8+ T cell activa-
tion suggesting powerful mucosal and systemic immune responses protecting hosts 
against lethal influenza challenges (Wang et al. 2018b).

CuI NPs of mean size of 160 nm exerted antiviral activity against an influenza 
A virus of swine origin (pandemic [H1N1] 2009) by generating hydroxyl radi-
cals, suggesting that they could be applied in filters, face masks, protective cloth-
ing, and kitchen cloths as a material suitable to protect against viral attacks 
(Fujimori et al. 2012).

Nanocomposites, in which DNA fragments were electrostatically bound to TiO2 
NPs pre-covered with polylysine, efficiently inhibited human influenza A (subtype 
H3N2) (Levina et  al. 2014). Composites of peptide nucleic acids with TiO2 NP- 
containing DNA/peptide nucleic acid duplexes inhibited reproduction of influenza 
A virus (H3N2 subtype) with an efficiency of 99% and they were shown to not only 
penetrate through cell membranes, but also exhibit a high specific antisense activity 
without toxic effects on the living cells (Amirkhanov et al. 2015).
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SeNPs decorated by ribavirin (RBV), a broad-spectrum antiviral drug, protected 
cells during H1N1 infection in vitro, while in in vivo experiments they prevented 
lung injury in H1N1-infected mice, significantly reduced DNA damage in lung tis-
sue, and restrained activations of caspase-3 and proteins on the apoptosis pathway 
(Lin et al. 2018b).

Pieler et al. (2016) bound inactivated, concentrated, and diafiltered influenza A 
virus particles produced in MDCK cell suspension to magnetic sulfated cellulose 
microparticles (100–250 μm) and directly injected into mice for immunization and 
observed high anti-influenza A antibody responses and full protection against a 
lethal challenge with replication-competent influenza A virus, whereby 400-fold 
reduced number of influenza nucleoprotein gene copies in the lungs of mice immu-
nized with antigen-loaded microparticles compared to mock-treated animals was 
estimated.

Hybrid inorganic-organic microcapsules obtained by encapsulating siRNA via 
the combination of layer-by-layer technique and in situ modification by sol-gel 
chemistry were characterized with high cell uptake efficiency, low toxicity, efficient 
intracellular delivery of siRNAs and the protection of siRNAs from premature deg-
radation before reaching the target cells, reduced viral nucleoprotein level, and 
inhibited influenza A virus (H1N1) production in infected MDCK and A549 cells 
(Timin et al. 2017). CS NPs loaded by siRNA that were efficiently up-taken by Vero 
cells resulting in the inhibition of influenza virus (strain A/PR/8/34 (H1N1)) repli-
cation in vitro showed antiviral effects at nasal administration and considerably pro-
tected BALB/c mice from a lethal influenza challenge, suggesting that this 
nanoformulation is a promising system for controlling influenza virus infection 
(Jamali et al. 2018).

Figueira et al. (2018) modified the influenza fusion inhibitors by adding a cell- 
penetrating peptide self-assembling into 15–30 nm NPs and targeting relevant tis-
sues infected with influenza virus A in vivo, causing reduction of viral infectivity 
upon interaction with the cell membrane, and it was shown that for efficacious bio-
distribution, fusion inhibition, and efficacy in vivo both the cell-penetrating peptide 
and the lipid moiety are necessary.

The amino acid sequence of influenza matrix protein 2 ectodomain (M2e) is 
highly conserved among human seasonal influenza A viruses (Deng et al. 2018a). 
Multivalent oleanolic acid protein conjugates as nonglycosylated neomucin mimics 
for the capture and entry inhibition of influenza A viruses (H1N1, H3N2, and H9N2) 
designed by Yang et al. (2018) were found to be comparable to natural glycosylated 
mucin, suggesting that this material could potentially be used as anti-infective bar-
riers to prevent virus from invading host cells. Bernasconi et al. (2018) developed a 
fusion protein with three copies of the ectodomain of matrix protein 2, which is one 
of the most explored conserved influenza A virus antigens for a broadly protective 
vaccine and incorporated it into porous maltodextrin NPs to enhance its protective 
ability and the formulation resulted in broadly protective immunity against a lethal 
infection with heterosubtypic influenza virus, immune protection being mediated by 
enhanced levels of lung-resident CD4+ T cells as well as anti-HA and anti-M2e 
serum IgG and local IgA antibodies.
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The initial adhesion of most viruses is quantitatively controlled by multivalent 
binding of proteins to glycan receptors on the host cell. Lin et al. (2018c) to mimic 
virus adhesion to cell surfaces attached protein-oligomer-coated NPs to fluidic gly-
colipid membranes with surface glycan density varying over four orders of magni-
tude and found that in the binding isotherms two regions could be estimated, which 
could be attributed to monovalent and multivalent protein/glycan interactions at low 
and high glycan densities, respectively.

Lauster et  al. (2017) designed multivalent peptide-polymer NPs consisting of 
covalent conjugates of peptidic ligands and a biocompatible polyglycerol-based 
hydrophilic dendritic scaffold showing binding with nanomolar affinity to the influ-
enza A virus via its spike protein hemagglutinin. A novel seasonal recombinant HA 
NP influenza vaccine (NIV) formulated with a saponin-based adjuvant, Matrix-M™, 
induced HA inhibition (HAI) and microneutralizing antibodies against a broad 
range of influenza A (H3N2) subtypes. HAI-positive and HAI-negative neutralizing 
monoclonal antibodies derived from mice immunized with NIV were active against 
homologous and drifted influenza A (H3N2) strains (Smith et al. 2017). Layered 
protein NPs composed of structure-stabilized HA stalk domains from both HA 
groups, and constructed M2e, were reported to have potential to be developed into 
a universal influenza vaccine that could induce broad cross protection against diver-
gent viruses (Deng et al. 2018a).

An intranasally administered biocompatible polyanhydride NP-based influenza 
A virus (IAV) vaccine (IAV-nanovax) that could provide protection against subse-
quent homologous and heterologous IAV infections in both inbred and outbred 
populations, when used for vaccination, resulted in promotion of the induction of 
germinal center B cells within the lungs, both systemic and lung local IAV-specific 
antibodies, and IAV-specific lung-resident memory CD4 and CD8 T cells (Zacharias 
et al. 2018).

Double-layered peptide NPs prepared by desolvating a composite peptide of tan-
dem copies of nucleoprotein epitopes into NPs as cores and cross-linking another 
composite peptide of four tandem copies of influenza matrix protein 2 ectodomain 
epitopes to the core surfaces as a coating that were delivered via dissolvable 
microneedle patch-based skin vaccination, induced robust specific immunity and 
protected mice against heterosubtypic influenza A virus challenges and demon-
strated a strong antigen depot effect resulting in the stronger immune responses, 
whereby CD8+ T cells were involved in the protection (Deng et al. 2018b).

Intranasal vaccination with NPs formed by 3-sequential repeats of M2e on the 
self-assembling recombinant human heavy chain ferritin cage could induce robust 
immune responses such as high titers of sera M2e-specific IgG antibodies, T cell 
immune responses, and mucosal secretory IgA antibodies in mice in the absence 
of an adjuvant. These NPs also confer complete protection against a lethal infec-
tion of homo-subtypic H1N1 and hetero-subtypic H9N2 virus and could be consid-
ered as a promising, needle-free, intranasally administered cross-protective 
influenza vaccine as being economical and suitable for large-scale production (Qi 
et al. 2018).
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7.4  Avian Influenza and Swine Influenza Viruses

Avian influenza is a variety of influenza caused by viruses adapted to birds. Avian 
influenza virus (AIV) is an A-type influenza virus belonging to the Orthomyxoviridae 
family, whereby isolated strains of “highly pathogenic avian influenza” inducing 
intravenous pathogenicity index >1.2 or mortality rate >75% in a defined chicken 
population during the specified interval of 10  days are of H5 and H7 subtypes 
(Chatziprodromidou et al. 2018).

Swine influenza is caused by swine influenza viruses (SwIV) that are endemic in 
pigs. In Europe, swine influenza is considered one of the most important primary 
pathogens of swine respiratory disease and infection is primarily with H1N1, H1N2, 
and H3N2 influenza A viruses (Brown 2013).

It was found that dietary supplementation of chromium picolinate (1500 ppb) 
and chromium NPs (1000  ppb) improved the performance and antibody titers 
against avian influenza and infectious bronchitis heat stress conditions (36 °C) in 
broilers (Hajializadeh et al. 2017). Serum samples collected from immunized chick-
ens  with formulation consisting of plasmid encoding HA gene of AIV, (A/Ck/
Malaysia/5858/04 (H5N1)), formulated using biosynthesized AgNPs (4–18  nm) 
and PEG showed rapidly increasing antibody responses against H5 on day 14 after 
immunization and single oral administration of this formulation resulted in the 
induction of both the antibody and cell-mediated immune responses as well as 
enhanced cytokine production (Jazayeri et al. 2012). A vaccine formulation consist-
ing of ion channel membrane matrix protein 2 of the extracellular domain of influ-
enza A conjugated to AuNPs with CpG oligodeoxynucleotide as a soluble adjuvant, 
which was delivered intranasally in mice, resulted in lung B cell activation and 
robust serum anti-M2e IgG response, with stimulation of both IgG1 and IgG2a 
subtypes. Lethal challenge of vaccinated mice with A/California/04/2009 
(H1N1pdm) pandemic strain, A/Victoria/3/75 (H3N2), and the highly pathogenic 
AIV A/Vietnam/1203/2004 (H5N1) resulted in 100, 92, and 100% protection (Tao 
et al. 2017). Considering a very important role of mucosal immunity in the antiviral 
immune response, AgNPs biofabricated using Cinnamomum cassia extract showed 
enhanced antiviral activity against highly pathogenic AIV subtype H7N3, when 
incubated with the virus prior to infection as well as introduced to cells after infec-
tion, whereby the tested concentrations of extract and AgNPs (up to 500 μg/mL) 
were found to be nontoxic to Vero cells (Fatima et al. 2016). For complexity, it is 
necessary to mention (as was discussed above) that Fujimori et al. (2012) described 
antiviral activity of CuI NPs against influenza A virus of swine origin H1N1.

Formulation using calcium phosphate NPs vaccine adjuvant and delivery plat-
form to formulate an inactivated whole virus pandemic influenza A/CA/04/2009 
(H1N1pdm) vaccine as a potential dose-sparing strategy that was intramuscularly 
administered to BALI/c mice at doses 0.3, 1, or 3 μg (based on HA content) resulted 
in higher HAI, virus neutralization, and IgG antibody titers compared to the nonad-
juvanted vaccine, providing equal protection with one-third of the antigen dose as 
compared to the nonadjuvanted or alum (hydrated double sulfate salts of aluminum 
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with potassium, sodium, or ammonium)-adjuvanted vaccine (Morcol et al. 2017). 
Solution of nanoscale scallop shell powder produced by calcination process show-
ing a size of 500 nm inactivated AIV within 5 s, whereas the solution of greater 
powder particles (20 μm) could not even after 1 h incubation. Moreover, inactiva-
tion of Newcastle disease virus and goose parvovirus solution by nanopowder 
within 5 and 30 s, respectively, was observed as well (Thammakarn et al. 2014).

Chickens immunized with a low dose (200 μL) of bioadhesive liposomal influ-
enza vaccine using liposomes prepared with tremella or xanthan gum as the bioad-
hesive polysaccharide showed considerably higher mucosal and serum antibody 
levels, and low-viscosity gel mixed with liposomes was found to be suitable for 
nasal delivery and chickens elicited higher mucosal secretory IgA and serum IgG 
after two vaccinations compared to application of liposome mixture with a high- 
viscosity gel (Chiou et al. 2009).

Vaccination of chickens with nonencapsulated AIV combined with PLGA- 
encapsulated CpG oligodeoxynucleotides, CpG 2007, resulted in qualitatively and 
quantitatively augmented antibody responses manifested as a reduction in virus 
shedding compared to the encapsulated AIV combined with PLGA-encapsulated 
CpG 2007 formulation (Singh et al. 2016a). Similarly, nonencapsulated CpG 2007 in 
inactivated AIV vaccines administered by the intramuscular route generated higher 
antibody responses compared to the CpG 2007 encapsulated in PLGA, while PLGA-
encapsulated CpG 2007 in AIV vaccines administered by the aerosol route elicited 
higher mucosal responses compared to nonencapsulated CpG 2007 (Singh et  al. 
2016b). Seok et al. (2017) designed an intradermal pH1N1 DNA vaccine delivery 
platform using microneedles coated with a polyplex-containing PLGA/polyethyle-
neimine NPs inducing a greater humoral immune response due to rapid dissolution 
of the coated polyplex in porcine skin (within 5 min) than that observed at intramus-
cular polyplex delivery or naked pH1N1 DNA vaccine delivery by a dry- coated 
microneedles. Consequently, intradermal delivery of DNA vaccines within a cationic 
polyplex coated on microneedles has potential in skin immunizations. Polyanhydride 
NPs encapsulating subunit proteins can enhance humoral and cell- mediated immu-
nity and provide protection upon lethal challenge. A robust immunogen, recombi-
nant H5 hemagglutinin trimer (H53) encapsulated into polyanhydride NPs used to 
immunizing mice induced high neutralizing antibody titers and enhanced CD4+ T 
cell recall responses in mice and H53-based polyanhydride nanovaccine induced pro-
tective immunity against a low-pathogenic H5N1 viral challenge (Ross et al. 2015). 
Similarly, intranasal delivery of nanovaccine consisting of inactivated SwIV encap-
sulated in polyanhydride NPs enhanced antigen-specific cellular immune response in 
pigs, with promise to induce cross-protective immunity (Dhakal et al. 2017a), and 
inactivated SwIV encapsulated in PLGA NPs (200–300 nm diameter) administered 
via intranasal route reduced the clinical disease and induced cross-protective cell-
mediated immune response in a pig model as well (Dhakal et al. 2017b).

As a virus for challenge test Moon et al. (2012) used the HPAI H5N1 virus (A/
EM/Korea/W149/06) isolated from fecal specimens collected from wild bird habi-
tats and constructed recombinant HA antigen based on the HA1 head domain of this 
virus. Intranasal immunization with a mixture of recombinant influenza HA antigen 
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or inactivated virus and poly-γ-glutamic acid (PGA)/CS NPs induced a high anti-
 HA IgA response in lung and IgG response in serum, including anti-HA neutraliz-
ing antibodies as well as an influenza virus-specific cell-mediated immune response 
in female BALB/c mice against challenge with a lethal dose of the highly patho-
genic influenza A H5N1 virus (Moon et al. 2012). Pigs that were intranasally vac-
cinated with killed swine influenza A virus H1N2 (δ-lineage) antigens encapsulated 
in CS polymer-based NPs exhibited an enhanced IgG serum antibody and mucosal 
secretory IgA antibody responses in nasal swabs, bronchoalveolar lavage fluids, and 
lung lysates that were reactive against homologous (H1N2), heterologous (H1N1), 
and heterosubtypic (H3N2) influenza A virus strains (Dhakal et al. 2018).

Mucosal vaccination of conserved matrix protein 2, fusion peptide of hemag-
glutinin HA2 and cholera toxin subunit Al (CTAI) fusion protein with poly- 
γ-glutamate/CS NPs induced protection against divergent influenza subtypes and 
was found to induce a high degree of systemic immunity (IgG and IgA) at the site 
of inoculation and in challenge tests in BALI/c mice with several viruses (H5N1, 
H1N1, H5N2, H7N3, or H9N2) provided cross protection against divergent lethal 
influenza subtypes up to 6 months after vaccination (Chowdhury et al. 2017). Two 
immunizations of modified nonreplicating mRNA encoding influenza H10 hemag-
glutinin and encapsulated in lipid NPs induced protective HA inhibition titers and 
H10-specific CD4+ T cell responses after intramuscular or intradermal delivery in 
rhesus macaques (Liang et al. 2017). The results of hemagglutination inhibition and 
micro-neutralization assays showed that lipid NP-formulated modified mRNA vac-
cines encoding HA proteins of H10N8 (A/Jiangxi-Donghu/346/2013) or H7N9 (A/
Anhui/1/2013) generated rapid and robust immune responses in mice, ferrets, and 
nonhuman primates, and a single dose of H7N9 mRNA was able to protect mice 
from a lethal challenge and reduced lung viral titers in ferrets (Bahl et al. 2017).

Coated two-layer protein nanoclusters from recombinant trimeric HA from an 
avian-origin H7N9 influenza that were evaluated for the virus-specific immune 
responses and protective efficacy in mice immunized with these nanoclusters were 
found to be highly immunogenic; they were able to induce protective immunity and 
long-lasting humoral antibody responses to this virus without the use of adjuvants, sug-
gesting that such coated nanoclusters also have great potential for influenza vaccine 
production not only in response to an emerging pandemic, but also as a replacement for 
conventional seasonal influenza vaccines (Wang et al. 2017).

7.5  Respiratory Syncytial Virus

Respiratory syncytial virus (RSV), a negative-sense single-stranded enveloped 
RNA virus, is a global human pathogen responsible for lower respiratory tract infec-
tions and is considered as the major viral pathogen of the lower respiratory tract of 
infants. Therefore, there are urgent need to utilize convenient strategies to prevent 
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RSV infection, including beside of live attenuated, chimeric, and subunit vaccines 
also nanosized particles (Borchers et al. 2013; Clark and Guerrero-Plata 2017).

Au nanorods (AuNRs) were found to inhibit RSV in human epithelial type 2 
(HEp-2) cells and in BALB/c mice by 82% and 56%, respectively, whereby the 
RSV inhibition correlated with marked upregulated antiviral genes due to AuNR- 
mediated Toll-like receptor, the nucleotide-binding oligomerization domain (NOD)-
like receptor, and retinoic acid-inducible gene-I (RIG-I)-like receptor signaling 
pathways, whereby recruitment of immune cells to counter RSV replication was 
demonstrated by production of cytokines and chemokines in the lungs (Bawage 
et al. 2016). Treatment of human dendritic cells with AuNRs conjugated to RSV F 
formulated as a candidate vaccine preparation for RSV by covalent attachment of 
viral protein using a layer-by-layer approach induced immune responses in primary 
human T cells (Stone et al. 2013). Curcumin-modified AgNPs showed strong inhibi-
tory activity against RSV infection resulting in a reduction of viral titers about two 
orders of magnitude at AgNPs concentration showing no toxicity to the host cells, 
whereby AgNPs inactivated the virus directly, which resulted in the prevention of 
RSV to infect the host cells (Yang et al. 2016a).

In BALB/c mice exposed to a single dose of intranasally administered TiO2 NPs 
(0.5 mg/kg) that were 5 days later infected intranasally with RSV notably increased 
levels of interferon-γ and chemokine CCL5  in the bronchoalveolar lavage fluids 
were estimated compared with the control on day 5 postinfection, but not in unin-
fected mice. TiO2 exposure resulted also in an increase in the infiltration of lympho-
cytes into the alveolar septa in lung tissues, while pulmonary viral titers were not 
affected. Consequently, it can be stated that the immune system was affected by a 
single exposure to TiO2 NPs that exacerbated pneumonia in RSV-infected mice 
(Hashiguchi et al. 2015).

The curcumin-loaded β-cyclodextrin-functionalized graphene oxide (GO) com-
posite was found to cause highly efficient inhibition of RSV infection, showed great 
biocompatibility to the host cells, and was able to prevent the host cells from RSV 
infection by directly inactivating the virus and inhibiting the viral attachment, show-
ing prophylactic and therapeutic effects toward RSV (Yang et al. 2017a).

Recent advances in prophylactic synthetic biodegradable microparticle and 
nanoparticle vaccines against RSV and the multiple factors that can affect vaccine 
efficacy were summarized by Jorquera and Tripp (2016). Vaccination with a recom-
binant RSV F nanoparticle vaccine (60 or 90  g RSV F protein, with or without 
aluminum phosphate adjuvant) enhanced functional immunity to RSV in older 
adults (≥60 years), showed an acceptable safety profile, and additional immunoge-
nicity benefit was observed with adjuvanted formulation compared to increasing 
antigen dose alone. Moreover, the RSV F vaccine co-administered with licensed 
inactivated trivalent influenza vaccine (TIV) did not impact the serum HAI antibody 
responses to a standard-dose TIV, and TIV did not affect the immune response to the 
RSV F vaccine (Fries et al. 2017).
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7.6  Herpes Simplex Virus

Double-stranded DNA viruses, Herpes simplex virus 1 and 2 (HSV-1 and HSV-2), 
are members of the α-herpesvirus subfamily of Herpesviridae family that infect 
humans. HSV-1 causes cold sores, while HSV-2 causes genital herpes and these 
viruses can establish lifelong latent infection within peripheral nervous system 
(Dai and Zhou 2018).

Size-dependent interactions of AgNPs with HSV-1, HSV-2, and human parainflu-
enza virus type 3 resulting in reduced viral infectivity or in inhibition of the infectiv-
ity of the viruses by smaller-sized NPs that was caused probably by blocking 
interaction of the virus with the cell was described by Gaikwad et al. (2013). AgNPs 
applied at nontoxic concentrations administered prior to viral infection or soon after 
initial virus exposure were capable to inhibit HSV-2 replication, suggesting that the 
AgNPs acted during the early phases of viral replication (Hu et al. 2014). Tannic 
acid-modified AgNPs of 13, 33, and 46 nm showed antiviral activity and reduced 
both infection and inflammatory reaction in the mouse model of HSV-2 infection, 
when used at infection or for a postinfection treatment (Orlowski et al. 2014), and 
antiviral activity of such NPs with a size of 33 nm applied upon the mucosal tissues 
caused activation of immune response in vaginal HSV-2 (Orlowski et al. 2018a). 
Multifunctional tannic acid/AgNPs-based mucoadhesive hydrogel for effective vag-
inal treatment of HSV-2 genital infection was also reported (Szymanska et al. 2018). 
Investigation of the ability of tannic acid-modified Ag and AuNPs to induce den-
dritic cells maturation and activation in the presence of HSV-2 antigens, when used 
at nontoxic doses, showed that both types of these metal NPs were good activators 
of dendritic cells, albeit their final effect upon maturation and activation may be 
metal and size dependent and can help to overcome virus-induced suppression of 
dendritic cells activation (Orlowski et al. 2018b). AuNPs of the size of 7.86 nm sur-
face-conjugated with gallic acid showed the antiviral efficacy against HSV infec-
tions in Vero cells with EC50 of 32.3 μM in HSV-1 and 38.6 μM in HSV-2 (Haider 
et al. 2018). AuNPs capped with mercaptoethanesulfonate (MES) strongly inhibited 
HSV-1, whereby they interfered with viral attachment, entry, and cell-to- cell spread, 
thereby preventing subsequent viral infection in a multimodal manner (Baram-Pinto 
et al. 2010). However, the antiviral effect of MES-capped AgNPs against HSV-1 was 
found to be imparted by their multivalent nature and spatially directed MES on the 
surface (Baram-Pinto et al. 2009). An overview related to application of AgNPs in 
inhibition of HSV was presented by Akbarzadeh et al. (2018).

ZnO micro-nano structures capped with multiple nanoscopic spikes mimicking 
cell induced filopodia and showing partially negatively charged oxygen vacancies 
on their nanoscopic spikes, after trapping the virions rendered them unable to enter 
into human corneal fibroblasts—a natural target cell for HSV-1 infection and exhib-
ited pronouncedly enhanced anti-HSV-1 effect creating additional oxygen vacan-
cies under UV light illumination (Mishra et al. 2011). Intravaginal ZnO tetrapod 
NPs with engineered oxygen vacancies, when used intravaginally, acted as a 
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 microbicide and were found to be an effective suppressor of HSV-2 genital infection 
in female BALB/c mice, suppressing also a reinfection, and exhibited strong 
adjuvant- like properties as well (Antoine et al. 2016). The antiviral effects of ZnO 
tetrapods can be enhanced by illuminating with UV light (Antoine et al. 2012).

SnO2 nanowires working as a carrier of negatively charged structures can 
compete with HSV-1 attachment to cell-bound HS, resulting in the inhibition of 
virus entry and subsequent cell-to-cell spread (Trigilio et al. 2012).

Acyclovir (ACV)-loaded glycosaminoglycan-modified mesoporous SiO2 NPs 
reduced the viral infection with HSV and such NPs were able to simultaneously 
inhibit the viral entry and DNA replication (Lee et al. 2018).

Graphene sheets uniformly anchored with spherical sulfonated magnetic NPs 
were able to capture and photothermally destroy HSV-1 upon irradiation with near- 
infrared light (808 nm, 7 min) (Deokar et al. 2017). Graphene sheets approx. 300 nm 
in size and with a degree of sulfation of approx. 10% were found to operate as effec-
tive viral inhibitor and inhibited HSV infection at an early stage during entry but did 
not affect cell-to-cell spread (Ziem et al. 2017). A multivalent 2D flexible carbon 
architecture fabricated using reduced GO functionalized with sulfated dendritic 
polyglycerol to mimic the HS-containing surface of cells and to compete with this 
natural binding site of viruses demonstrated excellent binding as well as efficient 
inhibition of the infection with orthopoxvirus possessing a HS-dependent cell entry 
mechanism (Ziem et  al. 2016). Carbon nanodots surface-functionalized with 
4- aminophenylboronic acid hydrochloride prevented HSV-1 infection on Vero and 
A549 cells and showed EC50 of 80 and 145 ng/mL, respectively, specifically acting 
on the early stage of virus entry (Barras et al. 2016).

C-Glycosylflavonoid-enriched fraction of Cecropia glaziovii encapsulated in 
PLGA NPs showed antiherpes properties and could be considered as a promising 
system for the effective drug delivery in the treatment of herpes infections (dos 
Santos et al. 2017). Cymbopogon citratus volatile oil encapsulated in PLGA NPs 
incorporated in carbomer hydrogels and tested against HSV using Vero cells inhib-
ited virus at 42.2-fold lower concentration than free oil and it was 8.8- and 2.2-fold 
more efficient than oil-loaded NPs and hydrogel containing free oil, respectively 
(Almeida et  al. 2018). Genistein-loaded cationic nanoemulsions with an average 
droplet size approx. 200–300 nm containing hydroxyethyl cellulose as a thickening 
agent showed considerably reduced genistein flux through excised porcine mucosa 
specimens compared to nanoemulsions before thickening, exhibited notable 
increase of genistein retention in mucosa compared to the genistein propylene gly-
col solution, and showed antiherpetic activity in vitro against HSV-1 (strain 29R) 
(Argenta et al. 2016).

Suspensions of glycyrrhizic acid NPs with particle size approx. 180 nm exhib-
ited better anti-HSV activities compared to glycyrrhizic acid ammonium salt, espe-
cially during replication period. Morphology of HSV-1 observed by transmission 
electron microscopy was found to damage and shed the envelope of HSV-1 (Wang 
et al. 2015). The antiviral activities against HSV-2 estimated using the cytopathic 
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effect assay showed also microemulsions with mean nanodroplet diameter of 
4.7 ± 1.22 nm consisting of oil, water, surfactants, and cosurfactants that were able 
to destroy the HSV-2 virus at a 200-fold dilution in Dulbecco’s modified eagle 
medium (Alkhatib et  al. 2016). Pentyl gallate nanoemulsions (particle sizes of 
124.8–143.7 nm; zeta potential ranging from −50.1 to −66.1 mV) demonstrated 
anti-HSV-1 activity and the drug reached deeper into the dermis more efficiently 
from the nanoemulsion as free drug, suggesting that nanoemulsions have potential 
to be used in topically delivering pentyl gallate in the treatment of human herpes 
labialis infection affecting primarily the lip (Kelmann et al. 2016).

Enhanced antiviral activity against a clinical isolate of HSV-1 was determined 
using ACV-loaded spherical carboxylated cyclodextrin-based nanosponges carrying 
carboxylic groups with the size of about 400 nm that exhibited prolonged release in 
comparison with that observed with nanosponges, without initial burst effect 
(Lembo et al. 2013). The formulation of ACV-loaded flexible membrane vesicles 
with particle size and zeta potential of 453.7  nm and −11.62  mV, respectively, 
incorporated into a hydrogel enhanced retention of drug deep inside the skin layers 
indicating potentially reduced need of application frequency resulting in reducing 
of adverse effects and suitability of such formulation for topical application against 
HSV-1 infection (Sharma et al. 2017b).

ACV entrapped in nanostructured lipid carriers coated with CS increased the 
corneal bioavailability in albino rabbits by 4.5-fold when compared to a commer-
cially available ophthalmic ointment of drug, whereby this nanoformulation showed 
sustained release and improved antiviral properties of ACV through cell internaliza-
tion (Seyfoddin et al. 2016). The ACV-loaded CS NPs showing a spherical shape, a 
size approx. 200  nm, and a zeta potential approx. −40.0  mV showed improved 
in vitro skin permeation and higher antiviral activity than the free drug against both 
the HSV-1 and the HSV-2 strains (Donalisio et al. 2018). CS as an immunomodulat-
ing adjuvant on T cells and antigen-presenting cells in HSV-1 infected mice was 
reported by Choi et  al. (2016). In the dendritic cell-based DNA vaccine (pRSC- 
NLDC145.gD-IL21) carried by CS NPs, the expressed glycoprotein D in the formu-
lation effectively targeted corneal dendritic cells and significantly alleviated the 
symptoms of both primary and recurrent HSV keratitis in mice via eliciting strong 
humoral and cellular immune response suggesting that such vaccine could be suc-
cessfully used in Herpes simplex keratitis treatment (Tang et al. 2018).

Biomimetic supramolecular hexagonal-shaped nanoassemblies composed of 
chondroitin sulfate formed by mixing hydrophobically modified chondroitin sulfate 
with α-cyclodextrin in water showed improved antiviral activity against HSV-2 
compared to hydrophobically modified chondroitin sulfate (Galus et al. 2016). ACV 
was found to increasingly permeate through the multilayers of human corneal epi-
thelial cells from the drug-loaded bovine serum albumin NPs (approx. 200  nm) 
compared to drug solution suggesting potential of such formulation to be used as 
ocular drug delivery system (Suwannoi et al. 2017).
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7.7  Hepatitis B and C Viruses

Hepatitis B virus (HBV), a species of the genus Orthohepadnavirus and a member 
of the Hepadnaviridae family of viruses, is a double-stranded DNA virus that repli-
cates by reverse transcription, while hepatitis C virus (HCV) is an enveloped 
positive- sense single-stranded RNA virus of the family Flaviviridae (Zuckerman 
1996). HBV and HBC affect the liver and can cause both acute and chronic infec-
tions, whereby cirrhosis and liver cancer may eventually develop. Viral hepatitis 
caused 1.34 million deaths in 2015, a number comparable to deaths caused by tuber-
culosis and higher than those caused by HIV and in 2013 it was the seventh leading 
cause of death worldwide (Stanaway et al. 2016; World Health Organization 2017). 
The presence of hepatitis B virus core antigen (HBcAg) that is the major structural 
protein of hepatitis B virus (HBV) in a blood serum indicates that a person has been 
exposed to HBV (Liang 2009; Inoue and Tanaka 2016).

Lu et al. (2008) estimated that AgNPs of the size 10 and 50 nm inhibited the 
in vitro production of HBV RNA and extracellular virions and assumed that the 
direct interaction between these NPs and HBV double-stranded DNA or viral par-
ticles is responsible for their antiviral mechanism. Lee et al. (2012) proposed hyal-
uronic acid-AuNPs/interferon-α complex for targeted treatment of HCV infection. 
Antiviral effect of AuNPs showing small particle size (approx. 3.5 nm) organized on 
the surface of larger layered double hydroxide (LDH) NPs such as MgLDH, 
ZnLDH, and MgFeLDH (approx. 150  nm) using HBV as a model virus and 
hepatoma- derived HepG2.2.215 cells for viral replication reduced the amount of 
viral and subviral particles released from treated cells by up to 80%; in the presence 
of AuNPs/LDHs the HBV particles were sequestered within the treated cells and the 
highest antiviral HBV response (>90% inhibition of HBV secretion) was estimated 
with AuNPs/MgFeLDH (Carja et al. 2015). Cu2O NPs that were tested on antiviral 
activity against HCV pronouncedly inhibited the infectivity of HCVcc/Huh7.5.1 at 
a noncytotoxic concentration, they inhibited the entry of HCV pseudoparticles 
(HCVpp), including genotypes 1a, 1b, and 2a, while no effect on HCV replication 
was observed and they were found to stop HCV infection both at the attachment and 
entry stages suggesting that Cu2O NPs could be used in the treatment of patients 
with chronic hepatitis C (Hang et al. 2015).

Multifunctional SeNPs with baicalin and folic acid surface-modifications 
designed for the targeted treatment of HBV-infected liver cancer primarily targeted 
lysosomes in HepG2215 cells, induced apoptosis of HepG2215 cell by downregu-
lating the generation of reactive oxygen species (ROS) and the expression of the 
HBxAg protein, and showed superb ability to inhibit cancer cell migration and 
invasion (Fang et al. 2017).

Alum-adjuvanted HBV vaccine is considered as the most effective measure to 
prevent HBV infection; however, it is a frost-sensitive suspension and therefore it 
would be desirable to use alternative natural adjuvant system strongly immunogenic 
allowing for a reduction in dose and cost. Therefore, AbdelAllah et al. (2016) sub-
cutaneously immunized mice with HBV surface antigen, HBsAg, adjuvanted with 
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CS and sodium alginate, either alone or combined with alum, estimated rate of 
seroconversion, serum HBsAg antibody, interleukin-4, and interferon-γ levels, and 
compared them with control mice immunized with current vaccine formula or unad-
juvanted HBsAg. It was found that the solution formula with CS or sodium alginate 
exhibited comparable immunogenic responses to alum-adjuvanted suspension and 
the triple adjuvant application (alum, CS, sodium alginate) resulted in considerably 
higher immunogenic response than controls. Compared to traditional methods, vac-
cines prepared from nanoscale materials show appropriate biocompatibility and can 
secure effective targeting to certain tissue or cells as well as precise stimulation of 
immune responses (Yang et al. 2016b).

HBsAg-loaded trimethyl CS (TMC)/hydroxypropyl methylcellulose (hyprom-
ellose) phthalate (HPMCP) NPs with particle size of 158  nm showing loading 
capacity and loading efficiency of 76.75% and 86.29%, respectively, at 300 μg/mL 
concentration of the antigen exhibited improved acid stability and better protection 
of entrapped HBsAg from gastric destruction in vitro, whereby the antigen showed 
efficacious activity also after loading. Based on these findings it could be suggested 
that TMC/HPMCP NPs have potential to be applied in the oral delivery of HBsAg 
vaccine (Farhadian et al. 2015). Ndeboko et al. (2015) studied the inhibition of the 
replication of duck hepatitis B virus (DHBV), a reference model for human HBV 
infection, by peptide nucleic acid (PNA) conjugated to different cell-penetrating 
peptides (CPPs) and found that the PNA-CPP conjugates administered to neonatal 
ducklings reached the liver and inhibited DHBV replication, and in mouse model 
conjugation of HBV DNA vaccine to modified CS ameliorated cellular and humoral 
responses to plasmid-encoded antigen and plasmid DNA uptake, whereby expres-
sion could also be notably increased using gene delivery systems such as CPP- 
modified CS or cationic NPs.

Biodegradable NPs encapsulating RBV monophosphate prepared from the blend 
of poly(d,l-lactic acid) homopolymer and arabinogalactan-poly(l-lysine) conju-
gate were efficiently internalized in cultured HepG2 cells; they ensured sustained 
release of drug and could be considered as a formulation suitable for the clinical 
application of RBV as a therapeutic agent for chronic HCV (Ishihara et al. 2014). 
Liver-specific, sustained drug delivery system prepared by conjugating the liver- 
targeting peptide to PEGylated cyclosporine A-encapsulated PLGA NPs effectively 
inhibited viral replication in vitro as well as in a HCV mouse model (Jyothi et al. 
2015). Adefovir encapsulated in PLGA microspheres showed sustained release and 
after intramuscular injection to rats considerable increase in the tmax, AUC(0−t), and 
mean residence time, and a pronounced reduction in the Cmax was observed, sug-
gesting that the nanoformulation could be used for long-term treatment of chronic 
hepatitis B instead of the daily dose used by the patient (Ayoub et al. 2018).

Lipid nanocapsules, surface-functionalized with amphiphilic boronic acid 
through their postinsertion into the semirigid shell of the nanocapsules, were found 
to be excellent HCV entry inhibitors preventing HCV infection in the micromolar 
range (Khanal et al. 2015). Phenylboronic-acid-modified NPs as potential antiviral 
therapeutics were reported previously also by Khanal et al. (2013). siRNA-loaded 
lipid NPs (LNPs) modified with a hepatocyte-specific ligand, N-acetyl-d- 
galactosamine, showed pronounced improvement of hepatocyte-specificity and 
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strong reduction in toxicity and further modification of NPs with PEG practically 
eliminated the LNP-associated toxicity without any detectable loss of gene silenc-
ing activity in hepatocytes, whereby a single injection of the LNPs considerably 
reduced HBV genomic DNA and their antigens without any sign of toxicity in chi-
meric mice with humanized livers that had been persistently infected with HBV 
(Sato et al. 2017).

7.8  Ebola and Marburg Virus

Ebola virus disease is caused by Ebola viruses (EBOVs; family Filoviridae), members 
of the group of hemorrhagic fever and it is one of the most dangerous infection diseases 
with mortality rates up to 90%. The EBOVs do not replicate through cell division, but 
instead insert their own genetic sequencing into the DNA of the host cell and subse-
quently hijack all cellular processes, including transcription and translation; thus, the 
host cell becomes a factory of viral proteins (Gebretadik et al. 2015; Murray 2015).

It was found that graphene sheets associate strongly with the EBOV matrix pro-
tein VP40 that is a potential pharmacological target for disrupting the virus life 
cycle, at various interfaces. Graphene can disrupt the C-terminal domain interface 
of VP40 hexamers being crucial in forming the Ebola viral matrix, suggesting that 
graphene or similar NPs-based solutions used as a disinfectant could notably reduce 
the spread of the disease and prevent an Ebola epidemic (Gc et al. 2017). Rodriguez- 
Perez et al. (2018) found that MWCNTs functionalized with glycofullerenes can be 
considered as potent inhibitors of Ebola infection. In two mRNA vaccines based on 
the EBOV envelope glycoprotein, differing by the nature of signal peptide for 
improved glycoprotein posttranslational translocation, the mRNAs were formulated 
with LNPs to facilitate delivery. Vaccination of guinea pigs induced EBOV-specific 
IgG and neutralizing antibody responses and 100% survival after EBOV infection 
(Meyer et al. 2018). Adjuvant-free dendrimer NPs vaccine platform wherein anti-
gens are encoded by encapsulated mRNA replicons, able to generate protective 
immunity against many lethal pathogen challenges, including H1N1 influenza, 
Toxoplasma gondii, and EBOV, that can be formed with multiple antigen- expressing 
replicons and could elicit both CD8+ T cell and antibody responses was designed by 
Chahal et al. (2016). Administration of siRNA encapsulated in LNPs able to target 
Sudan ebolavirus VP35 gene to rhesus monkeys receiving a lethal dose of the virus 
resulted in up to 100% survival and a reduction of viral replication (up to 4 log10) 
(Thi et  al. 2016). Similar results were received with treatment of Ebola-virus- 
Makona-infected nonhuman primates following administration of siRNA encapsu-
lated in LNPs suggesting the therapeutic potential of such nanoformulation in 
combating this lethal disease (Thi et al. 2015). Incorporation of Ebola DNA vaccine 
into PLGA-poly-l-lysine/poly-γ-glutamic acid increased vaccine thermostability 
and immunogenicity compared to free vaccine and vaccination performed to skin 
using a microneedle patch produced stronger immune responses than intramuscular 
administration (Yang et al. 2017b).
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Marburg virus, similarly to Ebola virus, belongs to the family Filoviridae and 
causes severe and often fatal hemorrhagic fever in humans and nonhuman primates 
with very high mortality rates. The virus is transmitted from animals to humans by 
contact with bats or monkeys, or their bodily secretions or from person to person, 
although human-to-human contamination is rare (Sboui and Tabbabi 2017). 
Formulation of LNPs delivering siRNAs that target the anti-Marburg virus nucleo-
protein administered to rhesus monkeys challenged with a lethal dose of Marburg 
virus-Angola showed excellent therapeutic efficacy and secured survival of infected 
animals (Thi et al. 2014) and protection against lethal Marburg virus infection medi-
ated by lipid encapsulated siRNA was also observed with virus-infected guinea pigs 
(Ursic-Bedoya et al. 2014). Blocking of the infection of T-lymphocytes and human 
dendritic cells by Ebola virus using glyco-dendri-protein-NPs displaying quasi- 
equivalent nested polyvalency upon glycoprotein platforms, which consist of glyco-
dendrimeric constructs (bearing up to 1620 glycans) with diameters up to 32 nm, 
was observed already at picomolar concentrations (Ribeiro-Viana et al. 2012).

7.9  Newcastle Disease Virus

Newcastle disease, a contagious viral bird disease, is caused by virulent strains of 
Newcastle disease virus (NDV), that causes substantial morbidity and mortality 
events worldwide in poultry resulting in devastating economic effects on global 
domestic poultry production. NDV, a negative-sense, single-stranded RNA virus, is 
capable of infecting more than 250 species of domestic and wild avian species 
(Brown and Bevins 2017). NDV is transmissible to humans and the exposure of 
humans to infected birds can cause mild conjunctivitis and influenza-like symp-
toms, but the NDV otherwise poses no hazard to human health (Abdisa and 
Tagesu 2017).

Zhao et al. (2016) designed a NDV F gene-containing DNA vaccine encapsu-
lated in Ag@SiO2 hollow NPs with an average diameter of 500 nm that following 
intranasal immunization of chickens induced high titers of serum antibody, notably 
stimulated lymphocyte proliferation and induced higher expression levels of inter-
leukine- 2 and interferon-γ, suggesting that Ag@SiO2 hollow NPs could be used as 
an efficient and safe delivery carrier for NDV DNA vaccine to induce mucosal 
immunity.

The intranasal administration of quaternized CS (2-hydroxy-N,N,N- trimethyl 
propan- 1-ammonium chloride CS/N,O-carboxymethyl CS) NPs loaded with the 
combined attenuated live vaccine against Newcastle disease and infectious bronchi-
tis elicited immune response in chicken and induced higher titers of IgG and IgA 
antibodies, notably stimulated proliferation of lymphocytes and induced higher lev-
els of interleukine-2, interleukine-4, and interferon-γ than the commercially com-
bined attenuated live vaccine did. Induction of humoral, cellular, and mucosal 
immune responses protecting animals from the infection of highly virulent NDV 
and avian infectious bronchitis virus suggested that such CS derivative could be 
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used as an efficient adjuvant and delivery carrier in mucosal vaccines (Zhao et al. 
2017). Quaternized CS NPs loaded with the combined attenuated live vaccine 
against Newcastle disease and infectious bronchitis elicited immune response in 
chicken after intranasal administration.

El Naggar et al. (2017) designed preparation of mucosal NPs and polymer-based 
inactivated vaccine for Newcastle disease and H9N2 AI viruses, which after being 
delivered via intranasal and spray routes of administration in chickens enhanced the 
cell-mediated immune response and induced protection against challenge with both 
abovementioned viruses.

7.10  Dengue Virus and Zika Virus

Dengue is an acute viral illness caused by RNA virus, dengue virus (DENV), a 
member of the genus Flavivirus of the family Flaviviridae. DENV is an arthropode- 
borne virus that includes four different serotypes (DEN-1, DEN-2, DEN-3, and 
DEN-4) and spread by Aedes mosquitoes. Its presenting features may range from 
asymptomatic fever to dreaded complications such as hemorrhagic fever and shock 
and it is considered as a major global public health challenge in the tropic and sub-
tropic nations (Hasan et al. 2016). To achieve durable protective immunity against 
all four serotypes DENV vaccines must induce balanced, serotype-specific neutral-
izing antibodies. A tetravalent DENV protein subunit vaccine, based on recombi-
nant envelope protein (rE) adsorbed to the surface of PLGA NPs, was designed. 
Particulate rE induced higher neutralizing antibody titers compared to the soluble 
rE antigen alone and stimulated a more balanced serotype-specific antibody 
response to each DENV serotype compared to soluble antigens, suggesting that 
such vaccines might overcome unbalanced immunity observed for leading live 
attenuated vaccine candidates (Metz et al. 2018). AgNPs showed in vitro antiviral 
activity against dengue serotype DEN-2 infecting Vero cells and the activity of 
AgNPs against the dengue vector Aedes aegypti expressed by IC50 values ranged 
from 10.24 ppm (I instar larvae) to 21.17 ppm (pupae) (Sujitha et al. 2015). AgNPs 
biosynthesized using the aqueous extract of Bruguiera cylindrica leaves signifi-
cantly inhibited the production of dengue viral envelope E protein in Vero cells and 
downregulated the expression of dengue viral E gene and they were found to be 
suitable for application at low doses to reduce larval and pupal population of Ae. 
aegypti, without detrimental effects of predation rates of mosquito predators, such 
as Carassius auratus (Murugan et al. 2015). Stabile AgNPs (particle size from 7 to 
32 nm and zeta potential −15.58 mV) biosynthesized using silver nitrate and Carica 
papaya leaf extract demonstrated good binding affinity against dengue type 2 virus 
nonstructural protein 1 (Renganathan et al. 2019). Treatment with a hybrid consist-
ing of AuNPs functionalized with domain III of envelope glycoprotein derived from 
serotype 2 of DENV (EDIII) resulted in a high level of antibody, which mediates 
serotype-specific neutralization of DENV in BALB/c mice, was found to be size- 
dependent and according to researchers the hybrid concept could also be adopted 
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for the development of a tetravalent vaccine against four serotypes of DENV (Quach 
et al. 2018). It is important to note that good antiviral activity against dengue virus 
exhibited also SeNPs (Ramya et al. 2015).

Zika virus (ZIKV) is a mosquito-borne flavivirus that is the focus of an ongoing 
pandemic and public health emergency and represents a public health threat due to 
its teratogenic nature causing microcephaly in babies born to infected mothers and 
association with the serious neurological condition Guillain-Barre syndrome in 
adults (Plourde and Bloch 2016). Haque et al. (2018) proposed strategies to design 
effective and safe vaccines against ZIKV, including Toll-like receptors based NPs 
vaccines. The development of biomimetic nanodecoy (ND) that traps ZIKV and 
inhibits ZIKV infection was suggested by Rao et al. (2019). The ND, which is com-
posed of a gelatin nanoparticle core camouflaged by mosquito medium host cell 
membranes, effectively adsorbs ZIKV and inhibits ZIKV replication in ZIKV- 
susceptible cells. AgNPs fabricated using leaf extracts of Cleistanthus collinus (tri-
angular and pentagonal shape with sizes 66.27–75.09 nm) and Strychnos nux-vomica 
(spherical and round shape with sizes 54.45–60.84 nm) can be applied as a natural 
biolarvicidal agent to vector control strategy as an eco-friendly approach to prohibit 
Zika, chikungunya, and dengue fever in the future (Jinu et al. 2018). Insecticidal 
AgNPs prepared using Suaeda maritima were found to be effective against the den-
gue vector Ae. aegypti as well (Suresh et al. 2018). Bacterial exopolysaccharide- 
coated ZnO NPs nanoparticles showed high antibiofilm activity and larvicidal 
toxicity against malaria and ZIKV vectors Anopheles stephensi and Ae. aegypti with 
100% mortality against third instars mosquito larvae at very low doses, whereby in 
the midgut of treated mosquito larvae presence of damaged cells and tissues was 
observed (Abinaya et al. 2018). Promising toxic and repellent activity against ZIKV 
mosquito vectors showed also TiO2 NPs prepared using an extract of Argemone 
mexicana that were capped with poly(styrenesulfonate)/poly(allylamine hydrochlo-
ride) (Murugan et  al. 2018). Nanoscale silicate platelets modified with anionic 
sodium dodecyl sulfate significantly suppressed the plaque-forming ability of 
Japanese encephalitis virus (JEV) at noncytotoxic concentrations and blocked 
infection with DENV and influenza A virus and also reduced the lethality of JEV 
and DENV infection in mouse challenge models (Liang et al. 2014).

Efficiency of green-synthesized metal AgNPs and AuNPs used as biopesticides 
against Ae. aegypti that can spread dengue virus and Culex quinquefasciatus or An. 
stephensi that transmit Zika virus were presented in several papers (e.g., Jampílek 
and Kráľová 2019d; Govindarajan and Benelli 2017; Lallawmawma et  al. 2015; 
Pavunraj et al. 2017; Ishwarya et al. 2017; Suganya et al. 2017).

7.11  Pseudorabies Virus

Rabies virus is a neurotropic virus that causes rabies in humans and animals, while 
pseudorabies virus (PRV) is a herpesvirus of swine, a member of the 
Alphaherpesvirinae subfamily, and the etiological agent of Aujeszky’s disease. PRV 
infection progresses from acute infection of the respiratory epithelium to latent 
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infection in the peripheral nervous system, whereby sporadic reactivation from 
latency can transmit PRV to new hosts (Pomeranz et al. 2005).

Au nanoclusters surface-stabilized with histidine that strongly inhibited the prolif-
eration of PRV were found to function via blockage of the viral replication process 
rather than the processes of attachment, penetration, or release and they were observed 
to be mainly localized to nucleus (Feng et al. 2018). Both GO and reduced GO show-
ing the nanosheet structure tested against a DNA virus, PRV, and a RNA virus, porcine 
epidemic diarrhea virus (PEDV), suppressed the infection of these viruses for a 2 log 
reduction, and their potent antiviral activity can be attributed to the unique single-
layer structure and negative charge of GO and reduced GO, whereby GO inactivated 
both viruses by structural destruction prior to viral entry (Ye et al. 2015).

A nonlinear globular G2 dendrimer comprising citric acid and PEG-600, adju-
vanticity effect of which was investigated in veterinary rabies vaccine, did not show 
significant toxic effect in J774A.1 cells and ensured higher survival rate in the mice 
after virus challenge in vivo due to adjuvanticity effect of dendrimer resulting in 
rising of neutralizing antibodies against rabies virus and thus enhancing immune 
responses (Asgary et al. 2018).

7.12  Other Viruses

AgNPs of 25 nm were found to prevent viral entry of Vaccinia virus, an enveloped 
virus belonging to the poxvirus family, by macropinocytosis-dependent mechanism, 
which resulted in inhibition of Vaccinia virus infection (Trefry and Wooley 2013).

Broglie et al. (2015) tested antiviral activity of Au/CuS core/shell NPs against 
human Norovirus GI.1 (Norwalk) virus-like particles as a model viral system and 
found that virucidal efficacy significantly increased with increasing NPs concentra-
tion and/or contact time of virus-like particles with NPs.

CuI NPs demonstrated high antiviral activity against the nonenveloped virus 
feline calicivirus (FCV) as a surrogate for human norovirus (the most common etio-
logical agent of gastroenteritis) that was attributed to Cu+ ions, followed by genera-
tion of ROS and subsequent capsid protein oxidation (Shionoiri et al. 2012).

The investigation of in vitro antiviral effects of MgO NPs in the foot-and-mouth 
disease (FMD), an extremely contagious viral disease of cloven-hoofed animals, on 
Razi Bovine kidney cell line showed that the MgO NPs exhibited virucidal and 
antiviral activities and they inhibited FMD virus by more than 90% at the early 
stages of infection such as attachment and penetration but not after penetration 
(Rafiei et al. 2015).

McGill et al. (2018) developed a mucosal nanovaccine with the post-fusion F 
and G glycoproteins from bovine respiratory syncytial virus (BRSV) encapsu-
lated in polyanhydride NPs and tested it against BRSV infection using a neonatal 
calf model. They observed reduced pathology in the lungs, reduced viral burden, 
and decreased virus shedding compared to unvaccinated control calves showing 
correlation with BRSV-specific immune responses in the respiratory tract and 
peripheral blood.
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Glutathione-capped Ag2S nanoclusters showed strong antiviral activity against 
PEDV used as a model of coronavirus and pronounced reduction of the infection of 
PEDV by about three orders of magnitude at the noncytotoxic concentration at 12 h 
post-infection was observed. The Ag2S nanoclusters inhibited the synthesis of viral 
negative-strand RNA and viral budding and positively regulated the generation 
of interferon-stimulating genes and the expression of proinflammation cytokines 
(Du et al. 2018).

Khandelwal et al. (2014) evaluated antiviral efficacy of AgNPs (5–30 nm) against 
Ovine rinderpest (Peste des petits ruminants virus, PPRV), a prototype Morbillivirus, 
causing disease in small ruminants, such as goats and sheep, and estimated signifi-
cant inhibition of PPRV replication by AgNPs in an experiment using Vero cells 
already at noncytotoxic concentration, whereby AgNPs blocked the viral entry into 
the target cells due to interaction of AgNPs with the virion surface as well as with 
the virion core.

7.13  Conclusions

Nanoscale science and nanotechnology have unambiguously demonstrated to have 
a great potential in providing novel and improved solutions. Nano-size materials 
change their physical and chemical properties in comparison with bulk materials 
and have helped to improve and innovate a variety of pharmaceutical, medical, 
industrial, and agricultural products. Thus, nanoformulations of antivirotics and 
antiviral vaccines have become an important tool in the fight against various types 
of viruses due to modified bioavailability, ability to target viral or cellular proteins 
and sustainable release of drugs. Also, other nanosized materials were found to 
exhibit antiviral activity, and their combinations with antivirotics thus could provide 
remarkable medicines, especially against resistant viral pathogens. However, in 
spite of these significant benefits of nanomaterials in drug development, an increased 
attention should be devoted to the potential “intrinsic” toxicity of these nanomedi-
cines caused by particle size that is able, within side effects, to induce various path-
ological processes in cells/tissues, which can result in various adverse/hazardous 
effects on animals and humans.
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Chapter 8
The Potential of Gold and Silver 
Antimicrobials: Nanotherapeutic 
Approach and Applications

Heejeong Lee and Dong Gun Lee

Abstract Nanoparticles are promising antimicrobial agents for use and its potential 
as therapy for skin and soft tissue microbial infection has been investigated. Metallic 
ion and metal nanoparticles demonstrated efficacy against microbial pathogen, caus-
ing cutaneous and life-threatening systemic infections. Among various nanoparti-
cles, silver and gold nanoparticles have been focused in this chapter. In recent 
researches, dual mechanisms of gold and silver nanoparticles were determined 
against pathogenic microorganisms. They are similar to cell death, but in a different 
pathway, including potent antimicrobial activity. The obvious difference is the pres-
ence or absence of reactive oxygen species level. Silver nanoparticles change cell 
death process depending on reactive oxygen species concentration, but gold nanopar-
ticles do not change or influence. Due to nontoxicity to human and their antimicro-
bial effects, nanoparticles have been applied to diverse fields and possess clinical 
utility as a novel wound healing and antimicrobial agent for microbial infection.

Keywords Gold nanoparticle · Silver nanoparticle · Skin infection · Microbial 
infection

8.1  Introduction

The skin is a first nonspecific defense barrier to protect body organs and tissues and 
the most exposed organ to impairment and injury, burns, and scratches. Damaging 
the epithelium and connective structures is intolerable to protect from the external 
environment. A functional epidermis or even other skin layers should be refabri-
cated, known as wound repair or wound healing happened by a cascade of 
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 intersecting phases. The repair is continued until the damaged skin structure replaces 
by the formation of a scar (Negut et al. 2018). Human skin diseases can commonly 
cause complications if not treated properly. Although many antifungal agents are 
used to treat skin infections, most of the fungal pathogen have been reported to be 
resistant to antifungal agents (Rai et  al. 2017a). Anatomically, bacteria, viruses, 
yeast, dermatophytes, and parasites can infect the skin and subcutaneous tissue. For 
example, subcutaneous infections in hospitals are multilayer infections. The infec-
tion of the skin and subcutaneous tissue is called cellulitis and the infection of deep 
connective tissue layer is called as fasciitis (Kujath and Kujath 2010). Acute puru-
lent inflammation in the dermis and subcutaneous tissue is referred to as cellulitis. 
It is characterized by erythema, fever, swelling, and pain in the multilayer of skin 
and subcutaneous tissues where the bacteria are involved (Kujath and Kujath 2010). 
Mostly, it is caused by group A hemolytic streptococci or yellow staphylococci 
(Kujath and Kujath 2010). Common pathogens include group A Streptococci, 
Staphylococcus aureus, and—depending on the mechanism of injury—gram- 
negative pathogens such as Pseudomonas aeruginosa, Escherichia coli, and 
Enterobacter cloacae (Kujath and Kujath 2010). Side effects of systemic and topi-
cal antifungal drugs may limit its use from time to time (Rai et al. 2017a).

Nanoparticle-based formulations are becoming increasingly important for the 
treatment of skin infections due to increased skin permeability, target delivery, and 
release control. They also provide benefits by increasing the bioavailability of the 
active ingredient, which continues to be effective at the site of infection (Rai et al. 
2017a). Nanoparticles are defined as promising materials ranging in size from 10 to 
100 nm due to the variety of potential catalytic, optoelectronic, biological, pharma-
ceutical and biomedical applications (Mohanraj and Chen 2006; DeLouise 2012). 
Nanoparticles reveal some advantages in relation to other materials, including their 
storage stability in the biological fluid, easy and varied manufacturing technology, 
and controlled release. Furthermore, they also fill the objective of delivering and 
encapsulating active substances known as vectors or carriers to the target site 
(Bermúdez et al. 2017). Not all antimicrobial agents can exhibit the desired antimi-
crobial effect and can reach the pathogens at an effective concentration through the 
plasma membranes of the host. Nanoparticles can be used as materials for targeted 
local delivery of drugs in the case of infections inside the body (Zhang et al. 2010). 
Nanoscale materials have been used effectively as antimicrobial agents for many 
infectious diseases due to their ability to interact with microorganisms (Huh and 
Kwon 2011; Albanese et al. 2012). Therefore, nanoparticles for treating microbial 
infection have potential applications in the economics of pharmaceutical develop-
ment, personal hygiene industries, and food (Zhang et  al. 2013; Kulshreshtha 
et al. 2017).

Various metal nanoparticles are known to suffer the most demanding processing 
conditions and have proven their value as antimicrobials (Sondi and Salopek-Sondi 
2004; Espitia et al. 2012; Beyth et al. 2015). The inherent advantage of such a nano-
structure is that it is relatively difficult to develop resistance because it acts by more 
than one mode of action (Mühling et al. 2009). In clinical conditions, metal-based 
nanoparticles are utilized in the coatings to block attachment of microbial pathogen 
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and infection to their safety instead of being applied directly as a therapeutic agent 
(Karlsson et al. 2008; Schrand et al. 2010). Also, for treating skin infections, there 
is less risk of systemic adverse effects. Nanoparticles such as titanium dioxide, sul-
fur, copper, silver, zinc oxide, sulfur, and gold have been used to manage skin dis-
eases such as pityriasis, skin candidiasis, folliculitis, tinea, and seborrheic dermatitis 
(Rai et al. 2017a). The study of gold nanoparticles (AuNPs) has been steadily con-
tinuing and their unique physical and chemical properties make them promising 
therapeutics (Alkilany et al. 2012). For cancer treatments, AuNPs has been widely 
used as a thermal therapy and drug delivery system because of their photophysical 
properties that allow the particles to bind drugs and then trigger release in a remote 
site (Huang et al. 2008; Brown et al. 2010). Silver nanoparticles (AgNPs) can be 
utilized to develop and prepare nanomedicine, a new generation of biosensors, drug 
delivery systems, antimicrobials, silver-based dressings, nanogels, silver-coated 
medical devices, and nano-lotions (Sahu et al. 2013). Medical applications in the 
form of silver-based dressings, nano-lotions, nanogels, and silver-coated medical 
devices have been contained (Oberdorster et al. 2005). This chapter focuses on the 
AuNPs and AgNPs used in the treatment of various skin infections by microbial 
pathogens and their mechanism of action.

8.2  Requirements for Nanoparticles to Be Effective 
Antimicrobial Agents

Nanoparticles are applied as a mediator for all types of drugs and provide an alterna-
tive to supplement the limitations of antimicrobial treatment, increase effectiveness, 
and minimize undesirable side effects (Bermúdez et  al. 2017). Most of the drug 
delivery areas can be reached through microcirculation by blood capillaries or 
through pores in various surfaces and membranes. One of the primary requirements 
is the ability to move freely on available blood capillaries or pores in membranes 
and to cross various boundaries that can come in the way. Most of the gates, open-
ings, and apertures at the cytoplasmic or subcellular level have nanometer size. 
Therefore, nanoparticles are fitted to reach the subcellular level. Indeed, nanoparti-
cles should be smaller than 300 nm for efficient transport (Bermúdez et al. 2017). 
The characters of nanostructures depend on their size, so they can be controlled and 
manipulated according to requirements (Kulshreshtha et al. 2017). The ability to 
move freely is not helpful for drug delivery purposes. The delivery system has to 
reach the destination site and cross the blood capillary walls, reaching the extracel-
lular fluid of the tissue. On the other hand, the nanoparticles cross the other cells 
when they enter the target cell. These are the major barriers to drug delivery. The 
nanoparticles do many things through the capillaries or vessels and across the bar-
rier while the carrier stays (Bermúdez et al. 2017).

During storage, nanoparticles have to be stable for size, size distribution, surface 
morphology, and other important chemical and physical properties. The formulation 
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must be non-immunogenic and biocompatible. Nanoparticle should be able to 
regenerate the nanoparticles after administration. The by-product of nanoparticle 
formulation has to be non-toxic, stable, easy to administer, and safe. It also has to be 
achieving good circulation and bioavailability (Kulshreshtha et al. 2017). The anti-
microbial properties of nanoparticles depend strongly on their stability in the media. 
The nanoparticles must be stored in the media to allow sufficient time for interac-
tion between the pathogenic microorganisms and the nanoparticles (Shrivastava 
et al. 2007). Stability ultimately determines the biological consequences of nanopar-
ticles and their in  vivo collapse, targeting ability, and toxicity (Panyam and 
Labhasetwar 2003). The property can be improved by changing the manufacturing 
method. The stability of the nanoparticles allows the drug to be administered via the 
oral route, thus extending the shelf life of the drug (Gelperina et  al. 2005; 
Kulshreshtha et al. 2017). Compatibility with biosafety and biological systems is 
the most serious parameter to estimate the applicability of drugs. Quantitative bio-
compatibility analysis is important to confirm the interaction of drugs with biologi-
cal machinery. Safety concerns related to both the environment and humans should 
be markedly assessed to evaluate the long-term impact of nanoparticle-based anti-
microbials. These two factors are essential for the public acceptance of nanoparticle- 
based antimicrobials (Debnath et al. 2010; Kulshreshtha et al. 2017).

8.3  Mode of Actions of AuNPs in Microbial Infection

The toxic effects of metallic nanoparticles vary depending upon their dose and con-
figuration. Smaller nanoparticles have higher toxicities. AuNPs is examined to be 
comparatively safer than other metallic nanoparticles owing to the nontoxic and 
inert nature of gold. AuNPs is able to be conjugated to a variety of macromolecules 
including antimicrobial agents through the surface synthesis techniques for nanopar-
ticles owing to inherent elemental properties (Lee and Lee 2018). AuNPs can enter 
cells through the pinocytosis pathway and can be placed in lysosomes without 
entering the nucleus, which potentially helps to minimize toxicity. In addition, dur-
ing exposure to AuNPs, the redox properties are beneficial in decreasing the level of 
reactive oxygen species (ROS) generated. Colloidal gold has been applied for thera-
peutic purposes, indicating that gold has high biocompatibility for centuries 
(Rajchakit and Sarojini 2017). AuNPs can be applied for cell and tissue imaging, 
cancer treatment, and drug delivery. AuNPs exhibits potent antifungal activity 
through inhibition of the H+-ATPase-mediated proton pump to Candida albicans 
(Wani and Ahmad 2013). Proton pump can be modulated by exogenous or endoge-
nous molecules (Lagadic-Gossmann et al. 2004). Malfunction of proton pump leads 
to intracellular changes that have been implicated in intracellular damage (Lagadic- 
Gossmann et al. 2004; Seong and Lee 2018). In respect of intracellular networks, 
physical changes in DNA prevent cell division from completing, leading to  apoptotic 
cell death (Roos and Kaina 2006; Henry et al. 2013). AuNPs-treated C. albicans cells 
undergo nucleic acid damage such as DNA fragmentation and nucleus condensation 
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(Seong and Lee 2018). It has been reported that the nanoparticles may bind 
directly into DNA, causing cell damage (Lecoeur et al. 2001). Direct interaction 
with DNA causes DNA fragmentation and nucleus condensation. The backup and 
breakdown on intracellular maintenance result from mitochondrial dysfunction, 
including increase in mitochondrial mass, collapse of mitochondrial Ca2+ homeo-
stasis, and membrane depolarization of the mitochondria (Nugent et  al. 2007; 
Seong and Lee 2018). Mitochondria plays an important role in cell survival and 
provide cellular energy, adenosine triphosphate (ATP), and the stimulation of 
apoptosis process (Akbar et al. 2016). Imbalance of mitochondrial ion homeosta-
sis has been shown to help understand an unusual status. Mitochondrial Ca2+ 
effect on cell function which is several steps of energy metabolism to synchronize 
ATP (Hajnóczky et al. 2006). Mitochondrial Ca2+ uptake may induce mitochondrial 
permeability pore openings, leading to stimulate in apoptotic signals by mitochon-
drial mass changes (Rizzuto et al. 2012). The disturbance of Ca2+ homeostasis in 
mitochondria typically associates with a decrease of membrane potential (Carraro 
and Bernardi 2016). Depolarization of mitochondrial membrane potential is known 
to constitute a failure of matrix configuration and energy metabolism, and cyto-
chrome c release during apoptotic cell death (Gottlieb et  al. 2003; Carraro and 
Bernardi 2016) (Fig. 8.1).

AuNPs in C. albicans cells exerts ROS-independent apoptosis through organelle 
disruption, including attenuation of mitochondrial homeostasis and destruction of 
nucleic acid and nucleus (Seong and Lee 2018). ROS is produced as by-products or 
part of cell collapse in many cellular processes, including aging, inflammation, 

Fig. 8.1 AuNPs exerts ROS-independent apoptosis effects against Candida albicans through 
organelles disruption, such as attenuation of mitochondrial homeostasis and destruction of nucleic 
acid and nucleus (Seong and Lee 2018)
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 proliferation, and death (Carmona-Gutierrez et al. 2010; Li et al. 2011; Schieber and 
Chandel 2014). Their excess causes oxidative stress and macromolecular oxidative 
damage, resulting in loss of cell function, necrosis, and apoptosis (Nordberg and 
Arner 2001; Mittler et al. 2011). Whereas, the moderate concentration of ROS also 
participates in physiological responses as part of the defense mechanism and signal 
transduction process (Espinosa-Diez et al. 2015). Approximately, the apoptotic pro-
cesses were prevented by ROS scavenger in apoptosis (Simon et al. 2000). When a 
shift in the redox state of a cell occurs, the interference that disrupts with this bal-
ance can play a regulating role in induction of apoptosis. The proper balance 
between the production of free radicals and the production of its eliminator antioxi-
dants helps to maintain a homeostatic state (Mukherjee et al. 2014a). In this case, 
antioxidant has no protective effect against ROS-independent apoptosis response 
(Ko et al. 2005; Seong and Lee 2018). AuNPs triggers metacaspase-activated apop-
totic signaling unrelated to ROS levels (Seong and Lee 2018). Cytochrome c in the 
mitochondria is a constituent of the electron transport chain and it transfers elec-
trons from complex III to IV. The release of cytochrome c from mitochondria to 
cytosol is a hallmark of dysfunction of electron transport chain (Huttemann et al. 
2011). Cytochrome c is released from the cytoplasm after treatment with AuNPs. 
The function as an electron transfer transmitter is lost. Cytochrome c has been 
exhibited to have dual functions in regulating energetic metabolism and cell death 
(Di Lisa et al. 2001). The cytochrome c released from the mitochondria is an essen-
tial stimulus in the apoptotic pathway because it can activate metacaspase followed 
by the cleavage of metacaspase substrates (Barbu et  al. 2013). Metacaspases in 
yeast are a functional homologue of caspases in the eukaryotic cells that cleave 
distinct substrates and induce apoptosis. Metacaspase always exists within an inac-
tive form and can be activated by cleavage (Seong and Lee 2018). In yeast, apopto-
sis is dominated by metacaspase, which primarily acts to devastate cells inside 
(Carmona-Gutierrez et al. 2010). This apoptotic hallmark supports the cells under-
going ROS-independent cell death.

Bacterial cell death mechanisms of action are diverse, including energy metab-
olism and cell disruption of membrane function, inhibition of nucleic acid synthe-
sis, induction of SOS responses, and metal ion deprivation. Membrane destruction 
with depolarization is common among these mechanisms (Lemire et  al. 2013; 
Cushnie et al. 2014). Distinct metal ions are critical for DNA and the membrane 
structure. Generally, half of all known proteins are expected to rely on metal 
atoms for their structure and their participation in main cellular processes, such as 
catalysis and electron transfer (Lemire et al. 2013). AuNPs-treated E. coli cells 
exhibited a severe DNA damage, and a calcium-related depolarization without 
disruption of membrane integrity (Lee and Lee 2018). The maintenance of mem-
brane potential associates with the movement of various cations. Thus, the changes 
in cation gradients show membrane depolarization, and Ca2+ is one of these ions 
(Mann and Cidlowski 2001). The free calcium concentration in the cytosol is 
enhanced in the AuNPs- treated cells, indicating that the calcium signal process is 
related to bacterial cell death (Lee and Lee 2018). Cytoplasmic calcium level is 
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correlated with processes, including sporulation, bacterial pathogenicity, chemo-
taxis, and differentiation (Bruni et al. 2017). The Ca2+ gradient is delicately pre-
served by a system of transporters and channels (Yun and Lee 2016). Depolarization 
of cytoplasmic membrane is also involved with a change in the Ca2+ gradient due 
to the regulation of bacterial function: cell division, ATP generation, and persister 
formation have all been restricted to membrane potential (Yun and Lee 2016; 
Bruni et al. 2017). During membrane voltage depolarization, E. coli also reveal 
cytoplasmic calcium influx (Bruni et al. 2017). Depolarization of the cytoplasmic 
membrane potential occurs, and then the imbalance between the plasma mem-
brane Ca2+ export and Ca2+ influx leads to a sustained elevation in cytosolic Ca2+ 
(Hajnoczky et al. 2006). From the membrane depolarization with calcium fluctua-
tions it can be realized that AuNPs exposed to cells induces an increase in intra-
cellular Ca2+ export and influx across the plasma membrane and release Ca2+ from 
the intracellular stores (Bruni et al. 2017).

Similar to eukaryotes, programmed cell death in bacteria is a regulated process 
that contributes to multiple aspects of bacterial growth (Allocati et al. 2015). Severe 
DNA damage and membrane depolarization may lead to cell death following 
apoptotic- like death (Koksharova 2013). Enzyme-catalyzed DNA fragmentation 
ultimately initiates a series of cascade reactions and events that lead to apoptosis in 
the eukaryotic cells. Similarly, in prokaryotic cells, DNA damage causes decrease 
in the complex I and II activities in the respiratory chain, the expression of Edin and 
SOS Edin genes, leading to the formation of hydroxyl radicals, leading to mem-
brane depolarization and cell destruction (Nagamalleswari et al. 2017). Its role as a 
caspase-like protein was performed as a major regulator in both apoptosis-like death 
and SOS repair system in E. coli. AuNPs activates caspase-like protein as RecA 
protein expression (Lee and Lee 2018). In E. coli cells, RecA proposed as caspase- 
like protein (Dwyer et al. 2012). RecA-induced ROS response would have caused 
the DNA damage and cell death-induced SOS response, leading to RecA activation. 
AuNPs in E. coli induces overexpression of the RecA protein as the stimulation of 
bacterial caspase-like protein (Lee and Lee 2018). ROS is required for normal cel-
lular function by all aerobic organisms. They play mediators of intracellular signal-
ing pathways and serve an important role in maintaining homeostasis from 
prokaryotic cells to eukaryotic cells (Mittler et al. 2011). In common with eukary-
otic cells, accumulation of intracellular ROS was not observed in the presence of 
AuNPs. However, changes in intracellular glutathione level have occurred, although 
no accumulation of ROS has been shown. Glutathione, which is an antioxidant tri-
peptide, possesses two free carboxyl and one sulfhydryl groups. The sulfhydryl 
group plays a variety of cellular functions in optimization of the intracellular redox 
potential. After AuNPs is exposed to cells, the GSH level substantially decreases 
regardless of boost of intracellular ROS level. Balance between antioxidative forces 
and oxidative stress helps in maintaining cell homoeostasis (Lee and Lee 2018). 
AuNPs penetrates through cell membranes and exhibits apoptosis-like death indi-
cating several hallmarks like caspase-like protein activation, severe DNA damage, 
and membrane depolarization. However, they induced imbalance of redox status 

8 The Potential of Gold and Silver Antimicrobials: Nanotherapeutic Approach…



186

without elevation of ROS level (Lee and Lee 2018). Furthermore, many modified 
AuNPs have been reported to enter the cytoplasm and penetrate the cell wall (Zhou 
et al. 2012) (Fig. 8.2).

8.4  Mode of Actions of Silver Nanoparticles (AgNPs) 
in Microbial Infection

Metal ions can be leaked from each nanoparticle. These ions can target other protein 
groups. Also, ions can react with intracellular components to produce soluble salts 
that can interfere with biological function (Niskanen et al. 2010). Silver ions can 
reduce chloride ions to precipitate silver chloride to inhibit DNA replication and 
inhibit cell respiration at relatively low concentrations (Niskanen et  al. 2010). 
Antimicrobial activity of AgNPs is determined through many types of research and 
their mechanisms are discovered on pathogenic microorganisms. AgNPs has dual 
mechanisms such as membrane disturbance and programmed cell death (Rai et al. 
2017b). Maintaining membrane integrity for cell survival is a significant function. It 
regulates intracellular responses and protects cells from the external harsh environ-
ment (Benyagoub et al. 1996; Portet et al. 2009). AgNPs interacts with the micro-
bial membrane and changes membrane integrity. In case of fungal cells, the effect 
of AgNPs on cytoplasmic membranes tends to increase with increasing concentra-
tion. To maintain membrane potential, fungal cells form an ionic gradient across the 
membrane. The ion gradient is maintained by the limited membrane permeability 
for ions and small solutes (Yu 2003). Nonetheless, if the membrane loses their sta-
bility due to extreme membrane damage, various ions leak from the cell and mem-
brane permeability enhances. Undesired ion leaks then lead to depolarize the 
microbial membrane potential (Bolintineanu et al. 2010). After the cells treated with 

Fig. 8.2 AuNPs induces apoptotic-like cell death on Escherichia coli. AuNPs triggers a redox 
imbalance through changes in the glutathione level. AuNPs penetrates cell membrane and damages 
DNA and nucleic acid (Lee and Lee 2018)
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AgNPs, the membrane depolarization is induced via increasing membrane perme-
ability. Under stress conditions such as drying, oxidation, dehydration, and toxi-
cants, the cells undergo protein denaturation and inactivation. To stabilize or restore 
this condition, the fungal cells contain trehalose, a non-reducing disaccharide of 
trehalose, which acts as a compatible solute in the stabilization of the biological 
structure. AgNPs induces cellular stress on the membrane and releases some intra-
cellular components such as trehalose and glucose (Alvarez-Peral et al. 2002; Garg 
et al. 2002). A cell cycle is an assemblage of highly ordered processes that conse-
quence in duplication of cells. The cells process the cell cycle through checkpoints 
to distinguish the disordered situation. The location of arrest within the cell cycle 
depends on the phase at which the damage is recognized. Inhibition of cell division 
associates with cell cycle arrest and membrane damage can be caused by the disrup-
tion of membrane integrity. The DNA content represents the G1, S, and G2/M phase 
of the cell cycle. AgNPs in C. albicans provokes physiological damage leading to 
the G2/M phase cell cycle arrest (Rai et al. 2017b).

In contrast to mechanisms of AuNPs, AgNPs induces ROS accumulation in fun-
gal cells and produces intracellular oxidative damage. Hydroxyl radicals, which are 
neutral in the form of hydroxyl ions, promote oxidative damage of the cells and 
have high reactivity (Haruna et al. 2002). When metal ions and hydrogen peroxide 
are present, hydroxyl radicals are generated through the Fenton reaction, and sub-
stances in the cytosol and nucleus such as proteins, lipids, and DNA are damaged, 
resulting in cell death (Rollet-Labelle et al. 1998). Significant formation of strong 
oxidant, hydroxyl radical, is caused by AgNPs in C. albicans cells. Hydroxyl radi-
cals perform a significant role in AgNPs-induced death and activate caspases that 
promote apoptotic signals (Hwang et al. 2012). Cytochrome c released from mito-
chondria binds to protease that activates apoptotic signals in the cytosol (Pereira 
et al. 2007). AgNPs produces the cytochrome c release from the mitochondria into 
the cytoplasm and the formation of hydroxyl radicals affects release of cytochrome 
c. Mostly, the cytoplasmic membrane is asymmetrically composed of phosphate 
lipids, such as phosphatidylserine, phosphatidylethanolamine, phosphatidylcholine, 
and sphingomyelin (Rai et al. 2017b). Sphingomyelin and phosphatidylcholine are 
set on the outer leaflets of the plasma membrane whereas phosphatidylserine and 
phosphatidylethanolamine are intensified on the inner leaflets of the plasma mem-
brane (Li et  al. 2008). In the presence of hydroxyl radicals, phosphatidylserine 
externalization is confirmed in early stage of apoptotic cell death. Also, cause of 
DNA damage is cleavage of selected groups of substrates by caspases and oxidative 
stress by ROS formation (Rai et al. 2017b). In particular, DNA damage by oxidative 
stress induces apoptosis, and during apoptosis, these DNAs are broken into short 
fragments by endonucleases activated. It is regarded as a characteristic of apoptotic 
death (Wadskog et al. 2004). AgNPs promotes oxidative state and caspase activity 
of C. albicans cells, resulting in DNA fragmentation (Fig. 8.3).

Antimicrobial agents must approach effective concentrations that can be applied 
to the molecular target. Their effective operation should avoid pathogen defense 
mechanisms such as pump-mediated efflux and enzymatic modification in the pro-
cess. The agents can act through various mechanisms to prevent the growth of bac-
teria or kill (Li et al. 2008).
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Bacteria can be classified as gram-negative bacteria or gram-positive bacteria 
and their structural differences make the virulence (Durán et al. 2016). Due to the 
lack of peptidoglycan between the cytoplasmic membrane and the outer membrane, 
gram-negative bacteria are significant for defending bacteria from harmful 
 substances such as degrading enzymes, drugs, detergents, and toxin and are com-
posed of lipopolysaccharides (LPS) (Amro et  al. 2000; Morones et  al. 2005). 
Contrary to gram-negative bacteria, gram-positive bacteria have a peptidoglycan 
layer about 30 nm thick instead of outer membrane (Morones et al. 2005). AgNPs 
increases the membrane leakage of reducing sugar and enhances protein leakage 
through the membranes of E. coli. Additionally, AgNPs reduces the level of intracel-
lular ATP, resulting in the death of bacterial cells (Mukherjee et al. 2014b). Thus, 
AgNPs permeabilizes the barrier of the outer membrane, peptidoglycan layer, peri-
plasm, and the inner membrane, resulting in the release of cellular substances, such 
as reduction of proteins and sugars (Lee et al. 2014; Mukherjee et al. 2014b; Rai 
et al. 2017b). The membrane structure of E. coli cell-treated AgNPs was observed 
by using transmission electron microscopy (TEM) and scanning electron micros-
copy (SEM). In micrographs by SEM, AgNPs-treated cells show large leakage and 
others are misshapen and fragmentary. In the TEM micrograph, the surface of the 
untreated cells was intact and smooth, and some filaments around the cells were 
clear and distinct. On the other hand, the membrane of cells treated with AgNPs was 
severely damaged. Many gaps and pits appeared and the membrane was fragmen-
tary. Moreover, membrane fragments could spontaneously form vesicles and are 

Fig. 8.3 Antifungal mechanisms of AgNPs. Cell cycle arrest is caused by AgNPs and membrane 
disruption leads to leakage of intracellular components. Furthermore, according to ROS genera-
tion, AgNPs promotes apoptosis through DNA damage and mitochondria dysfunction
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similar in size to spheroid that is between 1/5 and 1/20 of the size of E. coli cells  
(Li et al. 2010). In AgNPs-treated cells, the membrane vesicles were dispersed and 
dissolved. Membrane components are scattered and disorganized from their origi-
nal ordered and close arrangement. This phenomenon suggests that AgNPs affects 
some phospholipids and proteins, leading to membrane collapse leading to cell dis-
integration and death (Rai et al. 2017b). Silver inhibits the function of proteins that 
interfere with the growth of E. coli by interacting with thiol groups of cysteines by 
inhibiting respiration and substituting hydrogen atoms (Holt and Bard 2005; Kim 
et  al. 2008). Withal, AgNPs inactivates the respiratory chain dehydrogenase to 
inhibit cell respiration and growth (Rai et al. 2017b). The main factor of antimicro-
bial property is a positive charge to nanostructures. The positive charge figures out 
the changes of respiratory enzyme present in the bacterial membrane. Likewise, an 
ionic efflux pump located in the membrane is also affected and accumulates a lethal 
ion concentration inside the cell, leading to cell death (Allaker 2010). ROS, which 
results from oxidation of respiratory enzymes, facilitates DNA degradation and 
reacts with various cellular components (Xia et al. 2010).

A bactericidal agent can induce apoptosis-like death responses, which has simi-
lar hallmarks with eukaryotic apoptosis (Dwyer et al. 2012). AgNPs has bactericidal 
activity and the potential for stimulating an apoptosis-like death. Like E. coli cells 
treated with AgNPs, induction of an apoptosis-like death is proceeded by the pro-
duction of ROS (Dwyer et al. 2012). ROS-induced AgNPs in bacteria is involved in 
apoptosis-like death response (Lee et al. 2014). Furthermore, AgNPs exerts change 
in membrane potential and calcium accumulation (Lee et al. 2014). Calcium ions 
are involved in several biological activities such as maintenance of motility, cell 
structure, and signaling pathways including transport and regulation of cellular pro-
cesses and cell death (Yoon et al. 2012; Lee et al. 2014). AgNPs causes an imbal-
ance in ion homeostasis, in particular, the accumulation of cytoplasmic calcium ions 
(Lee et al. 2014). Phosphatidylserine externalization is concerned by stimulation of 
calcium signaling of enzymes that dissociate membrane arrangement (Rai et  al. 
2017b). AgNPs induces the phosphatidylserine externalization and DNA fragmen-
tation of E. coli cells, showing apoptosis-like death (Lee et al. 2014). During the 
repair of the damaged DNA, SulA binds to FtsZ and stops cell division, resulting in 
cell elongation (Lee et al. 2014). Phenomena of apoptosis-like death including cell 
filamentation and DNA fragmentation were observed in AgNPs-treated cells. Also, 
the halt of cell division progression relates prolonged cell size (Lee et al. 2014). 
When extreme DNA damage occurs in bacterial cells, the SOS response activates 
RecA protein to repair DNA damage. The RecA indicates a capacity of coprotease 
in the catalytic cleavage of LexA repressor that inhibits the expression of genes 
involving DNA damage repair (Maul and Sutton 2005). The relationship between 
caspase and RecA speculated that RecA may act as a major regulator in both bacte-
rial apoptosis-like death response and SOS repair system (Dwyer et al. 2012). Cell 
death by AgNPs involves the DNA repair system and severe DNA damage and it is 
activated by the RecA (Fig. 8.4).
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8.5  Use of Antimicrobials for Treatment of Skin and Soft 
Tissue Infection

Nanotechnology is overcoming barriers to treating skin infections (Ikoba et  al. 
2015). Furthermore, applying nanotechnology to skin cancer has been devoted to 
designing new imaging and therapeutic approaches (DeLouise 2012). Nanomaterials 
are constructed to release the therapeutic drug for a period of time without releasing 
the damaged skin after drug release (Ikoba et  al. 2015). Nanoparticles are used 
against a wide variety of microorganisms, including biofilm-forming bacteria and 
multidrug-resistant strains. Serving as drug delivery agents or conjugates counteract 
to increase the efficiency of existing antimicrobial therapy (Kulshreshtha et  al. 
2017). They avoid metastatic tumors and the common side effects of radiation 
 therapy and chemotherapy, such as hair loss, nausea, infertility, and diarrhea. The 
nanoparticles can also be used as a component of an antimicrobial surface coating 
to avoid nosocomial infection and even as a vaccine component to prevent microbial 
infection (Kulshreshtha et al. 2017). The gold standard for tissue infection remains 
systemic antibiotics, with or without topical antiseptics (Englander and Friedman 
2010). With reduced production of proinflammatory cytokines, smaller size and 
lower cytotoxicity promoted the use of AuNPs for drug delivery (Ikoba et al. 2015). 
The antimicrobial properties of AgNPs are beneficial to skin infection and can be 

Fig. 8.4 Antibacterial mechanisms of AgNPs. According to oxidative stress, AgNPs exerts the 
antibacterial effect through membrane damage and apoptosis-like death process. Also, AgNPs 
shows inactivation of respiratory chain
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fabricated into various protocols (Ikoba et  al. 2015). Recently produced wound 
dressing inhibits microbial infections and demonstrates exceptional wound 
care. Silver nanocrystalline dressings decrease chronic wounds by bacterial infec-
tions (Ip et al. 2006; Leaper 2006).

8.6  Future Prospects and Concluding Remarks

The future of nanotechnology is expected to bring a lot of convergence technolo-
gies. Different research areas and technologies are closely linked. Different tech-
nologies can be fused together to develop more useful technologies. Nanotechnology 
will play a key role in all convergence technologies. Drug delivery may seem like a 
simple technique, but it requires a complex adaptation of a variety of clinically use-
ful fusion techniques (Bermúdez et al. 2017). Nanoparticles offer unique properties 
when compared to micro- or macroparticles. Notable features include easy suspen-
sion in liquids, small size, deep access to cells and cell organs, high surface area, 
easy sterilization of particles, and various optical and magnetic properties (Bermúdez 
et al. 2017). The nonpolar properties of these biological agents can interfere with 
entry into cells and can be addressed by binding with appropriate nanoparticles 
(Kulshreshtha et al. 2017). Using nanoparticles with other antimicrobial effects can 
diminish the inherent toxicity of nanoparticles to mammalian cells, enhance the 
damage mechanism, increase bactericidal effects, and reduce resistance develop-
ment (Lee and Lee 2018). In this chapter, we introduced AuNPs and AgNPs, which 
are representative nanoparticles. These nanoparticles have potential as antimicro-
bial agents and it would have a wide range of applications in numerous fields. 
Nanoparticles is going to play an important role in the development of next- 
generation therapeutics.
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Chapter 9
Theranostic Potential of Aptamers 
in Antimicrobial Chemotherapy

Bushra Jamil, Nagina Atlas, Asma Qazi, and Bushra Uzair

Abstract Worldwide the infectious diseases are a major threat to the human popu-
lation. However, the most important parameter is the prompt and sensitive diagnosis 
of pathogens. Therefore, tremendous efforts have been made for the development of 
rapid and portable detection techniques. The identification and treatment of infec-
tious diseases at the nano and molecular levels is a hard task to achieve because of 
the scarcity of effective probes for characterization and recognition of biomarkers 
of these pathogens. Nonetheless, if it made possible simultaneous diagnosis and 
treatment at the specific spot, i.e., theranostics can be beneficial for treating the 
disease at a cellular level and can be helpful to understand the disease system. 
However, for theranostics a sensing system should be able to detect and measure 
biomarkers quickly. In this regard, aptamers (oligonucleotide polymers consist of 
single-stranded DNA (ssDNA) or RNA) have displayed the ability to be used as 
probes for the recognition of various targets at molecular level. DNA and RNA have 
the capacity of doing much lot than just keeping genetic information and therefore 
are also known as functional nucleic acids. Aptamer-based biosensors would be an 
attractive format because they can be developed for various molecules using the 
same sensing format. Therefore, the aptasensors utilizing aptamers for various bac-
terial infections have stimulating theranostic potential as well. In this chapter, the 
potential of aptamers as theranostic agent for bacterial infections has been dis-
cussed. The advantages and limitations of aptamer-based theranostics for the devel-
opment of personalized medicine are also discussed.
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Nomenclature

ABSA Aptamer-based sandwich assay
AuNPs Gold nanoparticles
Bap Biofilm-associated protein
ELASA Enzyme-linked aptamer sorbent assay
ELISA Enzyme-linked immunosorbent assay
FDA Food and Drug Administration
LNA Locked nucleic acid
mAbs Monoclonal antibodies
MRE Molecular recognition elements
PEG Polyethylene glycol
SELEX Systematic evolution of ligands by exponential enrichment
SEs Staphylococcal enterotoxins
SiNPs Silica nanoparticles
ssDNA Single-stranded DNA
WB-SELEX Whole-bacteria SELEX

9.1  Introduction

Infectious diseases pose major threat to the human health. Despite the availability of 
numerous anti-infective agents and disinfectants, control and prevention of infec-
tious diseases is still a major problem in health care settings because of the com-
plexities of pathogens. The emergences of resistant pathogens have made the 
situation more daunting. It is essential to expedite the exploration of anti-infective 
agents. Exploration of new molecular elements for the characterization of specific 
pathogens is the step forward for anti-infective agent discovery. Complete genome 
sequence of some pathogens and human as well as novel findings from genome, 
transcriptome, and proteome projects helped in identifying some new targets for 
battle against human infectious diseases (Pan et al. 2018).

Most therapeutics agents do not have the target specificity rather they act in the 
whole body. Therefore the therapeutic agents used today in chemotherapy, radio-
therapy, and immunotherapy have numerous side effects. It is therefore required that 
scientists should discover site-specific agents for treatment. This will help in the 
reduction of dosage of the therapeutic agent and will have maximum therapeutic 
ability with minimum side effects (Langer 1998). Site-specific therapy would also 
help in mitigating the emergence of resistance. It is important in all areas of medi-
cine, especially in areas where microorganisms are the causative agents, e.g., dis-
eases due to microbes, water and food quality, monitoring of environment, drugs 
control quality, research, and many other aspects.

Particularly for bacterial diseases, fast and accurate diagnosis and treatment is 
needed for the best possible patient management. For this purpose, initially antibod-
ies were envisioned as the excellent molecule (Syed 2014; Zimbres et al. 2013). 
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Antibodies are providing a source of innate or acquired immunity. They have the 
ability to capture antigens present on the surface of pathogens and subject them to 
lysis. Success of vaccination in preventive therapy was possible just because of 
antibodies. One promising alternative to antibiotics is pathogen-specific monoclo-
nal antibodies (mAbs). The basic concept of antibodies originates from serum ther-
apy. Serum therapy (or passive therapy) was very popular before the invention of 
antibiotics. Antibiotics have ruled the medical field for more than 50 years and it is 
now the emergence of multidrug-resistant pathogens that have created the havoc for 
searching and developing new agents for addressing this problem (Saylor et al. 2009).

DNA and RNA are the naturally occurring polymers that not only encode and 
transmit genetic information but have enormous other. They can be used as affinity 
probes for identifying DNA, RNA, lipids, sugars, and whole cells as well.

9.2  Aptamers

Aptamers were first discovered in 1990 and can be defined on the basis of their 
characteristics:

• Aptamers are short nucleic acid sequence of 30–70 nucleotides in length.
• Have unique three-dimensional structures because nucleic acid has the capacity 

to fold into secondary, tertiary, and quaternary structures.
• Can identify and bind to a variety of targets because of their unique 3D 

structure.
• Have specificity and affinity.

The aptamer word is a combination of Latin and Greek words.

• “aptus” is a Latin word meaning to fit into.
• “meros” is Greek word meaning region (Ku et al. 2015; Syed and Pervaiz 2010).

Before binding at a specific target oligonucleotide aptamers adapt three- 
dimensional structures (having stems, loops, bulges, hairpins, pseudoknots, triplexes, 
or quadruplexes) and then they tend to non-covalently attach to its specific biological 
targets with high accuracy (Fig. 9.1).

Fig. 9.1 Aptamers target binding mechanism
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Aptamers are functionally utilized as agonist, antagonists, or direct targeting 
ligands. They are also given the name of chemical antibodies. Aptamers have 
evolved as a most popular type of biomolecules because of their promising potential 
as a highly target specificity and promising results in diagnosis, therapeutics, bio-
sensing, and targeted drug delivery (Blind and Blank 2015; Santosh and Yadava, 
2014; Song et al. 2012). Aptamers are actually single-stranded DNA molecular rec-
ognition elements (MRE).

Aptamers’ most satisfactory application is the advancements in diagnostic assays 
for the recognition of bacterial agents or their exotoxins (Cheon et al. 2019; Das 
et al. 2019; Torres-chavolla and Alocilja 2009; Zimbres et al. 2013). In 2005, the 
United Sates Food and Drug Administration (FDA) approved the first aptamer 
known as anti-VEGF. It is an RNA aptamer (Macugen) to be used as therapeutic 
agent. Until now many new aptamer-based recognition of microbes and therapeutics 
have been in the progress of clinical evaluation (Sundaram et al. 2013).

9.3  Antibodies Applications in Therapeutics

Antibodies play a major role in our immune system. These are the source of natural 
defense against pathogens. Initially antibodies were considered as the ultimate can-
didate because of their specificity toward antigen on the surface of bacteria. They 
have accurate specificity to identify bacteria and other foreign substances and can 
distinguish the self from non-self-entities.

Human body has multiple types of antibodies like IgG, IgM, IgA, IgD, and 
IgE. Each type of antibody has Fab (fragment antigen binding) portion and it varies 
for each antigen. On the basis of diversity in Fab regions there are thousands of 
varieties of antibodies. Another type of antibody, known as monoclonal antibodies 
(mAbs), were discovered in 1975 by Georges Kohler and Cesar Milstein. mAbs are 
induced by clones obtained from a single parent cell (Fig. 9.2). Recent advances in 
molecular biology, technology, and antibody engineering make it possible to gener-
ate defined, homogenous, fully human and/or humanized mAbs with a single 
antigen- specificity to target a pathogen of interest (Babb and Pirofski 2017). After 
the discovery of mAbs, Ronald Levy in 1976 found that a monoclonal antibody can 

Fig. 9.2 Production process of monoclonal antibodies
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particularly distinguish cancer cells (Levy and Miller 1983). Four years later, Lee 
Nadler found that these antibodies were able to recognize non-Hodgkin lymphoma 
cell. After these discoveries it was assumed that future for antibody therapeutics is 
promising and presumptions were high but unfortunately the results of monoclonal 
antibody-based therapeutics were not satisfactory because of certain other factor, 
including easy and economical current availability of antimicrobial drugs, small 
markets, high costs, and microbial antigenic variation.

There were several problems that limit the approval of antibody therapeutics. In 
1992, the first monoclonal antibody got approval for therapeutic purpose. Several 
different researches have been conducted on mAbs in order to maximize their prop-
erties and efficiency. FDA approved ten antibodies in the year 2015 and 2016, and 
until now 68 monoclonal antibodies have been approved. For almost quarter a cen-
tury the monoclonal antibodies have showed promising results in research, diagno-
sis as well as in therapeutics (Peruski and Peruski 2003).

In order to improve the performance of monoclonal antibodies huge progress has 
been done particularly in the therapeutics and now mAbs have also been showing 
direct bactericidal effect (Saylor et al. 2009). Monoclonal antibodies adopt indirect 
mechanisms of killing bacterial pathogens by the following methods:

• Fc-mediated functions, e.g., inflammatory response modulation
• Stimulating opsonic phagocytosis
• Increasing complement-mediated consequences

Despite their huge applications, mAbs still have certain limitations, e.g., for the 
synthesis of antibodies animal host is required, so they are prepared at the cost of 
animal lives (Bruno 2015). They require cold storage because they get altered at 
room temperature. One of the most important limitations is that antibodies can’t be 
synthesized against some toxins and chemicals which are toxic to the host animal 
(Syed and Pervaiz 2010). Although antibodies were once considered as an ultimate 
option for many clinical applications, many problems regarding mAbs are not yet 
resolved and these “magic bullet” are still not an ideal choice for each disease.

9.4  Theranostic Potential of Aptamers

Recently, scientists have diverted their attention toward aptamers instead of using 
antibodies. Various different studies conducted globally have successfully utilized 
aptamers in the progression of various kinds of nano-diagnostic assays, biosensors 
as well as usual affinity assays, e.g., enzyme-linked immunosorbent assay (ELISA). 
The DNA or RNA probes having 3D structure can be functionalized with various 
chemical groups for covalent bonding with the transduced surface (Baptista 2014; 
Kim et al. 2014; Stoltenburg et al. 2007; Sun et al. 2016). Table 9.1 describes the 
differences between aptamers and antibodies.

Visible and prompt detection of specific pathogen in a complex biological envi-
ronment is the biggest challenge in the field of microbial diagnosis. Microbes are 
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microscopic and are extremely diverse in nature. Strains of the same bacterial spe-
cies differ from each other on the basis of very small molecular patterns. These 
differences are important to classify them into various strains or biotypes or for the 
segregation of virulent strains from those avirulent strains. Therefore their identifi-
cation is not facile. Aptamers have received considerable attention in this regard 
because of their unique three-dimensional structures and because of this they can 
differentiate between closely related molecules with similar structures as well. 
Many groups have developed aptamers that can differentiate sensitive and resistant 
bacteria, and virulent and avirulent bacteria. Likewise, many probes have been 
developed that can differentiate different species and strains of bacteria. An impor-
tant advantage of aptamers is that they can equally identify bacterial toxins. An 
aptasensor was developed by Sharma et al. for the detection of aflatoxins. In this 
model the structure-switching signaling aptasensing platform transduces signal 
from aptamer target recognition into a measureable signal (Fig. 9.3).

There are two groups of aptamers that are divided on the basis of its target. One 
group of aptamer targets bacterial antigen on the surface of the cell or virulence fac-
tors of the bacteria while other group targets the whole cells with identified or 
unidentified molecular targets. Until now various studies on antimicrobial aptamers 
have been mostly done on Staphylococcus aureus, Mycobacterium tuberculosis, 

Table 9.1 Comparison of antibodies to aptamers (Adapted from Syed and Jamil 2018)

Advantages Antibodies Aptamers

Size 150–170 kDa 12–30 kDa. Aptamers are about ten times 
smaller than antibodies, giving them better 
access to tissues and cells

Selectivity Aptamers are easily selected against small, 
non-immunogenic molecules and molecules 
that are toxic to antibody-producing cells

Development 
time

4–6 months 1–3 months

Labeling Facile
Stability Less stable More stable
Immunogenicity May cause Non-immunogenic
Toxin 
recognition

No Yes

Refrigeration Required Not required
Reproducibility Batch to batch variability Reproducible, less to no variation among 

batches.
Cost Costly Cost effective
Mass production Produced in animals Mass produced chemically or enzymatically
Shelf life Limited Prolonged
Production 
process

Immunization of animal or 
tissue culture. Purification 
required

Chemically produced. Do not require 
immunization, no tissue culture. No purification 
from serum

Target molecule >600 Da <60 Da (Target small molecules)
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Salmonella typhi, and Listeria monocytogenes (Baig et al. 2015; Chang et al. 2013; 
Chen et al, 2007; Pan et al. 2005, 2014, 2018; Qin et al. 2009; Vivekananda et al. 
2014; Wang et al. 2016; Yeom et al. 2016; Zelada-Guillén et al. 2009, 2012).

Staphylococcus aureus, particularly the MRSA, is a common pathogen respon-
sible for many foodborne, community, and hospital-acquired diseases (Cao et al. 
2009; Hong et al. 2015). Many researchers have developed aptamers for targeting 
Staphylococcus aureus directly or for targeting staphylococcal enterotoxins (SEs) 
that may cause food poisoning (Cao et al. 2009; Chang et al. 2013; DeGrasse 2012; 
Huang et al. 2015). Zhao et al. (2017) developed a sensitive theranostic probe from 
silica nanoparticles (SiNPs). SiNPs were coated with vancomycin-modified 
polyelectrolyte- cypate complexes (SiO2-Cy-Van). In this complex cypate is a dye 
that gives signals in NIR region (700–900  nm). MRSA can attract vancomycin- 
modified polyelectrolyte-cypate complexes from SiNPs. The MRSA-associated 
complex can be further detected by near-infrared fluorescence.

Likewise, Dai et  al. (2013) developed the method for detection of multidrug- 
resistant Salmonella. They designed “multifunctional core shell nanoplatforms.” It 
consists of magnetic core–plasmonic shell nanoparticle, a methylene blue-bound 
aptamer, and an MDRB Salmonella DT94-specific antibody. By this technique 
magnetic separation and fluorescence imaging can be done simultaneously.

Fig. 9.3 Aptamers detecting bacterial toxins (Adapted with permission from Syed and Jamil 
2018)
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9.5  Aptasensor

Biological signals are converted into a measurable response by an analytical device 
known as biosensors. A typical biosensor consists of a ligand, i.e., biological recog-
nition element, a transducer, and detector. Transducer transforms the biological sig-
nal into a physically quantifiable event such as calorimetric, piezoelectric acoustic, 
electrical, magnetic, and optical, and a detector is a signal-processing electronic part 
which analyzes and then amplifies the signal (Fig. 9.4). These devices are easy to 
carry and use and they facilitate with point-of-care diagnosis. The outcome result 
should also be reproducible (Syed and Jamil 2018; Templier et al. 2016).

Biosensors employing aptamers as recognition elements are called aptasensors. 
Aptamers enable manufacturing of the cheap and sensitive biosensors for a variety 
of applications in diagnosis and research (Duzgun et al. 2013). In recent years, a 
number of successful attempts have been made to select aptamers against a number 
of targets, including

• Proteins
• Cellular components
• Microbial antigens
• Whole cells (Niu et al. 2014; Qureshi et al. 2015)

Furthermore, aptamers may be modified chemically for surface immobilization and 
to undergo analyte-dependent conformational changes (Wu et al. 2012). Many groups 
have reported their use in different types of biosensors as biological recognition ele-
ment (Hong et al. 2012). Aptamer-conjugated gold nanoparticles (AuNPs) have been 
developed for the colorimetric identification of microbial cells or their products.

SELEX (systematic evolution of ligands by exponential enrichment) is a highly 
sensitive method of selecting DNA sequences from large oligonucleotide libraries 
containing up to 916 sequences that have greater specificity for their targets (Fig. 9.5).

Fig. 9.4 A typical biosensor (Adapted with permission from Syed and Jamil 2018)
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Thus, SELEX have following four steps:

 1. Incubation of nucleic acid library (ssDNA) of about 1016 sequences with the 
target cells

 2. Removal of free nucleic acids
 3. Extraction of bounded nucleic acids from the target cells
 4. Amplification of the desired collected nucleic acids through PCR (Hjalmarsson 

et al. 2004; Szeto et al. 2013).

SELEX can be used for the selection of aptamers that binds to different targets; 
these target peptides, proteins, toxins, and antigens on the cells that are unable to 
generate immune responses in animals host for the production of antibodies. 
Aptamers mostly identify small target molecules with unique 3D (three- dimensional) 
structures and some aptamers can even distinguish slight changes in its specific tar-
get. By combining this property with negative selection against other molecules or 
cells, we can select specific aptamers that can distinguish slight changes in the target. 
Different versions of SELEX protocols are available for DNA and RNA aptamers, 
such as Classical SELEX, Counter SELEX, Negative SELEX, Cell- specific SELEX, 
Microfluidic SELEX and MonoLEX SELEX (Germer et  al. 2013; Syed and 
Jamil 2018).

Fig. 9.5 Five steps of SELEX (Adapted with permission from Syed and Jamil 2018)
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Aptamers can even distinguish molecules of minor differences in structure 
ranging from picomole to nanomoles (Hong and Sooter 2015; Kim et  al. 2013; 
Marton et al. 2016; Syed 2014).

Different researchers conducted various studies in which they have successfully 
used aptamers to differentiate between different strains of bacteria (Li et al. 2008). 
For example, RNA aptamers can distinguish E. coli strain O157:H7 from other 
strains. Such recognition is important to be used as probes in analytical devices, 
e.g., biosensors, later flow or ELISA-like assays for high affinity toward targets (Li 
et al. 2008). Microbial toxins are equally important in diagnosis of bacteria in the 
sample; therefore, aptasensors have been designed for bacterial detection in clinical, 
food, and environmental samples (Kumar et al. 2011; Qin et al. 2009; Wang and 
Salazar 2016).

Lee et al. (2015a) detected L. monocytogenes by developing an aptamer-based 
sandwich assay (ABSA). In order to examine the binding capability of aptamers in 
aptamer mixture Kim et al. (2014) conducted a study in which they compared mix-
tures of three various DNA aptamers with single aptamer and found that aptamer 
mixtures can increase the sensitivity of identification. A. baumannii can be detected 
through new test called enzyme-linked aptamer sorbent assay (ELASA) developed 
by Rasoulinejad and Gargari (2016). The threshold of diagnosis in ELASA platform 
was 103 CFU/mL and the sensitivity of test toward A. baumannii was 95.47%.

9.6  Drawbacks of Aptamer-Based Theranostics Potential

Although aptamers showed promising results in detecting bacterial species and in 
therapeutic, but still there are some drawbacks of aptamers. Few of them are dis-
cussed below.

9.6.1  In Vivo Efficiency of Aptamers

Mostly the process of aptamers selection is in vitro by SELEX whereas the original 
structures in vivo are very complex and therefore may compromise the efficiency 
of aptamers. Aptamers can sometimes skip its target and bind to nontarget mole-
cules. Thus, the aptamers may be unable to detect the exact bacterial species in 
complex environment, e.g., food matrices and biological fluids. Therefore, aptam-
ers should be carefully designed to improve its affinity toward target and be able to 
successfully distinguish structurally similar molecules in low concentration of 
sample. Huge variation in the strains of bacteria and the complex structures of 
targets molecules is an additional challenge for the performance of aptamers (Pan 
et al. 2018).
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9.6.2  Degradation by Nuclease

Cellular nucleases can digest unmodified aptamers, specially RNA aptamers, making 
their half-life very short. Cellular nucleases are present in the fluids of body or cells. 
Therefore, chemical changes to stabilize them against the action of nucleases are 
required. Following modifications may be helpful in this regard:

• The activity of exonuclease usually goes from 3′ → 5′. If the 3′-end is capping 
with some capping agent, it would block the action of exonucleases. 3′ capping 
could be done with inverted thymidine and biotin (Diener et al. 2009; Dougan et al. 
2000; Fine et al. 2005; Ni et al. 2017). Molecular capping in this way would intro-
duce another 5′ end and no 3′ end. Thus, it automatically increases the resistance 
against 3′ exonucleases. Whereas, capping at 5′ end protects the action of 5′ → 3′ 
exonucleases. Capping agents in this regard may be cholesterol, PEG, proteins, 
fatty acids, and polycations.

• Phosphate modification also aid in augmenting stability. Phosphorothioate/meth-
ylphosphonate replaces non-bridging phosphodiester oxygen with sulfur in the 
phosphate backbone (Gao et al. 2016).

• Likewise, base modifications have also been recommended by many scientists 
to render stability. For example alterations at 2′-sugar with a fluoro (F), 
O-methyl (OCH3) or amino (NH2) groups induces stability. 2′ modifications in 
duplexes give them more stability as compared to modification made in DNA 
and RNA.

• Locked nucleic acid (LNA) is the most effective stabilization technique. LNA is 
basically the intramolecular bridge formation between 2’-oxygen and 4’-carbon 
with a methylene group. LNAs displayed more thermodynamic stability and 
make aptamers more resistant toward the action of ribozymes and serum nucle-
ases (Karlsen and Wengel 2012; Pan et al. 2018; Shigdar et al. 2013).

9.6.3  Extraction from Body

Aptamers have a very minute size (<5  nm) and mass (6–30  kDa). Due to their 
extremely small size they get excreted through kidneys. In order to extend the 
aptamer circulation in human serum they should be conjugated to compounds hav-
ing higher molecular mass, e.g., cholesterol, polyethylene glycol (PEG) (Lee et al. 
2015b), liposome, an antibody (Heo et al. 2016) and other nanomaterials (Liao et al. 
2015). Conjugation of PEG not only increases half-life of aptamers in serum but 
also can increase drug solubility and stability. The first aptamer-based drug called 
Macugen was modified through conjugation of PEG (Swierczewska et al. 2015). 
The pharmacokinetic experiments performed on rhesus monkeys showed that this 
aptamer has a half-life of 9.3 h (Nimjee et al. 2017).

9 Theranostic Potential of Aptamers in Antimicrobial Chemotherapy



208

9.7  Conclusion

In the recent two decades tremendous research work has been done on utilization of 
aptamers that can target bacteria. Until now a lot of aptamers have been produced 
that specifically not only target virulence factors of bacteria but also target the whole 
bacterial cells. A lot of progress has also been made in the development of aptasen-
sors. In the diverse field of aptasensors, DNA or RNA aptamers act as biological 
recognition elements, and an enzyme-linked oligonucleotide assay, fluorescence, 
colorimetry, electrochemistry, and mass sensitivity have gained importance as read-
out formats. Researchers are still trying to optimize aptasensor usage in diagnosing 
and treating diseases. Both aptamers and antibodies can be potentially used in diag-
nosis and therapeutics; however, aptamers have smaller size, can be easily gener-
ated, have low immunogenicity, are more stable, and can be easily labeled and 
modified as compared to antibodies. Therapeutic aptamers are more accurate than 
antibodies in the treatment of antitoxin, antivenom and in treating MDR bacteria but 
their therapeutic effects and safety should be studied further. The broad-spectrum 
usage of aptamers in the medical field and its long-term effects need to be studied 
further (Lange et al. 2017). Researchers are trying to optimize the SELEX methods, 
bringing modifications in aptamer, combining aptamers and targeted delivery of 
drug. The aptamer technology continues to reveal its promising feature in the field 
of theranostics.
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Chapter 10
Current and Future Aspects of Smart 
Nanotheranostic Agents in Cancer 
Therapeutics

Qurrat Ul Ain

Abstract Despite the wide range of knowledge and information about cancer and 
advances in its treatment, still it is among the leading cause of mortality. Scientists 
around the globe are working on developing the new strategies to combat this fatal 
disease, and fortunately significant advances have already been achieved. In this 
regard, nanomedicines can play a vital role by improving the bio-distribution and 
the target site delivery of chemotherapeutics. Along with therapeutic applications, 
nanomedicine formulations have been used for imaging purposes as well. 
Nanotheranostics is a relatively new but flourishing field, which combines the diag-
nosis and therapy for personalized treatment. Combining the nanomaterials of 
diverse origins, e.g., polymers, liposomes, micelles, and antibodies, scientists have 
successfully developed the smart nanoparticles for both diagnostics and therapeu-
tics at the same time in vivo. In addition, theranostics can be conjugated with bio- 
ligands for targeted drug delivery to treat and monitor the treatment response at 
molecular level. Potential applications of nanotheranostic medicines are assessment 
of drug biodistribution, site-targeted drug delivery, and visualization of drug release 
at the delivery site. These applications help to optimize the strategies based on trig-
gered drug release and the prediction of therapeutic responses. In the near future, 
nanotheranostics are the practical solution for cancer and other lethal diseases to 
cure or at least treat them in the early stage.

This chapter summarizes the smart nanoparticles, developed for the simultaneous 
imaging and therapy, approaches for their targeted delivery, current applications and 
the challenges in their development and future perspectives for cancer therapy.
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10.1  Introduction

Despite the intense research on cancer diagnosis and therapeutics, it remains a sub-
stantial global threat. Cancer is usually developed because of genetic damage in 
normal cells. The damage can be either congenital or caused by some external fac-
tors. Cancer develops when a threat of mutations take place within the genes that 
control the cell’s growth and division. These mutations cause an overstimulation of 
cell division and an abnormal cell metabolism. Cancer is a composite of multiple 
neoplastic diseases characterized by uncontrolled cell growth capable of intruding 
any part of the body (Esteva et al. 2017). The normal body cells contain tumor sup-
pressor genes as well, but in cancer, the expression of these genes get slow down 
and this lead to uncontrolled cell division. Normally it takes a long time and enough 
mutations to transform a cell into a cancerous cell.

At present, cancer incidence is the second foremost cause of death in the United 
States after cardiac diseases. However, it is predicted to exceed cardiac diseases in 
terms of mortality rate in upcoming years (Robinson et al. 2015; Siegel et al. 2015; 
WHO 2015). Breast cancer is the leading cause of deaths in women (0.52 million in 
2012) and pulmonary cancer is the prime cause of deaths (1.1 million in 2012) in 
men (Siegel et al. 2017). About 13.59 million cancer deaths were reported in the 
European Union alone in 2016 (Malvezzi et al. 2018). It is expected that total num-
ber of cancer patients would cross 21 million by 2030 (Bhakta-Guha et al. 2015). 
Around 60% of new cancer cases are from Asia, Africa, and Central and South 
American countries and almost 70% of cancer deaths are reported from these states.

This chapter summarizes the smart nanoparticles, developed for the simultane-
ous imaging and therapy, approaches for their targeted delivery, current applications 
and the challenges in their development and future perspectives for cancer therapy.

10.2  Therapeutic Modality and Application Analysis 
of Oncology Drugs

Therapeutic modality analysis of global oncology drugs market has divided it into 
chemotherapy, targeted therapy, and immunotherapy. In 2017, chemotherapy 
occupied the major share. Nonetheless, it is expected that immunotherapy would 
assume the major role in upcoming years due to better efficiency and increased 
targeted therapy with lesser side effects. Applications analysis of global oncology 
drugs market by applications is divided broadly into breast cancer, prostate cancer, 
blood cancer, lung cancer, gastrointestinal cancer, and others. In 2017, blood can-
cer occupied the major share, and lung cancer applications were found to be the 
fastest growing segment due to the high incidence of lung cancer (World Health 
Organization 2017).

The overwhelming acceptance of the concept of personalized medicine and 
immunology has driven a shift in cancer treatment from chemotherapy in the past 
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decade. From 2011 to 2017, about 84 new drugs have been approved globally. 
Especially in immuno-oncology PD-1 and PD-L1 inhibitors have seen a quick 
endorsement due to their noteworthy clinical profile and approval for various can-
cers. Additionally, there are around 630 unique molecules in the development pipe-
line including 278 biological therapies and 82 vaccines (World Health 
Organization 2017).

10.2.1  Current Cancer Diagnostics and Treatment Strategies

Conventional strategies that are commonly used to combat cancer include chemo-
therapy, immunotherapy, radiotherapy, targeted therapies, stem cell transplant 
therapy, and surgery (Lyman et al. 2015). Surgical interventions have always been 
a popular and successful mode of cancer treatment. However, post-surgery relapse 
often requires taking on adjuvant therapies, such as chemotherapy and radiother-
apy (or combination of both) (Howell and Valle 2015). Numerous other techniques 
such as laparoscopic, thoracoscopic, endoscopic, laser surgeries and cryo-based 
surgeries have found success in managing different types of cancer (DeSantis 
et  al. 2014). Chemotherapy is effective in controlling various types of cancer, 
including breast cancer, lymphoma, myeloma, sarcoma, lung cancer, leukemia, 
etc., by administration of drugs such as antitumor antibiotics (daunorubicin, epi-
rubicin, mitomycin C), corticosteroids (prednisone, dexamethasone, methylpred-
nisolon, etc.), topoisomerase inhibitors (topotecan, teniposide, etc.), alkylating 
agents (mechlorethamine, streptozocin, busulfan), antimetabolites (floxuridine, 
5-fluorouracil, etc.), and many mitotic inhibitors (epothilones, taxanes). Various 
noticeable immunotherapeutic cancer drugs have been developed in the field of 
nanotheranostics. These drugs boost the immune system to fight the tumor cells 
(such as PD-1, CD244, CD160, CTLA-4, VISTA, and BTLA) (Baksh and Weber 
2015). Anti-PD-1 antibodies like nivolumab, pembrolizumab, and pidilizumab are 
used to treat head and neck carcinoma, renal cell carcinoma, melanoma, and lym-
phoma (Moreno et al. 2015). Recent advancements in radiotherapy, such as image 
guided radiotherapy (IGRT), intensity modulated radiotherapy (IMRT), and four-
dimensional conformal radiotherapy (4D CRT), boost their activities in the treat-
ment of the progression of breast, prostate, neck and head cancers (Moreno et al. 
2015). Recently, another development in cancer therapeutics is the use of the RNA 
interference (RNAi) technology. In RNAi technique cellular proteins that are 
responsible for neoplasticity are targeted to prevent malignancy. Different 
approaches are introduced in this field including micro RNAs (miRNA), small 
interfering RNA (siRNA), and short hairpin RNAs (shRNA). Micro RNAs (miR-
NAs) are also used for both prognosis and therapy in cancer (Bucci et al. 2005). 
For instance, antisense miRNAs antagomiRs are used to disrupt the RNA-induced 
silencing complex (RISC) (Bertoli et al. 2015) and miRNA sponges are used to 
silence miR-9 to inhibit metastasis (Conde et al. 2015). Small interfering RNA 
(siRNA) is used to treat myeloid leukemia by blocking mRNA translation (Ma 
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et al. 2010). Short hairpin RNA (shRNA) is used to treat myeloma in inhibiting 
the translation of overexpressed proteins, which are responsible for drug resis-
tance (Lee et al. 2015). Despite the significant progress in cancer therapeutics, the 
side effects caused by chemotherapy are not mitigating. It includes hair loss, diar-
rhea, constipation, osteoporosis, premature ovarian failure, infertility, and certain 
viral infections caused by herpesviridae (Landry et al. 2015; Gibson and Keefe 
2006; Keidan et  al. 1989; Elad et  al. 2010; Lee et  al. 2012a). Likewise, radio-
therapy also has its adverse effects including nausea, gastric pain, heart diseases, 
gastrointestinal lesions, and other conditions (Brydøy et al. 2007; Carretero et al. 
2007; Lee et al. 2012b). However, RNAi-based therapies are less problematic, yet 
their stability and functional efficiency are more compromised as compared to 
other conventional therapies.

For developing a targeted chemotherapy, effective diagnosis of tumors is 
required. Usually, a computed tomography (CT) scan, magnetic resonance imaging 
(MRI), ultrasound, nuclear scan, X-ray, and most essentially biopsy (Jagasia et al. 
2015) are performed for this purpose. In recent years, different kinds of tumor 
markers are used for cancer diagnosis. Many kinds of tumor markers are available 
including carbohydrate antigen 19-9 (CA19-9) and carcinoembryonic antigen 
(CEA) for cholangiocarcinoma diagnosis (Ramage et al. 1995), uPA/PAI1 for breast 
cancer (Weigelt et al. 2005), b2-microglobulin (B2M) for chronic lymphocytic leu-
kemia, multiple myeloma, ALK gene rearrangements in non-small cell lung carci-
noma, human chorionic gonadotropin, (HCG), a-fetoprotein, OCAA/OCAA-1, and 
pregnancy-zone protein (PZP) for ovarian cancer (Kulke et al. 2011).

There are still numerous limitations to these diagnostic strategies. For example, 
the CT scans are quite unresponsive to smaller tumors (Whitlock et al. 2008), and 
the use of ultrasounds in early cancer detection is restricted due to low-contrast 
resolution (Moon et al. 2015). MRI also has some limitations, such as high costs, 
interval in quantitation, deficient delivery of contrast agents, and lack of intraopera-
tive image acquisition (Koo et al. 2006). Though the molecular biomarkers have 
high potential in cancer diagnosis, yet they are still not reliable in determining the 
complications at the molecular level that drive tumor growth (Zhang et al. 2014).

The abovementioned treatments and diagnostic modalities have helped in 
improving (to some extent) the current dreadful scenario of cancer treatment. Latest 
clinical practices are generating a considerable shift in their functional paradigms—
from conventional therapies to a personalized therapy model based on molecular- 
level diagnosis. Approaches that are more sophisticated are in need to be developed 
to selectively target tumor cells with more effective therapeutic efficacy and less 
toxicity. One such arena that has come to the forefront in this regard is the field of 
nanotheranostics.

Q. Ul Ain



217

10.3  Smart Nanotheranostics in Cancer Therapeutics

“Theranostics” refers to concurrent combination of diagnosis and therapy. The term 
is derived from thera(py) + (diag)nostics to combine the two fields for advanced 
applications (Funkhouser 2002). Nanotheranostic  is the term that complies to 
develop new nanomedicine strategies using smart nanomaterials such as polymer 
conjugations, carbon nanotubes, dendrimers, liposomes, and micelles, and biode-
gradable polymers for sustained, controlled, and targeted co-delivery of diagnostic 
and therapeutic agents. The whole idea behind the development of nanotheranostics 
is to diagnose and treat the diseases as early as possible (Fig. 10.1)

Conclusively, nanotheranostics are considered as highly suitable systems for bet-
ter understanding of various important aspects of the drug development and delivery 
systems. These nanotheranostic systems also have the potential to contribute toward 
“personalized medicine,” with more effective and less toxic therapies for individual 
patients.

Smart nanotheranostic systems are composed of different types of smart nanoma-
terial agents such as smart magnetic nanotheranostic agents, smart gold nanother-
anostic agents, smart graphene nanotheranostic agents, smart silica nanotheranostic 
agents, smart lipid and polymer nanotheranostic agents, and smart protein-based 
nanotheranostic agents (Fig. 10.2).

10.3.1  Smart Magnetic Nanotheranostic Agents

Magnetic NP-based smart nanotheranostics have their magnetic and biocompatible 
properties and it makes them ideal candidate for MRI.  Superparamagnetic iron 
oxide nanoparticles (SPIONPs), commonly called magnetite and maghemite, are 
most frequently used iron oxide nanomaterial agents (Xie et al. 2011). The main 
limitation in the use of magnetic nanoparticles is their poor hydrophilicity and intra-
cellular aggregation. To overcome this issue, hydrophilic polymers are usually 
added to the nanocrystal surface. Various polymers have been studied well for this 
purpose, including polyaniline, dendrimer, polyvinyl pyrrolidone, and dextran.

Poly (acryl amide) (PAA) has been used to co-encapsulate a lipophilic dye and 
taxol within hydrophobic pouches, resulting in a smart theranostic nanocarrier for 
both fluorescence and MR-based imaging of drug delivery in cancer patients. 
Furthermore, in a study foliate was conjugated onto PAA-iron oxide nanoparticles 
(IONPs) to directly target cancer cells with overexpressed foliate receptors. Later 
on, their work showed that incorporating polymer could decrease the water solubil-
ity problem of magnetic nanoparticles (Santra et al. 2009).

In another study, three polymers, namely N-isopropylacrylamide (NIPAAM), 
acrylic acid, and PEG methacrylate were used to surround the superparamag-
netic IONPs to generate smart thermosensitive nanotheranostic agents. 
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N-Isopropylacrylamide (NIPAAM) worked as a temperature-sensitive polymer; 
acrylic acid enhanced the conjugation to iron surface and PEG methacrylate pro-
vided a stealth coating and increased the circulation time and enabled the reac-
tive groups for folic acid coupling (Rastogi et al. 2011).

Amphiphilic polymers that have both hydrophilic and hydrophobic characteristics 
and are easier to use instead of using three polymers for individual functionalities are 
also available. For instance, pluronic F127, nonionic triblockcopolymer, is composed 
of a central hydrophobic chain of polyoxypropylene (poly [propylene oxide]) flanked 

Fig. 10.1 Schematic illustration of smart nanotheranostics for cancer treatment. Almost all smart 
nanotheranostic agents carry nano-size, a therapeutic agent, a diagnostic agent, targeting ligand, 
and an anti-fouling agent
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by two hydrophilic chains of polyoxyethylene (poly [ethylene oxide]). Along with 
β-cyclodextrin it was coated onto the magnetic NPs and hence yielded an efficient 
encapsulation with smaller particle size, higher drug-loading efficacy, lower protein 
binding, and superior uptake of particles in cancer cells (Yallapu et al. 2011).

10.3.2  Smart Gold Nanotheranostic Agents

Smart gold nanotheranostic agents have both diagnostic and treatment potential for 
cancer (Wang et al. 2012). The most attractive characteristic of gold nanomaterials 
(GNMs) is their tunable optical property that facilitates the localized surface plas-
mon resonance (LSPR). By modifying the morphology of gold nanomaterials, the 
LSPR of gold nanomaterials can be adjusted. Gold (Au) NPs, nanoshells, nanorods 
(AuNR), and nanocages display unique optical and thermal properties, which turns 
the gold nanomaterials to be used as potential theranostic agents (Choi et al. 2012). 
In a study, layered double hydroxide-gadolinium/gold (LDH-Gd/Au) nanocompos-
ite has been developed for CT/MRI dual-modality imaging and anticancer therapy 
(Wang et al. 2013). These nanocomposites displayed high loading capacity for non- 
anionic anticancer drug DOX and the loaded DOX had pH-responsive drug release 
at acidic tumor microenvironment. Even though these properties of gold nanomate-
rials are quite fascinating to tune them as smart theranostics, they also have disad-
vantages, such as high production cost and stability in natural physiological 
conditions (Xie et al. 2010). More stable surface chemistry of gold nanomaterials is 
critically required for their clinical translation and applications.

Fig. 10.2 Schematic illustration of chemical-based classification of nanocarriers used in smart 
nanotheranostic delivery systems
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10.3.3  Silver-Based Smart Nanotheranostic Agents

Conjugation of silver nanoparticles (AgNPs) with biomolecules and chemotherapeutic 
drug molecules via non-covalent or covalent bonds has raised the issue of their cyto-
toxicity in vitro. More biocompatible bio-synthesized silver nanoparticles have been 
synthesized from biomaterials by reduction of silver nitrate (AgNO3) with multifunc-
tional properties of fluorescence imaging and targeted drug delivery (Kateb et  al. 
2011). These bio-synthesized silver nanoparticles can be used as smart nanotheranos-
tic agents in cancer diagnosis and therapy (Mukherjee et al. 2014). However, their poor 
in vivo biocompatibility is the main constraint that holds back silver nanoparticles 
from their application in cancer diagnosis and therapy. However, this problem can be 
solved by capping silver nanoparticles with stem latex from Euphorbia nivulia, a 
medicinal plant. These nanoparticles are found to be biocompatible yet cytotoxic 
against human lung carcinoma cells (A549) (Kateb et al. 2011).

10.3.4  Smart Graphene Nanotheranostic Agents

Graphene is a two-dimensional layer of sp2-bonded carbon that has tremendous 
applications in nanotechnology (Novoselov et al. 2005). In recent years, graphene 
oxide (GO)-based smart nanotheranostic agents have gained substantial attention 
due to its unique physical properties such as colloidal stability, large surface area, 
easy surface modification, as well as better electrical and mechanical properties that 
are not very common in other nanotheranostic materials (Draz et  al. 2014). 
Graphene-based smart nanotheranostic agents can do image-guided removal of 
tumor by synergistic photothermal therapy (PTT). Graphene nanosheets can 
enhance apoptosis in CD44+ KB carcinoma cell lines by using NIR imaging (Miao 
et al. 2015). Dendrimer-grafted nano-graphene oxide conjugated with gadolinium 
(Gd-NGO) with positive charge on their surface can carry the negatively charged 
miRNA, thereby forming Gd-NGO/miRNA complexes for anti-neoplastic action. 
Gd-NGO can also effectively carry the chemotherapeutic agent, epirubicin (EPI). 
Simultaneous conjugation of both miRNA and epirubicin with Gd-NGO (GdNGO- 
miRNA- EPI) also worked synergistically for the inhibition of glioblastoma growth 
in comparison with the individual conjugates (Cao et al. 2017). GdNGO-miRNA- 
EPI were also quite effective as contrasting agent for tracking the site of drug deliv-
ery and quantitative analysis through MRI. Graphene oxide-iron oxide nanoparticles’ 
(GO-IONPs) nanocomposites thus constitute well-reported agents for multimodal 
imaging, photothermal therapy, and drug delivery (Yang et al. 2012; Ma et al. 2012). 
Graphene oxide-gold nanoparticle’s GO-AuNP composites also showed significant 
results in phototherapy (Zedan et al. 2012).

Furthermore, graphene oxide-gold-iron oxide nanoparticle’s (GO-Au-IONP) 
assemblies enhanced the optical absorbance and superparamagnetic and photo- 
thermal therapeutic potential in NIR laser irradiation therapies observed by both 
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X-ray imaging and MRI (Shi et  al. 2013). Phthalocyanine (Pc)-dendrimer-based 
low-oxygen graphene nanoparticles (Pc-LOG-NPs) have shown both functionalities 
of being photodynamic (Pc-dendrimer) and photothermal (LOG) in the treatment of 
ovarian cancer. The Pc-LOG nanoparticles can visualize the unresected cancer cell’s 
margins and ablate the cancerous cells via PTT (Taratula et al. 2015).

10.3.5  Smart Silica Nanotheranostic Agents

Higher surface area, firm siloxane chemistry, and distinct tunable nanostructures 
allow effective fabrication of SiNPs according to the desired surface for theranostic 
applications (Wang et  al. 2012). Silica nanoparticles are commonly classified as 
solid silica nanoparticles and mesoporous silica nanoparticles (MSNs). Sol-gel syn-
thesis and microemulsion techniques have been employed to prepare silica-based 
nanoparticles for their theranostic applications (Vivero-Escoto and Huang 2011). 
Mesoporous silica-based smart nanotheranostics have been loaded or encapsulated 
with a wide range of imaging molecules, targeting agents (such as superparamag-
netic iron oxide nanoparticles, and Gd complexes for MRI imaging), and chemo-
therapeutic drugs like Camptothecin, Doxorubicin, and Paclitaxel (He et al. 2012). 
Development of trifunctionalized MSNs for smart nanotheranostic application was 
synthesized by combining the imaging, targeting, and therapeutic agents as one 
single-particle platform, which showed exceptional targeting of human glioblas-
toma cells and negligible collateral damage with strong therapeutic effects (Chen 
et al. 2013).

10.3.6  Smart Lipid-Based Nanotheranostic Agents

Liposomes are one of the most extensively studied nanomaterials for cancer thera-
peutics. These liposomes are developed from lipids containing a lipophilic tail and 
hydrophilic head group that at once form spheres at their critical concentrations 
(CMC) (Kirschbaum and Baeumner 2015; Kumar et  al. 2012). Liposomes are 
spherical vesicles with outer phospholipid bilayers encircling aqueous compartment 
(Cheng et al. 2010).

Currently smart nanotheranostic liposomes are developed by multimodal imag-
ing agents like radioisotopes, fluorescent probes and magnetic nanoparticles or 
quantum dots (QDs). Applications of smart nanotheranostic liposomes in the cancer 
diagnosis have been reportedly done by utilizing positron emission tomography 
(PET) imaging, magnetic resonance imaging (MRI), near-infrared resonance (NIR) 
fluorescent imaging, and single-photon emission computed tomography (SPECT) 
(Sen and Mandal 2013). The imaging agents can be conjugated on the surface cova-
lently, loaded within the hydrophobic core.
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The therapeutic agents can be embedded in the lipophilic bilayer shell or encap-
sulated in the hydrophilic core and there is always the option of conjugating the 
molecular probe for targeting on the surface of liposomes. These multifunctional 
liposomes can have the high circulation time in the blood and can evade host 
defenses and can concurrently facilitate in vitro or in vivo imaging (Muthu et al. 
2012). Gadolinium-based liposomes worked quite efficiently as smart nanother-
anostics and delivered promising results (Li et al. 2012).

10.3.7  Smart Micelle-Based Smart Nanotheranostic Agents

Micelles are evolving as powerful and multifunctional platforms to be used as smart 
theranostic delivery systems in cancer treatment (Kumar et al. 2012). Micelles are 
nanosized spherical structures, composed of self-assembled amphiphilic block 
copolymers in the form of a core/shell structure in aqueous media. A multifunc-
tional micellar (cRGD-DOX-SPIO micelles) was developed by conjugating a tar-
geting ligand, doxorubicin (DOX), and an MRI-visible agent. 
Polyethyleneglycol-polylacticacid (PEG-PLA) was used to develop the core of 
micelle, and a cluster of superparamagnetic iron oxide nanoparticles (SPIO) were 
loaded into these cores where as cRGD ligand was used as targeting agent on the 
micelle surface. This multifunctional smart nanotheranostic micelles showed higher 
targeted uptake of drug in vitro in endothelial tumor cells (Sailor and Park 2012).

10.3.8  Smart Polymer and Dendrimer-Based Nanotheranostic 
Agents

Polymeric nanomaterials have well-studied physiochemical prosperities which 
make them biocompatible, versatile, and multifunctional for theranostic applications 
in cancer treatment. Many polymeric materials have been used in cancer treatment 
to enhance their circulation time, anticancer efficacy, increased stimuli-responsive 
drug release and targeted delivery. Currently, some of these polymer-based smart 
nanotheranostic agents are in different stages of clinical development.

A multifunctional polymer-based nanotheranostic platform has been developed 
in which the hydrophobic therapeutic agent (doxorubicin) was co-encapsulated 
along with hydrophobic superparamagnetic nanocrystals or hydrophobic quantum 
dots and a folate group was attached on the surface of the polymeric nanoparticles 
to target folate receptors on cancer cells (Sailor and Park 2012). Another example of 
polymeric nanotheranostics was presented by loading poly hydroxypropyl meth-
acrylamide (HPMA) copolymers with Cu-64 (an intrinsic theranostic agent) and 
cRGD as targeting ligand to target tumor angiogenesis. These smart  nanotheranostic 
particles showed much better accumulation of Poly(HPMA)-c(RGD)-64Cu in 
tumor sites after systemic injection (Yuan et al. 2013).
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Like polymeric nanotheranostics, dendrimer-based nanotheranostics have also 
been developed due to their distinctive characteristics such as a single dendrimer 
can be used as a dais for both imaging and targeting agents to identify cancer cells 
(Wolinsky and Grinstaff 2008; Fernandez-Fernandez et al. 2011). These exclusive 
characteristic advantages have been employed in different studies. For example, 
poly (amido amine) (PAMAM) generation five dendrimer (with a diameter of 
around 5 nm and more than 100 functional primary amines) was conjugated on the 
surface of ethylenediamine core. These dendrimer-based smart nanotheranostics 
have the potential to be used for imaging, targeting, intracellular drug delivery, and 
covalent attachment to folic acid. This multifunctional smart nanotheranostics 
showed 100-fold higher cytotoxicity than free anticancer drug (Zhang et al. 2008).

10.4  Conclusion and Future Perspectives

Nanotheranostics represents the advancement of multidisciplinary nanoscience 
including chemistry, biology, material science, medical physics, electromagnetics, 
and oncology. Nanotheranostics have been developed so that diagnostics and thera-
peutics can work side by side. High impact development is conceivable in this field 
due to their multiple functionalities (Bardhan et al. 2011). Hopefully in near future 
nanotheranostics will enter in the clinical trials and soon will become the norm 
rather than the fiction (Janib et al. 2010). Further innovation of smart nanotheranos-
tics by using multiple imaging agents is expected in the future with more trustwor-
thy and reproducible procedures to attain better therapeutic efficacy and to be scaled 
up to production levels (Mitra et al. 2012).

Smart nanotheranostic platforms with their exclusive ability for simultaneous 
imaging and treatment are the ray of hope toward the development of effective can-
cer therapy. Nevertheless, a number of challenges confront the developers before 
the translation of these nanotheranostics to the clinical application. These limita-
tions are quite difficult due to the lack of availability of physiologically relevant 
test-beds for designers. For the clinical translation of these smart nanotheranostics, 
biological aspects are much needed to be addressed and combined with their engi-
neering. The biological issues are very complex and can only be replicated by an 
in vivo set up. Majority of smart nanotheranostics are evaluated in vitro and very 
few have been tested for their in vivo efficacy. This shows either the lack of access 
to the relevant animal models or healthy collaborations with biological experts. This 
concludes the inactive broadcasting of the facts to the nanomedicine community, 
which can influence future of nanotheranostics. The complexity of cancer requires 
more interdisciplinary collaboration and experts of different specialties such as 
chemists and bioengineers, biologists and biochemists, pharmacologists and phar-
macists, experts on drug safety, statisticians, and physicians have to work together 
closely for clinical translation of smart nanotheranostics to achieve the solution for 
this fatal disease. At the same time, it is also vital that patients participate in clinical 
trials so that the findings could be translated into the medical standard of care.
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Chapter 11
Biosynthesized Metallic Nanoparticles 
as Emerging Cancer Theranostics Agents

Muhammad Ovais, Ali Talha Khalil, Muhammad Ayaz, and Irshad Ahmad

Abstract Cancer is considered as a great health challenge liable for outstripped 
demises worldwide. Currently it is treated mainly by chemotherapy and radiother-
apy. However, there is a perpetual demand for the development of novel therapeutic 
drugs to combat this devastating disease. In this regard nanomedicine can provide 
an alternative platform for its diagnosis and treatment but its conventional synthesis 
through physiochemical methods has several shortcomings like high cost, energy 
intensive, and toxicity concerns. Consequently, the green synthesis of biogenic 
metallic nanoparticles (MNPs) from plants provides an alternate paradigm which 
has been proved safer, eco-friendly, energy proficient, inexpensive, and less toxic in 
nature. Additionally, the green MNPs have multipurpose biomedical applications 
like drug delivery agents, anticancerous mediators, photothermal therapy, and bio- 
imaging. This chapter will provide ample information on the current status of green 
MNPs, its anticancerous mechanisms, and efficiency in cancer diagnosis. Other 
issues like polydispersity and toxicity are also highlighted. Keeping in view all of 
the challenges, the authors anticipate biogenic MNPs may contribute to shift the 
paradigm toward development of novel nanomedicine that can prove as biocompat-
ible theranostic agents in near future.
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11.1  Introduction

Cancer is a deadly disease initiated by mutations in genes that activate a sequence 
of events at molecular level, ultimately progressed to tumor formation. The hall-
marks of cancer development are a multistep process involving proliferative signal-
ing, circumvent growth suppressors, escaping cell death, facilitating replicative 
immortality, stimulate angiogenesis, invasion, and metastasis (Hanahan and 
Weinberg 2011; Hollstein et al. 2017). According to the current global statistics, 
GLOBOCAN has estimated the cancer incidence and mortality because of 36 dif-
ferent types of cancers among 185 countries. 18.1 million people have been diag-
nosed with cancer and 9.6 million cancer deaths with an emphasis on geographical 
inconsistency crossways 20 world constituencies (Bray et al. 2018). The global inci-
dence of cancer is expected to rise to 27.5 million by 2040 and 16.3 million cancer 
deaths due to diverse risk factors for instance smoking, unnatural diet, lack of exer-
cise, and less pregnancies (WHO 2017). According to a current report on cancer 
prevalence and death patterns in Europe 3.91 million new cases of cancer have been 
projected with 1.93 million demises. Lung, colorectal, breast, and pancreatic can-
cers are the major causes of death in EU-28 with estimated new cases of cancer in 
males (1.6 million) and females (1.4 million) (Ferlay et al. 2013).

The iMShealth Institute for Healthcare Informatics has published a report on the 
global market for cancer which is tremendously increased to a highest level of 
US$107 billion in 2015, and is expected to reach US$150 billion by 2020. Highest 
prevalence of cancer can be observed in high-income countries (HIC) (Hao et al. 
2010) as compared to low- and middle-income countries (LMIC). The lung, colorec-
tal, breast, and prostate cancer incidence rate is very high in HIC whereas stomach, 
liver, esophageal, and cervical cancer is prevalent in LMIC. Though cancer preva-
lence is high in HICs, the mortality rate is plateauing or declining now in many 
cancers due to diminishing identified risk factors, early detection and screening, and 
better treatment process (Torre et al. 2016). Generally, the cancer incidence is caused 
by some external or internal factors. The external factors comprise an exposure to 
chemicals, radiations, or viruses. For instance, the workers who are unprotected 
from the toxic chemicals and ionizing radiations have a more chance of getting can-
cer (Manzoor et al. 2016). The internal factors responsible for cancer development 
include hormonal disturbance, mutagenesis, and weak immune conditions which 
might work in a chronological order to activate or promote the process of carcino-
genesis (Anand et  al. 2008). For cancer treatment different types of therapeutic 
approaches can be adopted like radiotherapy, chemotherapy, immunotherapy, 
 photodynamic therapy, cancer vaccinations, surgery, and stem cell transformation; 
however, these therapies alone or in combination are accompanied by severe side 
effects. These side effects comprise toxicity, non-specificity, constrained 
 bioavailability, debauched clearance, and constraint metastasis (Lim et  al. 2011; 
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Patra et al. 2014; Mukherjee and Patra 2016). Many chemotherapeutic drugs have 
been reported to cause different types of toxicities; e.g., 5-fluorouracil is a common 
chemotherapeutic agent but allied with myelotoxicity, cardiotoxicity, gastrointesti-
nal disorders, mucositis, myelosuppression, hand–foot syndrome, and the shrinking 
of blood vessels (Macdonald 1999; Boilève et al. 2019). Similarly, another antican-
cer drug (Doxorubicin) is concomitant to renal toxicity, cardiotoxicity, and 
 myelotoxicity (Avilés et al. 1993; Farzanegi et al. 2019). The bleomycin and cyclo-
phosphamide have been reported to cause cutaneous toxicity, and lungs toxicity and 
bladder toxicity, respectively (Adamson 1976; Fraiser et  al. 1991; Andersen 
et al. 2019).

Keeping in view the limitations of currently available anticancer agents, in this 
chapter, we have provided the readers new outlook on the biosynthesis of metallic 
nanoparticles. We believe that this innovative approach will contribute to explore 
new avenues in order to develop potential biogenic agents for the effective cancer 
treatment with trivial side effects.

11.2  The Interface of Nanotechnology, Biological 
Constituents and Cancer

Nanotechnology is considered as the sixth revolutionary technology of the millen-
nium after industrial, nuclear energy, green, information technology, and biotech-
nology revolution (Manimaran 2015). During the last several years tremendous 
developments have been accomplished in the synthesis of metallic nanoparticles 
(MNPs) and their valuable applications in different arenas of biological sciences 
including food, agriculture, engineering, electronics, biomedical instruments, cos-
metics, and medication. The MNPs have obtained significant position due to their 
explicit physicochemical properties and diverse industrial uses (Slavin et al. 2017; 
Khan et al. 2017; Ovais et al. 2018a; Khalil et al. 2018a).

Previously, MNPs have been synthesized by the classical physicochemical meth-
ods which are facing the problems of low yield, costly, and unsafe due to the asso-
ciation of harmful chemical compounds coated by the outer surface of MNPs which 
possess adverse side effects in the biomedical applications. Considering these 
apprehensions, various research groups have now focused on the synthesis of MNPs 
by using biological constituents which are safe, cost-effective, biocompatible, and 
environment friendly (Mukherjee et al. 2013, 2015; Patra et al. 2015; Ovais et al. 
2018b; Hameed et al. 2019). Moreover, the bioinspired MNPs are synthesized and 
scaled up easily with proper morphologies and higher biocompatibility that com-
pelled researchers to utilize such resources as nanofactories (Baker et  al. 2013; 
Singh et al. 2015). Different types of microorganisms (bacteria, yeasts, and fungi) 
and plant extracts have been used for the synthesis of MNPs (Patra et  al. 2014; 
Kumari et al. 2017). The synthesis of these MNPs does not require any additional 
capping or stabilizing agents as the biomolecules of the microorganisms and plants 
can accomplish this task themselves (Shah et al. 2018).
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Due to the adverse side effects and other limitations of the currently available 
anticancer agents, novel strategies need to be developed for better cancer treatment. 
Nanomedicines are considered as an exciting area for the cancer therapy (Iqbal et al. 
2018). Due to the significant progress in research on medicinal plants and nano-
technology, there is a hope for the cancer patients to use safe and economical 
 nanomedicine in the near future (Mukherjee et al. 2012; Ovais et al. 2016, 2017). 
Many research groups are now actively involved in the cutting edge research on the 
synthesis of multifunctional green MNPs for cancer treatment (Bhaumik et al. 2015; 
Singh et al. 2015). These green MNPs will take place in the classical cancer thera-
pies due to their targeted and site-specific activity. These characteristics enhance the 
efficacy of the drug, as the MNPs can dodge immune responses and cross the imper-
meable membranes (Burda et al. 2005), thus considered as valuable tool to combat 
cancer. Due to the rational existence of free electrons in the transmission band, 
MNPs carry surface plasmon resonance in UV-visible regions determined by dielec-
tric constant, size and particle surrounds the band shift (Tessier et al. 2001; Burda 
et al. 2005). Additionally, MNPs possess distinctive characteristic, i.e., the absor-
bance of the wavelengths which provides significant information regarding their 
sizes, shapes, and interparticle features (Mulvaney 1996). Due to the dynamic fea-
tures, MNPs are considered to play a significant role by providing enhanced target-
ing, gene silencing, and as drug delivery agent in cancer therapy. The functionalized 
MNPs carrying targeted molecules comprise control energy released at the tumors 
site. MNPs can also be used as a diagnostic tool for cancer cell imaging. Within a 
short time, the biocompatible and functionalized MNPs will modernize cancer 
treatment and management (Sharma et al. 2018).

11.3  Synthesis of MNPs via Biological Resources

Various physical and chemical methods are employed to synthesize NPs. The 
chemical methods involving the use of chemicals as reducing agents are often asso-
ciated with undesirable effects, including biocompatibility issues and environmen-
tal hazards. A recent approach is green or biogenic synthesis, whereby various 
natural sources including plants, algae, fungi, yeast, and other microorganisms are 
used as reducing agents (Rahman et al. 2019). Among these, plant-mediated syn-
thesis of biogenic NPS has got more significance and emerged as a separate disci-
pline called phytonanotechnology. Plant-mediated synthesis of NPs has got several 
advantages over the other techniques since it is rapid, less expansive, biocompati-
ble, and devoid of environmental hazards. A general schematic diagram is pre-
sented in Fig 11.1.

Synthesis of biogenic NPs using plants involves the incubation of plant extracts 
with solution of metal salts like silver nitrate. In the first step, reduction of metals 
take place (i.e., Ag+ to Ag0) followed by agglomeration and stabilization leading to 
formation of colloidal NPs as clusters (Park 2014; Duan et  al. 2015). The first 
 evidence of the formation of AgNPs is the change in the color of metal salt and 
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extract mixture from colorless to dark brown. During synthesis of biogenic NPs, 
several parameters need optimization, including concentration of metal salt and 
extract solutions, temperature, pH, and incubation time. These factors have major 
effect on physicochemical properties of the NPs, including resultant size, shape, and 
stability (Kumar et al. 2012; Ovais et al. 2016). For instance, synthesis of AgNPs is 
possible at various pH and temperature ranges, yet pH 7 and room temperature 
(25 °C) are considered as the optimum pH-temperature conditions for spherical and 
small size AgNPs with ideal biological properties (Iravani and Zolfaghari 2013).

Among other natural reducing agents are included isolated chloroplasts, 
 microalgae, and other microbes. The NPs synthesized via microalgae were eco-
friendlier and scalable with prolog fabrication of metallic NPs (Dahoumane et al. 
2017). The exact mechanism involved in these processes is not understood, but 
microbial enzymes are known to be implicated in the biogenic synthesis (Ovais 
et al. 2018a ).

Fig. 11.1 A schematic of generic steps in biosynthesis of metal nanoparticles
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11.4  Biogenic MNPs for Cancer Theranostics: A Mechanistic 
Approach

Numerous mechanisms have been proposed for the anticancer potentials of bio-
genic nanoparticles, predominantly activation of caspase and mitochondrial- 
dependent apoptotic pathways. Other mechanisms include liberation of reactive 
oxygen species (Giljohann et al. 2010), sub-G1 cell cycle arrest, upregulation of 
p53 protein and capase-3 expression, pH-reliant liberation of Ag ions, and inhibi-
tion of vascular endothelial growth factor (VEGF)-mediated proliferative functions 
(Ovais et al. 2016, 2017). A general mechanism of nanoparticles mediated toxicity 
is indicated in Fig 11.2.

11.4.1  Liberation of Reactive Oxygen Species

Studies have linked the anticancer potentials of biosynthesized AgNPs with their 
capacity to liberate ROS (O2

−, H2O2) which effect several vital signal transduction 
pathways implicated in the activation of apoptosis (Zhang et al. 2013; Minai et al. 
2013; Mukherjee et al. 2014). Superoxide elevated level effects respiration  uncoupling 

Fig. 11.2 General mechanism of nanoparticle-mediated toxicity toward cancer cells
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and mitochondrial transmembrane potentials (Garrido et al. 2006). Various drugs by 
the virtue of their ability to liberate superoxide radicals exhibit strong anticancer 
properties (Velayutham et al. 2005). In summary, biogenic AgNPs generate ROS, 
thus causing apoptosis and cell death.

11.4.2  Upregulation of p53 Protein and Caspase-3 Expression

B16 cells treated with biogenic AgNPs have been shown to upregulate p53 protein 
and active caspase-3 expression using western blotting (Mukherjee et al. 2014). The 
potentials of AgNPs to trigger p53 upregulation via activation of apoptotic path-
ways and subsequent cellular death are well established now (Amaral et al. 2010; 
Mei et al. 2012). In a study, Gurunathan and coworkers (2013) reported that Ag ions 
released from AgNPs cause activation of caspase-3 and ultimate increase in oxida-
tive stress and cellular damages (Gurunathan et al. 2013). Furthermore, the acidic 
tumor microenvironment aids in the liberation of phytoconstituents from AgNPs 
that augment its anticancer potential (Mukherjee et al. 2014).

11.4.3  Sub-G1 Arrest and Cancer Suppression

The cell cycle assay using fluorescence-activated B16 melanoma cancer cells treated 
with biogenic AgNPs show that the treated cells undergo apoptosis, potentially 
mediated by sub-G1 arrest (Mukherjee et al. 2014). The induction of apoptosis in 
cancer cells accumulating sub-G1 DNA was confirmed by Beach and coworkers 
(Beach et al. 2011). Further studies conformed the association between enhanced 
malignant cell population in sub-G1 phase and activation of caspase-3, an apoptotic 
protease responsible for initiation of apoptosis (Mao et al. 2004). Further, curcumin 
treatment of cancer cells causes sub-G1 phase arrest, indicating a direct relation 
between sub-G1 phase arrest in cancer cells and apoptosis (Chang et  al. 2011). 
These evidences suggest that death in biogenic NP-treated cancer cells might be 
linked with rise in sub-G1 phase cancer cells, a phenomenon highly related to 
induction of apoptosis.

11.4.4  pH-Reliant Liberation of Ag Ions and Cancer Cells 
Death

Studies suggests that liberation of Ag ions from biogenic AgNPs is responsible 
for the cancer cell death, and cell death is dependent on concentration of Ag ions 
in various cell type of cell lines (Gurunathan et al. 2013; Mukherjee et al. 2014). 
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As release of Ag from NPs is pH dependent, high concentrations of silver ions are 
released in acidic pH with consequent high anticancer activity of these biogenic 
AgNPs at acidic environment (Tannock and Rotin 1989). A positive correlation 
between releases of Ag ions with acidic pH has been reported. Biogenic AgNPs 
incubated overnight at pH 5 (acidic) and at 7.4 (physiological buffer) suggested 
that Ag ions’ release was twice high at acidic pH as compared to buffer environ-
ment. Percent lethality of cancerous cells were high in comparison to normal cells, 
which further strengthen the argument of pH-dependent Ag release and selective 
death (Mukherjee et  al. 2014). Moreover, ROS generation by Ag ions at acidic 
environment might be another possible mechanism of pH-dependent cellular death 
(Asharani et al. 2008).

11.4.5  Inhibition of VEGF-Mediated Functions

Biogenic AgNPs have been reported to possess significant anti-angiogenic poten-
tials in some major pathways for arresting tumor growth. Biogenic AgNPs exhibited 
anti-angiogenic potential by inhibiting vascular endothelial growth factor (VEGF)-
mediated cell proliferation and inhibition of new blood vessel formation in tumor 
microenvironment. It was reported that using porcine retinal endothelial cells 
 inhibits the VEGF-prompted vascular permeability mediated via Src pathway or 
proto- oncogene tyrosine-protein kinase. Another study reported the inhibition of 
VEGF-mediated cell proliferation via PI3K/Akt pathway. It is an intracellular sig-
naling pathway important in regulating the cell cycle. Saliva officinalis-mediated 
biogenic AgNPs were reported to possess considerable anti-angiogenic properties

11.5  Challenges for Biogenic MNPs as Future Cancer 
Nanomedicine

Nanomaterials are in use of the human beings unknowingly since ancient times, but 
it’s the recent developments which are considered a hallmark in nanotechnology 
research (Rao and Gan 2015; Singh et al. 2016). For example, gold nanoparticles 
were used in staining glasses for decorative purposes by ancient civilizations 
(Giljohann et al. 2010), and now gold nanoparticles have demonstrated good results 
in the targeted delivery of methotrexate, doxorubicin, and paclitaxel, while also 
been used for detection of tumors, imaging, photothermal therapies, etc. (Rai et al. 
2016). The use of eco-friendly and green methods has become a cornerstone in the 
fabrication of metal nanoparticles because of several advantages. Among green 
methods, the use of medicinal plants for nanomaterials synthesis is highly preferred 
(Ovais et al. 2017). Usually biogenic methods are easy to perform, and the aqueous 
extracts of medicinal plants are biocompatible and devoid of generating toxic wastes 
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(Dauthal and Mukhopadhyay 2016; Ovais et  al. 2017; Khalil et  al. 2018b). The 
 process does not require high temperature or pressure while the phytochemicals 
perform a dual role of chelating as well as stabilizing the nanoparticles (Ovais et al. 
2016; Khalil et  al. 2017). Albeit their potential advantages, there remain some 
 concerns in the use of biogenic nanomaterials for biomedical applications, which 
needs to be addressed. Lack of homogeneity and reproducibility remains the most 
important questions to be solved in green chemistry methods (Dauthal and 
Mukhopadhyay 2016).

11.5.1  Polydispersity to Monodispersity

Obtaining monodispersed metal nanoparticles always remained a challenge and a 
major hindrance in the large-scale applications of the biosynthesized nanoparticles. 
The involvement of the diverse nature of phytochemicals in plant extracts is the 
reason for the polydispersity of biogenic metal nanoparticles (Ovais et al. 2016). 
Furthermore, variation in phytochemical content and nature of secondary metabo-
lites can be the subject of geographical and seasonal variations. Plant systems are 
exposed to diverse sorts of harsh conditions, which can alter the phytochemistry. 
Production of chemical entities are upregulated or downregulated depending on the 
conditions and environment (Khalil et al. 2018b). Such variations not only led to 
polydispersity but also indicate the need of obtaining a standardized raw material 
for the fabrication of nanoparticles. There are different optimization strategies that 
can be adopted to increase the monodispersity. One such method is increasing the 
concentration of the plant extracts used. In a recent report, Citrus paradise extracts 
were used for the biosynthesis of Au nanoparticles. Authors reported that the 
increasing concentration of extracts leads to more monodisperse nature of AuNPs 
(Silva-De Hoyos et al. 2018). With reference to the standardization issues and avail-
ability of raw materials, tissue culturing techniques can be useful, in which the 
plants can be propagated under constant conditions and their automation will lead 
to more uniform and standardized raw materials.

Considering advanced medical applications in which biogenic nanoparticles can 
be applied, it’s imperative to elucidate the mechanistic aspects as well as to exten-
sively characterize the nature of nanoparticles. While using aqueous extracts of 
plants as a reducing and stabilizing agent, it’s difficult to identify a particular chemi-
cal entity that has reduced and capped the nanoparticles. It’s difficult to use such 
nanoparticles for therapeutic applications such as drug delivery to specific site. The 
concept of uni-capped nanoparticles is getting popular and recently utilized. This 
concept extends from extracts to the specific isolated pure phytochemicals for the 
biosynthesis of nanoparticles. This method is already being reported to have 
improved the monodispersity of the nanoparticles. While synthesizing the Ag and 
Au nanoparticles through the aqueous extracts of Indian propolis, phytochemicals 
obtained from extracts (pinocembrin and galangin) indicated relatively monodis-
perse nature with uniform distribution for the pure phytochemical-based  nanoparticles 
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as compared to extracts (Roy et al. 2010). One another article reports higher stability 
for the Ag nanoparticles synthesized through reduction by pure phytochemical 
(β-sitosterol-d-glucopyranoside) isolated from Desmostachya bipinnata, as com-
pared to the Desmostachya bipinnata extracts reduced Ag nanoparticles (Ahmed 
et  al. 2014). Another method that can contribute in improving the uniformity is 
diafiltration. In conventional washing and centrifugation of the biogenic nanomate-
rials, large nanoclusters and impurities are often retained, which compromises the 
uniformity of the nanoparticles. Diafiltration has been recently described as an 
effective size-based separation technique which can be applied in biogenic synthesis 
(Sweeney et al. 2006).

11.5.2  Toxicological and Accumulation

Toxicity of the metal nanoparticles is a long-standing concern in the scientific com-
munity. Understanding the risks associated with the use of metal nanoparticles is 
important for deriving full-fledged advantages of nanotechnology. Although some of 
the metal nanoparticles like TiO2 and ZnO are considered being safe, but significant 
knowledge gaps exist, when it comes to evaluate the nature and toxicity of the metal 
nanoparticles. Mostly, the toxicity of nanomaterial is evaluated using cell culture-
based experiments, in which cellular density and number of preceding cell divisions 
can affect the toxicity. Cytotoxicity and DNA damaging potential is reported for a 
number of metal oxide nanoparticles, while their also exist contradictory reports as 
the method of synthesis, solubility, and concentration affect the behavior of nanopar-
ticles, and hence the results (Suresh et  al. 2013; Papavlassopoulos et  al. 2014). 
Various metal nanoparticles (CuO, TiO2, Fe2O3 and Fe3O4) when assessed for toxic-
ity in human A549 cells revealed more toxicity than their macroscale counterparts 
(Kim et al. 2010). Increased membrane permeability and elevated intracellular con-
centration of metal nanoparticles may progress to dysfunctional mitochondria in 
case of nanoparticles. Recently, biogenic selenium nanoparticles were reported ten 
times less toxic than the chemogenic selenium nanoparticles to zebra fish (Mal et al. 
2017). Similarly, de Lima et al. (2012) reviewed different studies on the toxicologi-
cal aspects of silver nanoparticles. Different literature indicated that the biogenically 
capped silver nanoparticles have reduced toxicity as compared to the AgNPs synthe-
sized through chemical method. In a recent article, silver nanoparticles were fabri-
cated using polysaccharide (Galactomannan) isolated from Punica granatum and 
their toxicity was evaluated in cancer cells. The biogenically stabilized silver 
nanoparticles showed excellent toxicity toward cancer cells, but indicated more 
compatibility toward normal cells as compared to AgNO3, which revealed drastic 
toxicity toward normal cells (Padinjarathil et al. 2018). In another study, the rham-
nogalacturonan gum obtained from Cochlospermum gossypium was used for the 
synthesis of silver nanoparticles and their compatibility studies on HeLa cells 
revealed cytotoxicity beyond 2.5 μg/mL (Kora and Sashidhar 2018). Similarly the 
biogenic selenium nanoparticles are less toxic than other forms of selenium like 
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selenite (Benko et al. 2012; Shakibaie et al. 2013; Wadhwani et al. 2016). In general, 
the smaller size of nanoparticles can lead to significant reactivity and enhanced tox-
icity (Kim et al. 2011), but the size of the particles is not the sole contributor to the 
toxicity of nanoparticles. Reduction in size increases the surface area and enhances 
the oxidation and DNA-damaging abilities (Karlsson et al. 2009). Generally, nano-
materials with size <100  nm possess the ability to penetrate the cell membrane, 
<40 nm can penetrate nuclei, and <35 nm can cross the blood brain barrier (Gliga 
et al. 2014). Such penetrations have the capacity to induce oxidative stress, genomic 
and mitochondrial DNA damage, and apoptosis. There is evidence of accumulation 
of the nanoparticles in the body tissues. Asharani et al. (2011) studied the effects of 
different metal nanoparticles capped with PVP on the development of Zebra fish 
embryos. It was found that the silver and platinum nanoparticles caused delayed 
hatching, dropped heart rate, and also manifested phenotypic changes like malfor-
mation of eyes or their absence while gold nanoparticles did not show any toxicity. 
The accumulation of nanoparticles in embryos was confirmed through the ICP-OES 
(inductively coupled plasma optical emission spectroscopy). In one of the studies, 
silver nanoparticles (10 nm) were found to be accumulated in the liver and gill tis-
sues (Scown et al. 2010). In a recent work of Lacave et al. (2018), zebra fish was 
studied after exposure to the silver nanoparticles and ions. It was observed that the 
silver ions were accumulated all over the body, while the silver nanoparticles were 
accumulated in gills, liver, and intestine. The hepatic transcriptome analysis initially 
indicated regulation of larger number of transcripts by the silver ions as compared to 
the silver nanoparticles; however, later on, silver nanoparticles induced significantly 
high number of transcripts. Hyperplasia and inflammation was also found in the gills 
of zebra fish after 6 months of exposure to the silver nanoparticles, which indicates 
the long-term adverse effects. There are other factors including synthesis methods, 
absence or presence of capping agents, nature of the capping agent, shape, and solu-
bility (Asharani et al. 2011; Panda et al. 2011; Sufian et al. 2017). Most of the metal 
nanoparticles have tendency to dissolve at body pH that results in increase of the 
intracellular metal ion concentration causing stressed condition (Sufian et al. 2017).

11.6  Conclusions

Cancer is a dreadful disease and among a leading cause of mortalities in the world. 
The present anticancer therapies like chemotherapy and radiotherapy are not only 
expensive but also possess side effects. In this regard, nanotechnology is considered 
as an array of hope for effective and selective killing of the cancerous cells from the 
body. The newly emerging area of nanobiotechnology has yielded impressive results 
in different studies. Extracts of medicinal plants can be used as a low-cost chelating 
and capping agents for the biosynthesis of metal nanoparticles, providing an eco- 
friendly, cheap, and safe route for the synthesis of nanoparticles. The field is still in 
its infancy, and needs extensive research and unique strategies to cope with issues like 
polydispersity in green chemistry-based synthesis. Uni-capped nanoparticles seem to 
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be the next big leap in green chemistry-based biosynthesis of metal nanoparticles. 
Considering the impressive results in vitro, these nanomaterials must be subjected to 
extensive in vivo studies to determine their toxicity, accumulation adsorption, etc. in 
the body. Once their safety is ensured, only then one can reap the therapeutic benefits 
of nanomaterials.
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Chapter 12
Superparamagnetic Iron Oxide 
Nanoparticles for Cancer Theranostic 
Applications

Dipak Maity, Ganeshlenin Kandasamy, and Atul Sudame

Abstract In the last few decades, superparamagnetic iron oxide nanoparticles 
(SPIONs—particularly magnetite (Fe3O4)/maghemite (Fe2O3) nanoparticles) have 
gained a great deal of attention in many biomedical applications, including mag-
netic targeting based cell isolation/sorting, tissue engineering, gene delivery, and 
magnetofection, due to their unique magnetic properties, excellent chemical stabil-
ity, biodegradability, and low toxicity as compared to other magnetic materials (for 
instance, Co, Mn, and Ni). But recently, SPIONs (in the form of ferrofluids—i.e., 
SPIONs dispersed in a carrier fluid) have become a highly promising candidate for 
their  use as therapeutic and diagnostic (theranostic) agents in cancer treatment 
applications such as magnetic fluid hyperthermia (MFH) and magnetic resonance 
imaging (MRI), respectively. However, the theranostic efficacies of the SPIONs (or 
ferrofluids) might alter due to the differences in their physicochemical/dispersibil-
ity/magnetic properties that are significantly impacted by their synthesis methods 
and their stabilization process. In this chapter, we have initially discussed the crystal 
structure/composition and different synthesis methods of the SPIONs. Then, we 
have described the role of the SPIONs in the formation of the ferrofluids along 
with their stabilization process via diverse interactions. Finally, we have discussed 
about their (1) intrinsic cancer theranostic applications of SPIONs such as magnetic 
fluid hyperthermia, magnetic resonance imaging, and magnetic nanoparticle-based 
drug delivery and (2) combined cancer theranostics applications including MRI as 
an adjuvant to fluorescence imaging, thermo-chemotherapy, thermo-radiotherapy, 
and thermo-immunotherapy.
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12.1  Introduction

Superparamagnetic iron oxide nanoparticles (SPIONs) are one of the most com-
monly used superparamagnetic nanoparticles (SPNs) and they are extensively 
investigated in various biomedical applications including drug delivery, magnetic 
fluid hyperthermia (MFH), magnetic resonance imaging (MRI), cell isolation and/
or sorting, gene delivery, and tissue engineering due to their unique magnetic prop-
erties, excellent chemical stability, biodegradability, and low toxicity as compared 
to other magnetic materials (for instance, Co, Mn, and Ni) (Odenbach 2002; 
Prashant et al. 2010; Merbach et al. 2013; Wang et al. 2013; Demirer et al. 2015; Li 
et al. 2016; Ali et al. 2016). Generally, the SPIONs have core-shell structures which 
are composed of the magnetite (Fe3O4) and/or maghemite (γ-Fe2O3) cores, and the 
non-magnetic organic/inorganic surface coatings (or surfactants) (Kumar and 
Leuschner 2005; Maity and Agrawal 2007; Issa et al. 2013; Kandasamy and Maity 
2015). The surfactants/surface coating molecules play an important role (along with 
the reactants during the synthesis process) in determining physicochemical proper-
ties (i.e., size, shape, surface charge, colloidal stability), and magnetic properties 
(magnetic susceptibility, saturation magnetization, superparamagnetic behavior) 
beside the purpose to protect the SPIONs from their aggregation/agglomeration. 
Moreover, the surface coating molecules enable them for effective surface function-
alization or bio-conjugation (by bearing suitable surface functional groups), to 
improve biocompatibility (by reducing toxicity) and also to enhance hydrophilicity 
(water dispersibility) so that the SPIONs could be efficiently used for their instanta-
neous biomedical applications (Liu et al. 2009; Mahmoudi et al. 2011).

Iron oxide-based magnetic nanoparticles are usually synthesized in the nano- 
dimensional regime—i.e., 1–100 nanometers (nm). In general, the large-sized mag-
netic particles display coercivity (Hc) and remanent magnetization (Mr) values due 
to their multi-domain structure ascribed to different crystallite orientations (as 
shown in Fig. 12.1). However, when the sizes of these particles are reduced to sub-
micron (i.e., nanometer) regime, the multi-domain structure will get modified into a 
single-domain structure, and the coercivity value increases to maximum. The 
reduced nanometer-size at which these particles possess a single-domain structure 
is determined as single-domain size with a specific critical radius (rc). For example, 
the rc values of single-domain Fe3O4 and γ-Fe2O3 nanoparticles are, respectively, 
calculated as ~30 and ~60 nm (Trohidou 2014; Li et al. 2017). Also, when the size 
of the magnetic particles is reduced further, these particles might possess “super-
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paramagnetism” and this reduced size is called as superparamagnetic size, usually 
in the range of 4–20  nm for Fe3O4/γ-Fe2O3 nanoparticles at room temperature 
(Ortega and Giorgio 2012). Herein, “superparamagnetism” indicates that the size- 
reduced magnetic nanoparticles display a robust paramagnetic nature with high 
saturation magnetization (MS) and magnetic susceptibility (χ) under the influence of 
an externally applied magnetic field. Moreover, these nanoparticles might lose their 
magnetization completely once the magnetic field is removed, which results in zero 
Hc and Mr.

Superparamagnetic iron oxide nanoparticles (SPIONs), especially magnetite 
(Fe3O4) nanoparticles, have an inverse spinal crystal structure composed of (1) both 
divalent iron (Fe2+) and trivalent iron (Fe3+) ions at octahedral sites and (2) one tri-
valent iron (Fe3+) ions at the tetrahedral sites—as shown in Fig. 12.2 (Bastow and 
Trinchi 2009). Herein, the total stoichiometric ratio of Fe2+ to Fe3+ ions is 0.5. 
Moreover, the crystal structure of maghemite (Fe2O3) nanoparticles is similar to that 
of magnetite nanoparticles (i.e., spinel structure); however, the only difference is 
that all the iron ions are in the trivalent state (i.e., Fe3+ ions). Besides, the oxygen 
anions (O2−) are arranged among the iron ions to form a close-packed array with 
cubic structure in both Fe3O4 and γ-Fe2O3 nanoparticles (Cornell and Schwertmann 
2004; Qiao et al. 2009). Usually, the magnetic moments in the SPIONs (magnetite/
maghemite) originate from the presence of unpaired 3d electrons in Fe3+/Fe2+ cat-
ions in their crystal structure. However, these cations are located far apart from each 
other to hinder their interaction (for magnetic moment formation). Nevertheless, an 
exchange coupling between the cations (Fe3+ and Fe2+ ions) is possible through the 
non-magnetic oxygen anions (O2−) which helps in the formation of the magnetic 
moments (Moskowitz 1991; Spaldin 2003; Tartaj et al. 2003; Liu et al. 2009; Thanh 
2012; Wu et al. 2015).

Fig. 12.1 Schematic 
representation of change in 
coercivity with the size of 
a magnetic nanoparticle)
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12.2  Synthesis Methods

SPIONs are one of the common magnetic nanoparticles approved by Food and Drug 
Administration (FDA) for usage in biomedical applications such as cancer thera-
peutics and/or diagnostics (theranostics) (Revia and Zhang 2016; Stephen et  al. 
2012). However, in-depth studies are required to use these SPIONs effectively in 
theranostic applications under clinical scenarios. Therefore, the researchers are fine- 
tuning the synthesis methods to obtain high-quality SPIONs with good colloidal 
stability, high magnetization, and narrow size distribution. The following are the 
major hydrolytic and non-hydrolytic synthetic chemical routes that are widely uti-
lized to synthesize high-quality SPIONs.

12.2.1  Hydrolytic Synthetic Routes

Hydrolytic synthetic routes are utilized as conventional routes to directly synthesize 
hydrophilic SPIONs, based on the chemical reactions among iron precursors in 
aqueous conditions. Besides, the SPIONs synthesized via hydrolytic methods are 
more appropriate for their instant biomedical applications. The major synthetic 

Fig. 12.2 Crystal structure representation of magnetite (Fe3O4) unit cell through ball-and-stick 
model. (Adapted from Bastow and Trinchi 2009)
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routes including coprecipitation, hydrothermal, microemulsion, and sonochemical 
methods are discussed for the synthesis of SPIONs as follows.

12.2.1.1  Coprecipitation Method

Coprecipitation method is an extensively used hydrolytic route to synthesize 
SPIONs, where the precipitation of iron oxide nanoparticles is made via chemical 
reactions between ferric/ferrous salts (nitrates/sulfates/chlorides/perchlorates) and a 
base (NaOH/NH4OH) under aqueous condition at slightly elevated temperatures 
(i.e., 40–80  °C). The main reaction mechanism involved in the formation of the 
SPIONs (for e.g., Fe3O4) is as follows (Ahn et al. 2012):

 
Fe Fe OH Fe OH Fe OH Fe O H O2 3

2 3 3 4 22 8 2 4+ + −+ + ( ) + ( ) → ↓ +
 

This reaction is usually performed in an inert atmosphere (for e.g., nitrogen (N2) or 
argon (Ar)) to avoid the formation of unwanted iron oxide phases (such as α-Fe2O3) 
in the as-synthesized SPIONs. Moreover, the reaction mechanism in the formation 
of the SPIONs usually passes through a topotactic transition (structural change to 
crystalline solid) phase in either one of the following routes: (1) nucleation → aka-
ganeite phase → goethite → hematite/maghemite → magnetite (Fe3O4); (2) nucle-
ation →  ferrous hydroxide →  lepidocrocite → maghemite → magnetite (Fe3O4). 
Furthermore, the path of this topotactic transition is majorly dependent on the varia-
tions in the pH of the aqueous reaction mixture. In addition, the physicochemical 
properties (such as shape, size, colloidal stability, and morphology) of the SPIONs 
can be tuned by altering reaction temperature, time of reaction, concentration of 
reactants, type of base, stabilizing agents, and reactant molarity (Mahmoudi et al. 
2011; Ahn et  al. 2012; Fu and Ravindra 2012; Mojica Pisciotti et  al. 2014; Wu 
et al. 2015).

12.2.1.2  Microemulsion Method

Microemulsion is an optically transparent and thermodynamically stable solution 
and is classified into three major types: (1) water-in-oil, (2) oil-in-water, and (3) 
bicontinuous microemulsions. Out of these types, water-in-oil microemulsion is 
mostly used to synthesize the SPIONs, where the reverse micelles (containing the 
aqueous droplets of reactants—surrounded by a surfactant monolayer) are formed 
in a continuous oil phase, which might react with each other to form the SPIONs. 
Additionally, the synthesis of the SPIONs can also be carried out in either of the 
following two routes: (1) mixing of two or more microemulsions that contain differ-
ent iron precursors; and (2) adding a precipitating agent (i.e., for example, ammo-
nia) dropwise into the microemulsion containing the iron precursors. The reactions 
might take place inside the droplets (that mainly act as a nanoscale reactor) and the 
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final nanoparticles can be collected by removing the excessive surfactants/solvents 
(Boutonnet et al. 2008; Okoli et al. 2011). In this method, the physiochemical/mag-
netic properties of SPIONs are majorly dependent on the droplet size, concentration 
of the precursors, and type of surfactants/solvent.

12.2.1.3  Hydrothermal Method

Hydrothermal method is another conventional method used to synthesize the 
SPIONs (Kim et  al. 2013). In this method, the nanoparticles are synthesized by 
performing the aqueous chemical reactions among the iron precursors in the pres-
ence/absence of the surfactants in a sealed container (inside an autoclave) which 
provide high temperature/vapor pressure (up to 250 °C/4 MPa) for chemical reac-
tions. After the reaction, the mixture of aqueous solution is cooled down to the room 
temperature and the SPIONs are obtained by removing the residual surfactants, 
unreacted precursors, and other impurities. In this method, the physicochemical/
magnetic properties of the SPIONs can be modified by tuning the reaction tempera-
ture, reaction time, amount of surfactant, and precursors (Kim et al. 2013; Piñeiro 
et al. 2015).

12.2.1.4  Sonochemical Method

Sonochemical method is based on inducing the reaction among mixture of iron 
precursors (for example, ferric or ferrous salts) via ultrasound irradiation having 
frequency ranging from 20 to 60 kHz to synthesize the SPIONs (Wu et al. 2008). 
This ultrasound irradiation (containing alternating expansive and compressive 
acoustic waves) generates cavitation microbubbles (i.e., cavities) in iron precursor 
solution, which induces nano-crystal nucleation by accumulating the ultrasonic 
energy. Finally, the microbubbles might collapse and subject to release the stored 
concentrated energy (with a heating and cooling rate of >1010 K/s) that tends to 
increase the temperatures within the cavitation bubbles in a very short time (~1 ns) 
(Morel et al. 2008). Because of this, H+ and OH− radicals are produced through the 
decomposition of water, which further react with iron precursor mixtures to form 
the SPIONs (Yoffe et  al. 2013). This method is beneficial to reduce unwanted 
growth of nano-crystals. However, the SPIONs with controlled physicochemical/
magnetic properties are difficult to synthesize via this method (Pinkas et al. 2008; 
Wu et al. 2015).

Nonetheless, more research works are essential to overcome the drawbacks asso-
ciated with these hydrolytic synthetic routes, including low crystallinity, broad par-
ticle size distribution, and/or complicated surface characteristics (Qiao et al. 2009).
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12.2.2  Non-hydrolytic Synthetic Routes

The non-hydrolytic synthetic routes used in the preparation of the SPIONs are based 
on the chemical reactions of the iron precursors (in the presence/absence of surfac-
tants)  dissolved in organic solvents, which consequently results in hydrophobic 
SPIONs. Herein, thermal decomposition method is a major non-hydrolytic syn-
thetic route used for the synthesis of the hydrophobic SPIONs with controlled 
 physicochemical properties including size/shape/composition/crystal structure and 
magnetic properties (for instance, saturation magnetization) (Mutin and Vioux 
2009; Qiao et al. 2009).

12.2.2.1  Thermal Decomposition Method

Thermal decomposition method (thermolysis) is based on the decomposition of the 
iron precursors (without/with the presence of surfactants) in high boiling 
point organic solvent by heating them at very high temperatures ranging from 200 
to 350 °C. Herein, decomposition of the precursor occurs due to the breakage of 
their chemical bonds (via endothermic reaction) in an inert atmosphere by supply-
ing continuous nitrogen/argon gas to avoid the formation of unnecessary iron oxide 
phases. The precursor materials and capping agents frequently used in the synthesis 
of the SPIONs via thermolysis are as follows: (1) iron precursors—ferric acetylace-
tonate ([Fe(acac)5] (acac  =  acetylacetonate)), iron pentacarbonyl (Fe(CO)5), and 
iron cupferon ([Fe(cup)3] (cup = N-nitrosophenylhydroxylamine)); and (2) surfac-
tants—oleylamine, hexadecylamine, oleic acid, linolenic acid, steric acid, and other 
fatty amines/acids (Demirer et al. 2015; Piñeiro et al. 2015). The physicochemical/
magnetic properties of the SPIONs can be controlled by optimizing the reaction 
temperature, amount of precursors/surfactants, and reaction time (Maity et al. 2008).

Nevertheless, SPIONs prepared by this method are hydrophobic in nature, and 
cannot be directly used for cancer theranostic application. Therefore, the additional 
surface modification procedures like bilayer surfactant stabilization/ligand exchange 
methods are required to modify the hydrophobic nature of the surface of the SPIONs 
into hydrophilic nature. Recently, one-pot thermal decomposition method using 
polyol-based surfactants/solvents are extensively used to directly synthesize the 
hydrophilic SPIONs for instant use in cancer theranostic applications (Maity et al. 
2008, 2009, 2010a, 2011a; Turcheniuk et al. 2013; Li et al. 2015; Piñeiro et al. 2015; 
Kandasamy et al. 2018a, 2019a, b).
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12.3  Ferrofluids or Magnetic Fluids

12.3.1  Ferrofluid Formation: SPIONs as Building Blocks

Ferrofluids or magnetic fluids are homogeneous stable/colloidal suspensions of the 
SPIONs (coated with suitable molecules on their surfaces) that are dispersed in an 
appropriate carrier liquid (which can be polar/nonpolar). Hence, a typical ferrofluid 
or magnetic fluid consists of the following components (by volume): (1) magnetic 
solids (~5%), (2) surfactants (~10%), and (3) a carrier fluid (~85%) (Gupta and 
Gupta 2015). Moreover, the individual components that form the ferrofluids are 
explained as follows:

 1. Magnetic Solids: Herein, the magnetic cores of the magnetic nanoparticles/sol-
ids act as a main source in the formation of the ferrofluids. The sizes of the 
magnetic cores inside the nanoparticles should be adequately (a) small enough 
for their uniform suspension in the carrier liquid via Brownian motion (which is 
the random motion of particles in a liquid due to multiple collisions among them) 
and (b) large enough to make considerable contribution in the magnetic response 
of the ferrofluids, while applying a magnetic field. Therefore, magnetic cores of 
the nanoparticles should have sizes ≤Dsp or the individual nanoparticles should 
be superparamagnetic for their effective usage as magnetic solids. In general, 
SPIONs (such as Fe3O4 and/or γ-Fe2O3 nanoparticles) having sizes of 5–20 nm 
mainly act as the magnetic solids (Araki et al. 2009; Raj et al. 1995; Kalikmanov 
2001).

 2. Surfactants: The surfactants are mainly used to avoid clumping/aggregation and 
oxidation of the magnetic solids/SPIONs during the formation of the ferrofluids 
since (a) the SPIONs have very high dipole–dipole magnetic interactions and (b) 
it is difficult to maintain the dispersibility of the SPIONs in the ferrofluid suspen-
sions by only Brownian motion—ascribed to their heavy weight (Raj and 
Boulton 1987). The surfactants mainly prevent the agglomeration/oxidation 
problems (even when exposed to the strong magnetic/gravitation fields and 
atmosphere) by creating strong electrostatic and/or steric repulsions around 
them. Generally, the surfactants consist of a polar head and/or a nonpolar tail (or 
vice versa), where one of their ends might adsorb onto the surface of the SPIONs 
and the other ends are exposed to the carrier liquid (to create repulsions) while 
forming ferrofluid suspensions. In addition, the surfactants play also important 
role in reducing the viscosity by decrementing the packing density of the SPIONs 
(Raj and Boulton 1987; Odenbach 2003; Scherer and Neto 2005; Gupta and 
Gupta 2015). The most commonly used surfactants in the ferrofluid formation 
are phosphonic acid, carboxylic acid, silane, catechol, polymers, and gold—as 
shown in Fig. 12.3 (Turcheniuk et al. 2013).

 3. Carrier Liquid: The selection of a carrier liquid is significant in order to govern 
the overall physical properties of the ferrofluids. The carrier liquid is generally 
selected based on the following categories: (a) the surface nature (either hydro-
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phobic or hydrophilic) of the SPIONs, (b) field of application (water for biologi-
cal applications), and compatibility of the SPIONs with the carrier liquid. The 
common carrier liquids (or solvent) used in ferrofluid formation include organic 
(hexane/toluene/tetrahydrofuran) or aqueous (water/biologic media including 
phosphate buffer saline (PBS), fetal bovine serum (FBS), and Dulbecco’s modi-
fied eagle medium (DMEM)) based solvents (Raj and Boulton 1987; Raj et al. 
1995; Odenbach 2003; Scherer and Neto 2005; Gupta and Gupta 2015).

12.3.2  Ferrofluid Stabilization

The stabilization of the ferrofluids is chiefly dependent on (1) the balance between 
the attractive and repulsive interactions, and (2) contribution from thermal energy. 
The typical nanoparticle diameter (D) to avoid the agglomeration can be evaluated 
by using the following equation that compares the thermal energy with the dipole–
dipole pair energy.
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Fig. 12.3 Common surfactants used for the protection/stabilization of SPIONs. (Adapted from 
Turcheniuk et al. 2013)
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where KB, T, M, and u0 are Boltzmann’s constant, absolute temperature, intensity of 
magnetization, and permeability of free space, respectively. Moreover, it has been 
noted that the magnetic (i.e., dipole–dipole) interactions will be lower, if D ≤ 10 nm.

12.3.2.1  Attractive Interactions

The two forces that are involved in the attractive interactions between the nanopar-
ticles in the ferrofluid are (1) Van der Waals-London force and (2) magnetic dipole–
dipole interaction force. Van der Waals-London force (UAW) between two spherical 
particles—with a specific diameter (D) and separated by a limited distance (r)—is 
given by the following equation:
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where α = 2r/D and A—Hamaker constant. Besides, Van der Waals force increases 
with the mass (size) of the nanoparticles. Moreover, the magnetic dipole–dipole 
interaction force (UAd) between two magnetic dipoles (μ1) and (μ2) separated by a 
specific distance (r) is given by the following equation:
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where r  is the relative position of the nanoparticles. The total attractive force 
between two nanoparticles is the sum of their Van der Waals-London and magnetic 
dipole–dipole interaction forces.

12.3.2.2  Repulsive Interactions

The major two forces involved in the repulsive interactions between the nanoparti-
cles inside the ferrofluid are (1) electrostatic repulsion (long range) and (2) steric 
repulsion (short range) forces. In ionic ferrofluids (i.e., the SPIONs are surface- 
coated with ionic surfactants), the electrostatic repulsive forces keep the nanoparti-
cles apart to avoid their agglomeration for assuring the colloidal stability. Moreover, 
the electrostatic repulsive force (UR) between two electrically charged spherical 
particles—with diameter (D) and separation by a distance (r)—is given by the fol-
lowing equation:
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where σ is surface charge density and given by the equation: σ = ε0εrφ0 and ε (ε0εr) 
is the electric permittivity of the fluid carrier. Moreover, φ0 is surface potential of 
the charged nanoparticle at Helmholtz plane (in a double-layer model).

Besides, the steric repulsive force is linearly dependent on the temperature and 
can be understood by the geometric illustration of rigid rods attached onto a univer-
sal hinge—as shown in Fig. 12.4 (Rosensweig 1997). Here, the head pole groups of 
the surfactant are assumed to be adsorbed onto the surface, and the tail groups (rod) 
are assumed to form a specific hemisphere orientation under the thermal motion. 
The equation for the steric repulsive force between the spherical particles—having 
a specific diameter (D) with surfactants shell thickness (δ) and density (ξ molecular 
per nm2), at temperature T—is given below:
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where l = 2s/D, and s = r − D is the separation between the surfaces and t = 2δ/D.
Thus, the colloidal stability of the nanoparticles in ferrofluid suspension is 

mainly dependent on the net content between the attractive and repulsive interac-
tions among them. Moreover, the net interaction curve in the ferrofluid stabilization 
is given in Fig.  12.5 (Araki et  al. 2009; Rosensweig 1997; Kalikmanov 2001; 
Scherer and Neto 2005).

12.4  Intrinsic Cancer Theranostic Applications

The most prominent cancer theranostic applications of the SPIONs include (1) mag-
netic fluid hyperthermia (MFH) therapy, (2) magnetic resonance imaging (MRI), 
and (3) magnetic drug delivery, where these SPIONs act as heating agents (HEA), 
contrast enhancing agents (CEA), and drug carriers, respectively (Kudr et al. 2017).

Fig. 12.4 Geometric illustration of steric repulsion energy using rigid rods attached onto universal 
hinge. (a) s1 > 2δ. (b) s1 < 2δ. (Adapted from Rosensweig 1997)
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12.4.1  Magnetic Fluid Hyperthermia Therapy

Magnetic fluid hyperthermia (MFH) therapy is a localized thermal therapy used for 
the treatment of malignant tumors/cancer, in which superparamagnetic nanoparti-
cles (especially SPIONs) act as heating generating agents (Kandasamy and Maity 
2015). Figure 12.6 gives a schematic representation of the application of the SPIONs 
(in the form of ferrofluids) in MFH application.

In brief, the SPIONs are normally delivered and localized near to the tumor site 
via passive/magnetic/active targeting, and subsequently exposed to an alternating 
magnetic field (AMF) for a certain time period (for e.g., ~1–2 h). This process gen-
erates heat which raises the tumor temperature to about 42–45 °C that is used for 
treating the cancer cells. Herein, the induced heat causes obstructions or ceases 
many cellular functions including cell proliferation and gene expressions in cancer 
cells which tends to induce cell death via apoptosis (Laurent et al. 2011; Revia and 
Zhang 2016). However, the heat produced during this therapy create very minimal 
damage to the nearby normal cells/organs as compared to other conventional treat-
ment methods (for instance, chemo-radiation-therapies) (Hervault and Thanh 2014; 
Abadeer and Murphy 2016). Besides, the generated heat via this method could be 
controlled by tuning the physicochemical/magnetic properties of the SPIONs 
(including the size, shape, saturation magnetization, surfactants, and dispersion 
medium) and also the applied AMF (Kandasamy and Maity 2015; Kandasamy et al. 
2018a, b).

Fig. 12.5 The schematic 
curve represents the 
potential energy versus 
surface-to-surface 
separation of/distance 
between the colloidal 
stable SPIONs (with 
d = ~10 nm and molecular 
density of 1018 molecules). 
(Adapted from Rosensweig 
1997)
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12.4.1.1  Heating Generation Mechanism

The heat generated by the SPIONs is due to the susceptibility loss, hysteresis loss, 
viscous heating or either one of their combinations, under the influence of the 
AMF. However, the susceptibility loss is a leading phenomenon for the heat genera-
tion in SPIONs, which majorly works on the Neel and Brownian relaxation losses. 
Generally, the magnetic moments of the SPIONs are fluctuated in the nanosecond 
timescale at their easy axis due to superparamagnetic nature (i.e., in the absence of 
an externally applied AMF). However, under the influence of an external AMF, 
Neel’s relaxation time lag behind the reversal time of AMF (as shown in Fig. 12.7), 
which is caused by the energy of anisotropy that resists the magnetic moments to 
orient in the direction of applied AMF (Laurent et al. 2008). As a result, the energy 
that consumes to overcome the anisotropy is dissipated in the form of heat and 
known as “Neel relaxation loss.” Moreover, the time for relaxation of magnetic 
moments of the nanoparticles (i.e., Neel relaxation time) is expressed by the follow-
ing equation:

Fig. 12.6 Schematic representation of magnetic fluid hyperthermia (MFH) based cancer treat-
ment by using ferrofluids containing the SPIONs
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where K, V, H, kB, and T are the anisotropy constant (i.e., 3 × 105 ergs/cm3 in the 
case of magnetite particles), volume of the nanoparticles, applied field, Boltzmann’s 
constant, and measurement temperature, respectively. Moreover, f0 is a constant 
with value 109 s−1.

However, apart from Neel relaxation losses, the Brownian losses are also associ-
ated with the heat generation in SPIONs that originate from the hindrance to their 
physical rotational mobility (on application of an external AMF) by the viscosity of 
the carrier liquid (as shown in Fig. 12.7). Herein, the energy—that is consumed to 
overcome the viscosity—is dissipated in the form of heat. Moreover, the Brownian 
relaxation time is calculated by the following equation:
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where VH is the hydrodynamic volume of the SPIONs (by considering total effective 
diameter of the magnetic core and non-magnetic shell/coating), and η is viscosity 
of medium.

So the hindrances in the Néel and Brownian relaxations lead to a phase lag 
(between the AMF and the orientation direction of the magnetic moments/particles) 
that tends to generate heat in the form of susceptibility loss. Moreover, the heat 
induced by the SPIONs is also dependent on their size, shape, crystallinity, intrinsic 
magnetic properties, and the magnitude (H)/frequency (f) of the applied AMF. For 
instance, Néel and Brownian relaxations are dominant for the smaller and larger 
size SPIONs, respectively. Apart from susceptibility loss, other heating mechanisms 
such as hysteresis loss/viscous heating (stirring) are negligible for the SPIONs, 

Fig. 12.7 Schematic 
representation of Néel and 
Brownian relaxation of 
SPIONs in colloidal 
suspension under the 
externally applied 
alternating magnetic field 
(AMF, marked as B)
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since they occur mainly in single/multi-domain magnetic particles (Bedanta and 
Kleemann 2009; Kozissnik et al. 2013; Laurent et al. 2011; Suto et al. 2009).

Moreover, the generated heat (i.e., heating efficacy) by the SPIONs is quantita-
tively determined in terms of specific absorption rate (SAR) which is expressed by 
the following relation (Kandasamy and Maity 2015; Lahiri et al. 2016).
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where ρsamp and Csamp are, respectively, the solvent density and specific heat capacity. 
Moreover, mFe and ΔT/Δt are the weight fraction of the magnetic element (i.e., Fe) 
in the sample and initial slope of the time-dependent temperature curve, respec-
tively. However, some researchers prefer to calculate the heating efficiency in terms 
of intrinsic loss power (ILP) via normalization of SAR by taking into account the 
AMF (frequency (f) and amplitude (H)) for better comparison of the reported results 
from different research laboratories. The ILP is calculated by the following equation 
(Lahiri et al. 2016).
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12.4.1.2  SPIONs as Heating Agents

Initially in 1957, Gilchrist et al. have used the iron oxides nanoparticles (i.e., Fe2O3 
nanoparticles with size of 20–100 nm) as heating agents for the lymph node treat-
ment of dogs via MFH. This is performed by primarily injecting these nanoparticles 
into the lymphatic channels of dogs, and subsequently exposing the affected area to 
AMF for induction heating to destroy tumor cells (Gilchrist et al. 1957).

However lately, different research groups have performed various experimental 
investigations on the heat induction process of the SPIONs having various sizes, 
shapes, distributions, and organic/inorganic surface coatings under calorimetric/in 
vitro conditions to evaluate their potentiality for further in vivo applications or clini-
cal trials. For instance,  recently Maity et  al. have synthesized triethylene glycol 
(TREG)/triethanolamine (TEA) coated magnetite (Fe3O4 with superparamagnetic 
character) nanoclusters and have performed the calorimetric studies under the 
applied AMF with H = 89 kA/m and f = 240 kHz, where these nanoclusters have 
shown SAR values in the range of 135–500 W/g. Moreover, 74% inhibition in the 
proliferation of MCF-7 cancerous cells is also attained (via MFH through these 
nanoclusters) when treated at a therapeutic temperature of 45 °C for 1 h (Maity et al. 
2011b). Similarly, Gkanas has also demonstrated that TREG/decanethiol/polyethyl-
ene glycol (PEG-800)-coated SPIONs have induced considerable inhibition in the 
proliferation of three different cancer cell lines (DA3, MCF-7 and HeLa cancer) 
while applying the AMF with H = 26.48 kA/m and f = 765 kHz (Gkanas 2013).
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Likewise, few in vivo MFH experiments in different cancerous animal models 
are also recently performed (by using SPIONs). For example, Rabias et al. (2010) 
have infused 150 μL of maghemite nanoparticles (10–12 nm) into the glioma tumors 
inside the rats, where MFH therapy is done for damaging the cancerous tissue by 
inducing a therapeutic temperature (for 20 min) under the applied AMF with H = 11 
kA/m and f = 150 kHz (Rabias et al. 2010). In another MFH study, Ohno et al. have 
reported significant survival period for glioma-bearing rats while treated with car-
boxymethyl cellulose-coated SPIONs (for 10  nm) by applying the AMF with 
H = 30.3 kA/m and f = 88.9 kHz (Ohno et al. 2002). In similar fashion, arginyl 
glycylaspartic acid (RGD) peptide-conjugated and poly(maleic anhydride-alt- 1-
octadecene)-coated Fe3O4 nanoparticles have resulted in significant reduction in 
viability of liver cancers after MFH treatment on application of AMF with H = 14 
kA/m and f = 606 kHz (Arriortua et al. 2016).

In addition, researchers have executed few clinical trials (at different phases (I/II/
III)) by using MFH therapy for cancer treatment but with moderate achievements. 
However, very recently, researchers are majorly involved in (1) reducing the side 
effects associated with this MFH therapy and also (2) achieving high therapeutic 
efficacy by improving the inherent properties of SPIONs or by combining SPION- 
based MFH therapy with other therapies (Silva et  al. 2011; Kitture et  al. 2012; 
Thanh 2018).

12.4.2  Magnetic Resonance Imaging

Magnetic resonance imaging (MRI) is a diagnosis technique in radiology that uses 
the principles of radio waves, magnetism, and computer technology to produce ana-
tomical images of human body. An MRI used with a nanoparticle-based contrast 
agent (for instance, SPIONs) is an effective way to detect the cancerous tumors 
located deep inside the body (Grover et al. 2015; Jo et al. 2016).

12.4.2.1  Relaxation Process

In general, the following process occurs in MRI: (1) initial alignment of nuclei 
(containing an odd number of protons and/or neutrons) in the direction of applied 
magnetic field; (2) then rotation of the aligned nuclei (also known as excitation) by 
applying a pulse of radio waves; and (3) finally emission of a radio signal by the 
nuclei while returning (also known as relaxation/realignment) to their equilibrium 
state, which is recorded by a radio-frequency (R.F.) detector (as shown in Fig. 12.8) 
and subsequently processed via a computer for images. In human MRI, the water 
molecules (especially hydrogen/proton nuclei) from different tissues are utilized to 
image the entire body in slices. Herein, the nuclei tend to excite and relax/realign 
(while applying the magnetic field/radio waves) at a specific time period, which is 
called as relaxation time that can be either T1 or T2 relaxation time ascribed, respec-
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tively, to longitudinal (spin–lattice) or transverse (spin–spin) relaxations (Jacques 
et al. 2010; Stephen et al. 2012). Moreover, these relaxations differ diversely for 
various tissues which gives positive or negative contrast with corresponding relaxiv-
ity values of r1(1/T1) or r2(1/T2) (Nitz and Reimer 1999; Yin et al. 2004; Pooley 
2005; McCarthy 2011).

12.4.2.2  SPIONs as Contrast Agents

Initially, the most widely used MRI contrast agents in clinical application are based 
on gadolinium (Gd(III)) complexes (used as positive contrast agent) including 
Magnevist® (Gadopentetic acid, Gd-DTPA—one of the oldest contrast agent 
approved by FDA in 1988), Multihance® (Gadobenate disodium, Gd-BOPTA), 
OptiMARK® (Gadoversetamide, Gd-DTPA-BMEA), and Omniscan® (Gadodiamide, 
Gd-DTPA-BMA). Nonetheless, various research investigations have raised con-
cerns about the potential health risks (including nephrotoxicity) of these gadolinium- 
based complexes. Therefore, it is essential to find an alternative for gadolinium-based 
contrast agents for MRI imaging. Then recently, SPIONs are newly introduced as 
negative contrast agents for MRI applications since these nanoparticles tend to relax 
in transverse directions and they are more biocompatible/biodegradable and safe as 
compared to gadolinium complexes (Maity et al. 2010b; Tan et al. 2011; Corot and 
Warlin 2013; Chopra et al. 2016). Further, some of the SPION-based negative con-
trast agents are approved by FDA and in clinical trials also (Corot and Warlin 2013). 
In addition, very recently it has also been proved that the SPIONs having extremely 
small particle size (<5 nm) could potentially act as a positive contrast agent (Shen 
et al. 2017).

Fig. 12.8 Schematic representation of basic principle behind magnetic resonance imaging (MRI) 
based on hydrogen nuclei/proton excitation and relaxation
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However, many researchers are widely involved in improving the relaxivity val-
ues of the SPIONs for providing better contrast and also to overcome the side effects 
associated with the usage of surfactants and concentration (Shen et al. 2017). For 
example, dextran-coated SPIONs (12 ± 2 nm) based negative contrast agents are 
prepared with high transverse relaxivity (r2) value of 90.5  ±  0.8  mM−1  s−1 at 
7 T. Moreover, the in vivo MRI experiments in nude mice model have revealed that 
the as-prepared SPIONs are promising candidates for (1) tumor imaging, (2)  specific 
organ imaging, and (3) whole body imaging at minimum concentration (i.e., 3 mg 
Fe/kg body weight) with negligible toxicity (Mishra et  al. 2016). Similarly, 
maghemite (γ-Fe2O3) cores (with 13.08 ± 2.33 nm size) that are embedded inside a 
primary hydrophobic polymer (poly(4-vinyl pyridine), P4VP) matrix, and further 
covered by a shell of a secondary hydrophilic polymer (polyethylene glycol, PEG) 
are made, and have showed transverse relaxivity (r2) value of 104.7 ± 9.7 mM−1 s−1 
at 4.7 T MRI and also negligible toxicity during in vivo study in liver of mice mod-
els (up to 30 days)—observed after the nanoparticle injection (Ali et al. 2017). In 
another study, nanometer-sized SPIONs (complexed with amylose nanoparticles 
that are cationized with spermine, ASP-SPIONs) labeled with transgenic green fluo-
rescent protein (GFP)-mesenchymal stem cells (MSCs) were prepared for in vivo 
MRI tracking. Moreover, these SPIONs have exhibited a high transverse relaxivity 
(r2) value of 296.2 mM−1 s−1 in comparison to some commercially available SPION- 
based contrast agents such as Sinerem (~65 mM−1 s−1), Endorem (120 mM−1 s−1), 
and Resovist (180–202 mM−1 s−1) (Lin et al. 2017). Recently, Wei et al. have devel-
oped zwitterion-coated ultra-small SPIONs—composed of ~3-nm-sized magnetic 
core and ~1-nm-sized hydrophilic shell—for use as positive contrast agents, which 
have displayed longitudinal (r1) relaxivity value of 5.2 mM−1 s−1 (at 1.5 T) that is 
slightly higher than the value of commercially available gadolinium-based positive 
contrast agent (i.e., 4.8 mM−1 s−1 at 1.5 T) (Wei et al. 2017). Despite the abovemen-
tioned improvements, SPION-based contrast agents are required to be crucially 
optimized in terms of better physicochemical (particle size/shape), water dispers-
ibility, and magnetic (including relaxivities) properties for better clinical acceptance.

12.4.3  Magnetic Drug Delivery

Targeting techniques which are involved in the delivery of the chemotherapeutic 
drugs by using the SPIONs are classified as (1) passive targeting, (2) active target-
ing, (3) magnetic targeting, and (4) combined targeting (i.e., active + magnetic tar-
geting). Passive targeting is based on the targeting of the drugs after their conjugation/
encapsulation with SPIONs to the tumor sites through leaky vasculatures based on 
the enhanced permeability and retention (EPR) effect (Danhier et  al. 2010; Kim 
et al. 2013; Xu and Sun 2013; Shin et al. 2015; Revia and Zhang 2016). However, 
passive targeting may be inadequate to achieve efficient targeting in the tumor sites, 
since it is solely relied on the EPR effect (Rosenblum et al. 2018). Therefore, active 
targeting of drugs is preferred over passive targeting to increase efficiency of their 
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delivery. The active targeting is achieved by the attachment/conjugation of targeting 
moieties (i.e., antibodies) and drugs onto the SPIONs for effective tumor antigen 
targeting based on ligand-receptor interactions (Hairston 1996; Prijic and Sersa 
2011; Yu et al. 2012). Drug delivery is also performed by utilizing the SPIONs as a 
magnetic targeting agent to effectively deliver the chemotherapeutic drugs at the 
site of tumors for cancer treatment with/without the influence of an externally 
applied static magnetic field (Polyak and Friedman 2009; Laurent et  al. 2014; 
Burgess et al. 2016; Zhu et al. 2017; Ansari et al. 2018). Moreover, MRI via SPIONs 
in real-time scenario can also be performed for simultaneous navigation, localiza-
tion, and the release of the drugs at tumor sites to track their bioavailability (Kokura 
et al. 2016). Moreover, combined targeting involves active and magnetic targeting 
techniques, and a typical combined drug delivery system may consist of SPIONs, 
anticancer/chemotherapeutic drugs, targeting moieties (i.e., antibodies), and/or car-
riers (i.e., polymeric micelles/nanoparticles for encapsulation of SPIONs along with 
drugs) (Veiseh et al. 2011; Thomsen et al. 2015).

In a recent study, a multifunctional hybrid biocompatible nanoplatform (having 
a size of ~100 nm) has been prepared by constituting poly(lactic-co-glycolic acid) 
(PLGA) nanoparticles stabilized with chitosan and poly(vinyl alcohol) (PVA) and 
co-loaded with SPIONs and anticancer drug cisplatin (Ibarra et al. 2018). Then, they 
have confirmed that the as-prepared nanoplatform has been successfully internal-
ized into both HeLa and MDA-MB-231 cells (determined through the cellular 
uptake studies) via passive targeting. In another recent study, antiCD44 antibodies 
and gemcitabine-conjugated multifunctional iron oxide nanoparticles were primar-
ily developed, which have demonstrated the targeting (i.e., active targeting) of 
nanoparticles to different CD44-positive cancer cell lines using a CD44-negative 
non-tumorigenic cell line as a control to verify the specificity by ultrastructural 
characterization and downregulation of CD44 expression (Aires et al. 2016). Then, 
they have also showed the selective drug delivery potential of the nanoparticles by 
the killing of CD44-positive cancer cells using a CD44-negative non-tumorigenic 
cell line as a control. Herein, (1) CD44 is a lymphocyte homing receptor that has 
been overexpressed usually in a large variety of cancer cells, cancer stem cells 
(CSCs) and circulating tumor cells (CTCs), which is actively targeted via antiCD44 
antibodies; and (2) gemcitabine is a chemotherapeutic drug—currently used for 
pancreatic cancer treatment in clinical scenarios.

Very recently, a 250-nm-sized nanocarrier system  is prepared by constituting 
paclitaxel (a chemotherapeutic drug)/SPIONs co-loaded PEG-ylated PLGA-based 
nanoparticles (Ganipineni et  al. 2018). An ex  vivo bio-distribution study have 
showed an enhanced accumulation of the SPIONs in the brain of glioblastoma 
(GBM) bearing orthotopic U87MG mice with magnetic targeting. In addition, they 
have observed that the blood–brain barrier is disrupted in the GBM area via mag-
netic resonance imaging (MRI) studies, which confirms the entry of the SPIONs. 
Moreover, the magnetic targeting treatment based on these nanocarrier system have 
significantly prolonged the median survival time of GBM bearing mice models as 
compared with the passive targeting and control treatments, when tested for in vivo 
antitumor efficacy. In another investigation, multifunctional nanoparticles are pre-
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pared by using PLGA-based nanoparticles loaded with paclitaxel and SPIONs and 
then compared through different in vivo targeting strategies: (1) passive targeting 
(PT) via the EPR effect, (2) active targeting of αvβ3 integrin via arginine–glycine–
aspartic acid (RGD) grafting, (3) magnetic targeting (MT) via a magnet placed on 
the tumor, and (4) the combination of the active targeting of αvβ3 integrin and the 
magnetic targeting (i.e., RGD + MT)—as shown in Fig. 12.9 (Schleich et al. 2014). 
They have demonstrated that—as compared to non-targeted (i.e., PT) or 
 single- targeted nanoparticles (i.e., RGD or MT)—the combination of both active 
and magnetic targeted strategies (i.e., RGD and MT) which have drastically enhanced 
(1) the nanoparticle accumulation into the tumor tissue with an eightfold increase 
as compared to passive targeting (1.12% and 0.135% of the injected dose, respec-
tively), (2) contrast in MRI, and (3) anticancer efficacy with a median survival time 
of 22 days as compared to 13 days for the passive targeting. Finally, they have con-
cluded that the double targeting of nanoparticles to tumors by different mechanisms 
could be a promising translational approach for the management of therapeutic 
treatment or personalized therapy.

Fig. 12.9 Schematic representation of the different tumor targeting strategies. (1) passive target-
ing (PT) via the enhanced permeability and retention (EPR) effect, (2) active targeting of αvβ3 
integrin via RGD grafting (RGD), (3) magnetic targeting (MT) via a magnet of 1.1 T placed on the 
tumor, and (4) the combination of the magnetic targeting and the active targeting of αvβ3 integrin 
(RGD + MT). (Adapted from Schleich et al. 2014)
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12.5  Combined Cancer Theranostic Applications

The use of SPIONs is not only limited in their intrinsic cancer theranostic applica-
tions (as discussed above), but also for combined cancer theranostic applications to 
improve the effectiveness of cancer diagnosis and therapy. The combined cancer 
theranostics applications include: (1) MRI as adjuvant to fluorescence imaging, (2) 
thermo-chemotherapy (i.e., a combination of MFH therapy and chemotherapy), (3) 
thermo-radiotherapy (a combination of MFH therapy and radiotherapy), and (4) 
thermo-immunotherapy (a combination of MFH therapy and immunotherapy) 
(Zhang et al. 2013; Hervault and Thanh 2014; Mclaughlin et al. 2015; Grifantini 
et al. 2018), which are discussed below.

12.5.1  MRI as Adjuvant to Fluorescence Imaging

MRI is a significant diagnosis tool used for the detection and planning of cancer 
treatment. However, a single imaging technique is not adequate enough to examine 
multiple aspects of cancers due to the limitations in detection sensitivity, resolution, 
and specificity. In cancer treatment, accurate discrimination between the cancerous 
tissue from healthy tissue should be done during diagnosis to avoid severe damages 
to normal/surrounding tissues and effective treatment (Stephen et  al. 2012; 
Mclaughlin et al. 2015). This could be achieved by utilizing a multimodal diagnos-
tic approach (such as MRI as an adjuvant to fluorescence imaging) to enhance the 
spatial resolution and detection sensitivity in cellular imaging, which might be done 
by developing a multifunctional nanoparticle system by conjugating/co- 
encapsulating the SPIONs (for MRI) along with other fluorescence agents (for fluo-
rescence imaging) such as fluorescence dyes (fluorophores, for example, Alexa 
Fluor 647/750) and quantum dots (QDs, for example—carbon QDs) (Josephson 
et al. 2002; Fass 2008; Maxwell et al. 2008; Kosaka et al. 2009; Ito et al. 2014; Wu 
et al. 2016).

Recently, multifunctional Fe3O4-gold (Au) hybrid nanoparticles are prepared by 
simultaneous conjugation of two fluorescent dyes or alternatively the combination 
of a drug and a dye, selectively binding to Fe3O4 and Au, which are as follows: (1) 
Fe3O4-Au nanoparticles functionalized with covalently attached Sulfo-Cyanine5 
NHS ester derivative (Cy5) fluorescent dye via thiol-Au bonds for nanoparticle 
tracking; and (2) an anticancer drug doxorubicin (DOX) or Nile Red dye is loaded 
into the polymeric shell at the Fe3O4 surface (Efremova et al. 2018). The in vitro 
studies have revealed (1) high accumulation of fluorescent (Cy5) labeled Fe3O4-Au 
hybrids on 4T1 tumors (via passive targeting), (2) successful therapeutic payload 
(i.e., Dox) delivery and release to the tumors via Fe3O4-Au hybrids labeled with Cy5 
and co-loaded with Nile Red dye, and (3) high diagnostic potential of Fe3O4-Au 
hybrids in 4T1 cells via MRI based on the enhanced relaxivity (r2) values as com-
pared to commercial T2 contrast agents. Similarly, near-infrared (NIR) two-photon 
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fluorescence emitting Fe3O4 nanostructures are prepared through trimesic acid/
citrate-mediated reaction process for live cell multimodal imaging (Liao et  al. 
2013). In another study, SPIONs and IR-780 dye are co-encapsulated inside stearic 
acid-modified polyethylenimine to form a dual-modality contrast agent, which have 
effectively labeled and tracked the stem cells through MRI and near-infrared fluo-
rescence (NIRF) imaging, respectively (Liu et al. 2016).

12.5.2  Thermo-chemotherapy

Thermo-chemotherapy that constitutes MFH therapy and chemotherapy is an effec-
tive dual/combined therapy used for cancer treatment, which is performed via 
SPION-based nano-carriers (SNCs, i.e., SPIONs are co-encapsulated along with 
chemotherapeutic drugs (CHDs) inside polymeric carrier/vehicles) (Hervault and 
Thanh 2014). Herein, MFH therapy is utilized to enhance the sensitivity of cancer 
cells toward CHDs, and this phenomenon is known as “chemo-sensitization” that 
occurs due to (1) increase in cell membrane permeability, and (2) reduction of the 
interstitial fluid pressure due to heating from MFH therapy (via SPIONs). 
Consequently, the uptake of the CHDs by the cancerous cells might significantly 
increase. Thus, thermo-chemotherapy is more effective to treat cancer than MFH 
alone. In addition, MRI could also be performed for simultaneous tumor imaging 
while performing thermo-chemotherapy due to the presence of SPIONs (contrast 
agent) (Rao et al. 2010; Li et al. 2018). Figure 12.10 represents the possible mecha-
nism involved in cancer treatment via thermo-chemotherapy by using CHDs and 
SPIONs co-loaded SNCs.

In a recent investigation, the as-prepared 150-nm-sized magnetoliposomes, con-
sisting of magnetite nanoparticle cores and the anticancer drug gemcitabine encap-
sulated by a phospholipid bilayer, have displayed 70% drug release and better 
elevated temperature—i.e., from 32 to 52 °C in 5 min—in time-dependent tempera-
ture curves, when exposed to AMF with H = 30 kA/m and f = 356 kHz (Ferreira 
et al. 2016). In another investigation, 370-nm-sized thermosensitive nanocompos-
ites are prepared by having SPIONs/5-fluorouracil (anticancer drug) in the core and 
poly(N-isopropylacrylamide) (PNIPAM) polymer/silica (SiO2) in the shell. These 
nanocomposites have displayed good thermal efficacy (rise to therapeutic tempera-
ture of 45 °C in 3.7 min) and faster drug release at relatively lower magnetic field 
(Shen et al. 2016). Moreover very recently, 64-nm-sized core-shell nanoparticles are 
prepared with tightly clustered Fe3O4 nanoparticles (having 17 nm size) in the core 
and doxorubicin (Dox—anticancer drug)-containing polymer in the shell (Hayashi 
et al. 2017). These nanoparticles have displayed a higher therapeutic efficacy against 
intraperitoneal tumors (located in BALB/c-nu/nu mice) via thermo-chemotherapy 
(i.e., MFH and chemotherapy) as compared to only thermotherapy (i.e., MFH) or 
chemotherapy alone. Herein, good heating efficacy (i.e., SAR values of 
194–353 W/g) and faster drug release (49% in 20 min) under the influence of an 

D. Maity et al.



267

externally applied AMF (with H = 8 kA/m and f = 217 kHz) have resulted in the 
overall improvement of cancer therapeutic efficiency.

12.5.3  Thermo-radiotherapy

Thermo-radiotherapy that comprises MFH-based thermotherapy and radiation ther-
apy/radiotherapy is another effective dual/combined therapy employed in cancer 
treatments, which is implemented via utilization of SPIONs (for MFH) and applica-
tion of high-energy X-rays/gamma radiations (for radiotherapy). Generally in radio-
therapy, high energy radiations destroy the cancer cells by damaging their genetic 
material (such as deoxyribonucleic acid (DNA)) either via direct interaction with 
cellular DNA, or interaction of free radicals (generated due to ionization/excitation 
of the water component) with DNA. Consequently, the shrinkage of tumor happens 
due to the death of cancerous cells through apoptosis, necrosis, mitotic catastrophe, 
or inhibition of the cell proliferation (Baskar et  al. 2014; Desouky et  al. 2015). 
However, the cancer cells may recover via (1) repairing their DNA damage, and (2) 
proliferation from their residual cells, after radiotherapy. Thus, the combined ther-
apy might be preferred for the treatment of cancer to resolve this challenge. MFH 
can be effectively used as an adjuvant therapy for radiation therapy also, which 
might enhance the radio-sensitization effect in cancer cells or used to destroy the 
remaining cancer cells left after radiation therapy (Datta et  al. 2015; Kaur et  al. 
2011). Besides, MRI can be combined with thermo-radiotherapy for effective tumor 
imaging also. For instance, in a study, the accumulation of gadolinium-doped iron 

Fig. 12.10 Schematic representation of mechanism of the thermo-chemotherapy, (a) chemother-
apy alone, and (b) thermo-chemotherapy (combined MFH and chemotherapy)
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oxide nanoparticles (GdIONPs) in tumor region is clearly tracked and quantified by 
T2-weighted MRI (Jiang et al. 2017). Furthermore, these GdIONPs have displayed 
higher SAR value in time-dependent temperature/calorimetric studies and demon-
strated high therapeutic efficacy in C57BL/6J mice with (TRAMP)-C1 prostate can-
cer, while used in combination with radiotherapy by utilizing a 25  Gy radiation 
therapy followed by a thermotherapy (via these nanoparticles and by applying AMF 
with H = 19.57 kA/m and f = 52 kHz) for 30 min. Moreover, the tumor growth curve 
has showed that the radiotherapy and thermotherapy have similar effects on tumor 
growth delay (2.5 and 4.5 days, respectively), while the tumor growth is delayed 
more than 10 days by the combined/thermo-radiotherapy. Moreover, clinical trials 
are performed in cancer-bearing patients, where the results have showed increased 
survival rates for patients who are treated with combined therapy/thermo- 
radiotherapy—mainly ascribed to the reduction in the actual radiation doses or the 
need for repeated radiotherapies (Maier-Hauff et al. 2011).

12.5.4  Thermo-immunotherapy

Now-a-days, immunotherapy has gained significant interest in cancer treatments, 
which is based on the killing of cancerous cells via artificial activation of immune 
system in human body. Usually, the cancer cells have antigens on their surface that 
act as a marker to reorganize and bind with the antibodies of the immune system, 
which may help in proliferation inhibition or killing of cancer cells (Farkona et al. 
2016; Evans et al. 2018). The three prominent mechanisms that are involved in the 
cell death via immunotherapy include: (1) antibody-dependent cell-mediated cyto-
toxicity (ADCC) against tumor cells, which is triggered by the interaction of the 
fragment crystallizable (Fc) portion of the monoclonal antibodies (mAb) with the 
Fc receptors on the effector cells like natural killer cells, macrophages, and den-
dritic cells, (2) antibody-dependent cellular phagocytosis (ADCP), which is 
described as the target tumor cell elimination by the innate network of phagocytic 
cells, primarily neutrophils, monocytes, and macrophages, and (3) complement- 
dependent cytotoxicity, which is the result of the Fc region of an antigen–immuno-
globulin complex triggering a cascade of more than 30 proteins that culminates in 
the formation of the membrane-attack complex, an amalgam of subunits that func-
tions to perforate the phospholipid bilayer of the target cell and induce lysis (Jena 
1997; Kohrt et al. 2015; Wang 2015). However, the delivery of antibodies alone to 
antigen-presenting cancer cells is insufficient to induce improved immunity due to 
their rapid degradation during the systemic administration. SPIONs can be used to 
improve the delivery of immunotherapeutic agents at the targeted tumor sites for 
enhanced cancer treatment via immunotherapy. For instance, the therapeutic effi-
cacy of immunotherapy in FAT1-positive colorectal cancer is improved by magneti-
cally targeting of  the murine monoclonal antibodies (mAb198.3) conjugated 
SPIONs toward the cancer cells (Grifantini et al. 2018). Moreover, the activation of 
immune system against cancer can be done through heat stimulation via MFH by 
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using the SPIONs (Yanase et al. 1998; Toraya-Brown and Fiering 2014; Yagawa 
et al. 2017; Lin et al. 2018; Park et al. 2018).

12.6  Conclusions and Future Perspectives

In summary, nowadays new advancements are achieved in the synthesis of high- 
quality SPIONs using different synthesis routes in comparison to other types of 
magnetic nanoparticles, and also in the formation/stabilization of the ferrofluids (by 
using the SPIONs as major building blocks). Moreover, based on the abovemen-
tioned investigations, it can be clearly evident that the SPIONs have attained great 
importance in intrinsic cancer theranostics applications (such as MFH, MRI and 
magnetic drug delivery) and also in combined cancer theranostics applications 
(including MRI as an adjuvant to fluorescence imaging, thermo-chemotherapy, 
thermo-radiotherapy and thermo-immunotherapy). But, the overall utilization of the 
SPIONs is mainly restricted to in vitro levels. Nevertheless, very few high impact-
ing efforts are being made to involve the SPIONs as an effective part of in vivo or 
clinical theranostics. For example, the global researchers have made worldwide 
consortiums that mainly focus to generate new treatment concepts (combined tar-
geting radio-sensitization and thermotherapy via MFH), strengthen the existing 
synergies between technical advances, and inspect biocompatible coatings for mag-
netic nanoparticles (including SPIONs) in order to achieve breakthroughs in clinical 
cancer treatments. In addition, companies like “MagForce” (who developed ferro-
fluid and patented) have obtained FDA approval to conduct clinical studies by using 
“NanoTherm” for focal tumor ablation in prostate cancer with immediate risks. 
However, more fruitful attempts are needed so that, in near future the SPION-based 
theranostics will be used in full potential for treating the cancers effectively.
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Chapter 13
Theranostic Applications 
of Nanobiotechnology in Cancer
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Abstract Cancer is a devastating disease and leading cause of death worldwide. 
Although many furtherance has been made regarding conventional diagnosis and 
treatment of cancerous tumors, still many gaps remain to be filled in overcoming this 
menace. Many benchmarks have been achieved regarding clinical translation with 
special emphasis on implementation of nanotheranostics in healthcare sector. This 
has led to mitigation in nanoparticles toxicity and patient’s resistance to drugs. 
Nanotheranostics has remarkable applications in patient stratification, treatment of 
cancer stem cells (CSCs) and drug-resistant cancer. Novel strategies including syn-
thesis and engineering of different nanoparticles have been developed that fulfill the 
purpose of early diagnosis and specified drug delivery to target site. Multifunctional 
nanoformulations have also been made to perform diagnosis, targeting, and treat-
ment simultaneously. This chapter describes the biology of cancer and concept of 
nanobiotechnology and nanomedicine for various biomedical applications, having 
particular emphasis on cancer remedy via nanotheranostics. The advances in nano-
theranostics have been discussed in detail and the ways to overcome respective chal-
lenges to this technology have been narrated.
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13.1  Introduction

Theranostics is a term described in which the diagnostics and therapeutics are 
catered for broad range of applications in the field of medicine. A single procedure 
has to be designed in which both detection and treatment modalities are combined 
to get more cost-effective clinical healthcare. The most prominent advanced tech-
nology that shows coherence in this regard is nanobiotechnology. Such nanother-
anostic agents/nanoformulations are developed having the capability to undergo 
targeted drug delivery with desirable specificity and sensitivity. The inherent prop-
erties of nanoparticles enhance the theranostic applications for the cure of broad 
spectrum of diseases. The nano size and large surface area of nanoparticles make 
them able to bind with multiple ligands and stabilizers. Moreover, the selective 
accumulation of nanoparticles on target site and bloodstream for longer periods and 
mitigation of their side effects, for instance toxicity, make them appropriate candi-
dates for nanotheranostics (Wang et al. 2012).

Cancer is a complex ailment controlled by multiple factors, so it is hard to get rid 
of this disease. The conventional chemotherapeutic treatment of cancer has not been 
proved successful due to non-targeted drug delivery; however, nanobiotechnology 
offers many advantages for enhancement of solubility of nanoparticles and their spec-
ificity of action in delivery of drugs. Nanobiotechnology can be adequately tailored 
for nanotheranostic applications. Delivery of anticancer agents to the cancer cells 
occurs selectively by enhanced permeability and retention (EPR) effect in case of pas-
sive targeting. This effect is further escalated in active targeting via ligand-receptor 
interaction on the surface of cancer cells (Chowdhury et al. 2016; Ramzy et al. 2017).

The aim of this chapter is to elucidate the concept of theranostics and illustrate 
how nanobiotechnology plays a pivotal role in the design of nanotheranostics for 
various biomedical applications. It also describes the biology of deadly cancer dis-
ease and properties of nanoparticles used in cancer diagnosis and therapy. The 
mechanism of smart drug delivery to cancer cells and basics of cancer nanother-
anostics have been explained diagrammatically. Lastly, the challenges faced by the 
nano-oncology have been addressed and future prospects of nanotheranostics of 
cancer have been appraised.

13.2  Cancer

The abnormal growth of cells is termed as cancer. In normal conditions, the old cells 
die and newly formed cells take their place. In contrast, the cancer cells do not die 
and divide uncontrollably and form proliferations called tumors.

Tumors are of three types, i.e.,

• Benign (non-cancerous)
• Malignant (cancerous)
• Precancerous
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Benign tumors cannot spread to other body parts and do not grow back after 
removal from body. Malignant tumors have the ability to spread everywhere in the 
body by means of bloodstream and lymphatic system. The treatment of malignant 
tumors is difficult as compared to benign tumors because the former can uncontrol-
lably metastasize. The new tumors form and are named metastases. Precancerous 
tumors are immature abnormal cells having the ability to become cancerous with 
the passage of time by the transfer of genetic changes. The normal cells get mutated 
into hyperplasia (abnormal cells that look normal under microscope) which then 
form dysplasia (lethal condition in which appearance of cells is abnormal under 
microscope) and finally a cancer tumor is formed (Meyenfeldt 2005).

Cancer stem cells (CSCs) are the cancer cells that have the ability to differenti-
ate into new progeny. Like normal stem cells, CSCs possess the property of self-
renewal and differentiation. They are responsible for excessive growth and 
development of tumors. These are the key drivers of tumor progression. These 
cells are responsible for heterogenous phenotypes and are resistant to conventional 
therapies, hence play a pivotal role in tumor recurrence. There are reports about 
the cross talks between CSCs leading to progressive metastasis angiogenesis 
(Ayob and Ramasamy 2018).

Cancer cells are categorized on the basis of their origin, appearance, and genetic 
alterations. However, sometimes the origin of cancer is not determined because at 
the start these cells are differentiated and they get undifferentiated after progres-
sion. Various cancer types have been shown in Fig. 13.1. The shape of various types 
of cancer is different from one another. Cancer cannot occur by a single mutation, 
it occurs by the series of mutations. Different types of genetic alterations are caused 
in different types of cancerous tumors. Cancer is derived by means of genetic alter-
ations affecting proto-oncogenes, tumor suppressor genes, and DNA repair genes. 
Proto-oncogenes get converted into oncogenes by unwanted cell divisions. Tumor 
suppressor genes also get altered causing cancer. Moreover, DNA repair genes get 
mutated and produce cancerous cells (Hassanpour and Dehghani 2017).

Fig. 13.1 Different types of cancer
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Cancer is the leading cause of deaths worldwide and the number of cancer cases 
is expected to escalate to 23.6 million by 2030. Thus, control and management of 
cancer by health professionals, researchers, and policy makers is essential. Cancer 
is one of the most common genetic diseases that is caused by inheritance from 
ancestors as well as by exposure to toxic environmental conditions. Still, it is pre-
ventable by improvement of diet, regular exercise, and protection from alcohol and 
carcinogens (Sue-Kyung et al. 2000). Many human lives can be saved by taking 
these preventable measures. For instance, taking vitamin D and calcium supple-
ments reduces the risks of cancer (Lappe et al. 2007).

13.3  Nanobiotechnology

Nanotechnology involve nanomaterials having 1–100 nm size and are capable of 
manipulating physical and chemical features of substances at molecular level. 
Biotechnology is the subdiscipline of biology that uses techniques of biological sci-
ences for manipulation or engineering of molecular, cellular, and genetic substances. 
It is sometimes called genetic engineering of biological molecules forming novel 
products for industries. The combination of nanotechnology and biotechnology is 
known as nanobiotechnology. It is cutting-edge technology that removes boundaries 
between chemistry, physics, and biology. It can also be called multidisciplinary field 
of study (Bharali et al. 2011).

Nanobiotechnology is doing wonders in the field of medicine since last two 
decades. It is crux technology in disease diagnosis, therapy, and targeted drug deliv-
ery. It improves the way of detection and treatment of different human diseases and 
prevents them from occurring in future. Targeted drug delivery is carried out in 
which the nanoparticles are engineered in such a way that the delivery of drugs 
occurs only to diseased cells while neighboring healthy cells are protected. 
Additionally, the targeted delivery, therapy and imaging can occur simultaneously 
by the multifunctional nanoparticles. Their all-round nature makes them promising 
tools in encountering cancer disease (Park et al. 2009).

The size and surface of nanoparticles is immensely important so that the drugs or 
imaging agents can be perfectly bound with nanoparticles and released at the appro-
priate time without degradation. The nanoparticles should have high drug loading 
capacity which can be increased or decreased depending on size of nanoparticles. 
The distribution and toxicity of nanoparticles also depends upon their size. The 
larger surface area of nanoparticles conveniently releases drug, so the size of 
nanoparticles should be minimum. Moreover, the distribution and availability of 
drugs loaded on nanoparticles increases and toxicity of such drugs gets reduced. 
Different routes can be followed for delivery of nanoparticles. For instance, the 
drugs loaded on nanoparticles can be effectively delivered to the brain, overcoming 
the blood-brain barrier/meninges (Patel et al. 2014).
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13.4  Nanomedicine in Diagnostics and Therapeutics

The application of nanobiotechnology to the field of medicine is called nanomedicine. 
The quality of life of patients can be improved by learning the pathophysiology of 
diseases using nanotechnology. The long-term effectivity of nanomedicine formula-
tions in the diagnostic and therapeutic intercession has been depicted (Rizzo et al. 2013).

The diagnostic methods currently available are able to detect the particular dis-
ease when the disease symptoms appear and patient starts suffering from illness. 
However, the technology should be able to diagnose the disease way before the 
appearance of symptoms so that it could be treated earlier. Polymerase chain reac-
tion (PCR) based tests are recently devised technologies. Likewise, nanobiotechnol-
ogy offers a promising approach which is more sensitive and efficient (Savaliya 
et al. 2015).

Usually, the diseases are detected by means of antibodies attached with fluores-
cent dyes. However, the specificity of dyes is much less, so the use of nanotechnol-
ogy is a dire need to overcome this discrepancy. Quantum dots (QDs) are supposed 
to be useful in this regard which are very helpful in intracellular imaging. Moreover, 
if the genetic compositions of biological specimens are to be detected, gold (Au) 
nanoparticles bound with DNA would be promising. Nanosystems also help in iso-
lation and detection of sparse cells (for example, cancer cells) from the bloodstream 
(Qasim et al. 2014).

The conventional drugs for different diseases are very expensive because the con-
ventional techniques require many reagents and solutions. To overcome this, bio-
pharmaceuticals are currently developing at a very fast rate. Nano-drug formulations 
are designed for efficient and economic drug delivery to targeted cells. The drugs 
that can’t be orally administered can be given to the patients in the form of nanofor-
mulations. The nano-drugs can be quickly delivered to the locations where standard 
drugs cannot reach. These drugs are triggered by laser or infrared light or by specific 
internal molecules present for controlled release of drugs to their destined location. 
It is the property of nanoparticles to protect drugs from degradation or denaturation 
on getting exposed to lower pH or other extreme conditions. The half-life of drugs 
also increases by adhesion of drugs to the cell membranes (Zhang et al. 2008).

Few other applications of nanobiotechnology in therapeutics have been 
described below:

13.4.1  Gene Therapy

The transportation of viral vectors is problematic, so nanoparticle-based nonviral 
vectors have been devised for successful delivery of plasmid DNA. Many trials are 
ongoing to prepare nanometer-scale constructs as gene carriers (Liu and Zhang 2011).
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13.4.2  Engineering of Biomolecules

It was once a very tough task, but with the advent of nanobiotechnology, it has 
become easier by performing biochemical reactions on solid substrates rather than 
liquid solutions. This technology has applications in drug discovery and functional 
genomics and it holds a great promise for future generations regarding biosensors, 
biocatalysts, etc. (Nagamune 2017).

13.4.3  Cardiovascular (CDV) Diseases

The immune signals of CDV diseases can be sensed by quantum dots and other 
nanosystems which are otherwise difficult to be monitored. Different nanomachines 
for the treatment of CDV diseases can also be devised (Jiang et al. 2017a; Chandarana 
et al. 2018).

13.4.4  Dentistry

Dental healthcare can be facilitated by nanorobots and other such nanomaterials 
made by using nanodental techniques. Natural tooth will be maintained by repairing 
the tooth tissues in this way (Abiodun-Solanke et al. 2014; AlKahtani 2018).

13.4.5  Orthopedics

Nanobiotechnology plays an important role in orthopedic surgery by the deposition 
of nanomaterials on implants. This enhances the efficiency of orthopedic implants 
by enhancing nanomaterials and bones interactions (Garimella and Eltorai 2017; 
Smith et al. 2018).

13.5  Role of Nanomedicine in Cancer

Nanobiotechnology offers a great potential in combating cancer. Nanoparticles for 
targeted drug delivery to cancer cells cause excessive drug accumulation on the sites 
of tumor development, while preventing the closely located normal cells from drug 
exposure. This causes cytotoxicity only in cancerous cells and improves the phar-
macokinetic profiles. The nanodrugs remain stable during and after its delivery to 
desired cells. These drugs are able to invade inside the tumor cells through enhanced 
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permeability and retention (EPR) effect. However, the biomarkers of EPR effect 
should be identified that will lead to the development of personalized nanomedicine 
for cancer nanotherapeutics (Shi et al. 2017).

Nano-oncology is the term derived for applications of nanobiotechnology in can-
cer. It involves early diagnosis via magnetic resonance imaging (MRI), therapeutics 
via nanocarrier for targeted drug delivery, and cancer prevention via nanochemopre-
vention. Its future implications involve the improvement in molecular individual-
ized medicine (Mark et al. 2013). Hitherto, cancer nanomedicine reveals difficulty 
in targeted drug delivery because of uptake of nanodrug by the healthy cells along 
with the unhealthy ones. Nanodrugs for cancer are also inefficient in penetrating 
tumor cells, i.e., intracellular delivery. Therefore, the field of immune-oncology 
could be combined with nano-oncology so that the host’s own immune system 
could be stimulated to recognize and eradicate tumors by means of nanomedicines. 
In this way, cancer patients are much benefitted (Jiang et al. 2017b).

Cancer stem cells (CSCs) have the ability to escape conventional therapies. 
Therefore, the isolation of CSCs should be done that may help in understanding the 
mechanism of metastasis and signaling pathways. Different cell surface markers 
have been discovered such as CD24, CD44, and CD133. Similarly, various regula-
tory pathways have also been reported like Wnt/β-catenin and Hedgehog pathways. 
These discoveries pave the way for novel anticancer therapies using nanoparticles 
(Kievit and Zhang 2011; Yu et al. 2012; Sisay et al. 2014).

13.6  Major Nanoparticles Used in Diagnosis and Therapy 
of Cancer

Different types of nanoparticles have their strengths and weaknesses and their selec-
tion to be used as theranostic agents is based on the application. The commonly 
used nanoparticles for diagnosis and therapy of cancer disease have been shown in 
Fig. 13.2 and are listed below.

13.6.1  Quantum Dots (QDs)

QDs are inorganic semiconductor nanoparticles having applications in medicine 
and biology. QDs are biocompatible and biologically inert materials of low toxicity. 
These are used as nanosensors and nanocarriers (Granada-Ramirez et  al. 2018). 
QDs are even more stable than fluorescent proteins at fluctuating temperature and 
pH conditions, hence used for prolonged fluorescent monitoring and image-guided 
therapy. This unique property of QDs, i.e., their ability to visualize on the targeted 
tissue, makes them desirable semiconductor molecules to be used in cancer nano-
theranostics. QDs can be multifunctionalized for cancer targeting and imaging, and 
delivery of drug (Luk and Zhang 2014; Sisay et al. 2014).
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Huang et al. (2017) developed a nanotheranostic system in which they coated the 
QDs with a polymer that was loaded with paclitaxel drug and lipoic acid. The ester 
linkage was formed between polymer and drug. This system was proved favorable 
for in vitro diagnosis and therapy of cancer cell lines. AbdElhamid et al. (2018) 
developed highly fluorescent QDs that were layer by layer coupled with gelatin/
chondroitin that showed anti-breast cancer efficacy and non-immunogenicity. 
Imaging and drug delivery were performed simultaneously in this study.

13.6.2  Liposomes

The first nanoformulation to be approved by the Food and Drug Administration 
(FDA, USA) was a liposomal formulation. Liposomes are organic nanovectors used 
for targeted delivery of drugs and imaging agents. Personalized therapeutic medi-
cines are made by the combination of nanovectors with targeting moieties. These 
vesicles having lipid bilayers are biocompatible, biodegradable, and non- 
immunogenic that make them potent candidates for encapsulation of broad range of 
drugs. Polyethylene glycol (PEG) is attached to liposomal surface due to which the 
liposomes do not get recognized by immune system, thereby stay for a longer time 
period in the body (Muthu and Feng 2012). Liposomes have the ability to work as 
multifunctional nanocarriers by attaching multiple functional groups on the surface 

Fig. 13.2 Major nanoparticles used in cancer nanotheranostics
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of liposomes and they enhance targeted delivery by accumulating for longer period 
on targeted sites (Deshpande et al. 2013). Liposomes are used for diagnosis of can-
cer by magnetic resonance imaging (MRI), positron emission tomography (PET), 
and single photon emission computed tomography (SPECT) (Sisay et al. 2014).

13.6.3  Micelles

Micelles are polymeric spherical nanoparticles having hydrophobic interior that can 
hold drugs that are otherwise insoluble in aqueous solution. They have tremendous 
ability to deliver cargo to the site of action and least cytotoxicity. They are highly 
stable but stimuli-sensitive and undergo controlled drug release. These nanoparti-
cles have the capability to reduce intracellular drug resistance in cancer patients 
(Tyrrell et al. 2010; Biswas et al. 2016).

13.6.4  Dendrimers

Dendrimers are organic molecules with monodisperse morphology that can gener-
ate different polydisperse molecules. They possess low cytotoxicity and are chemi-
cally stable. Dendrimers undergo controlled and targeted delivery of drugs against 
various diseases including cancer (Abbasi et al. 2014). These polymeric nanoparti-
cles are multifunctional, versatile, and biocompatible. They are upgradable, i.e., 
their surfaces can be modified with targeting ligands. They can carry both the thera-
peutic and imaging moiety for simultaneous imaging and therapy (Sisay et al. 2014).

13.6.5  Carbon Nanotubes (CNTs)

CNTs are organic allotropes of carbon having cylindrical shape. These can be 
single- walled or multi-walled in structure. These are very light weight and have a 
structure on which drug could easily be loaded. They can easily get conjugated to 
diagnostic and therapeutic agents like drugs, genes, DNA, RNA, etc. These are 
widely used in optical imaging and drug delivery (He et al. 2013).

13.6.6  Super Paramagnetic Iron Oxide (SPIO) Nanoparticles

SPIO are inorganic nanoparticles having unique physicochemical and biological 
properties. SPIO nanoparticles lack the ability to get solubilized in water. They can 
be aggregated intracellularly which can be prevented by adding hydrophilic  polymers 
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to their surface. The water solubility of these nanoparticles can also be enhanced in 
this way (Sisay et al. 2014). These nanoparticles are capable of magnetic targeting 
and magnetic resonance imaging (MRI) due to their excellent magnetic properties. 
These are biocompatible and stable, thereby undergo specified drug delivery (Wang 
et al. 2013; Kandasamy and Maity 2015).

Zou et al. (2010) reported the study in which SPIO nanoparticles were capped 
with PEG polymer, and then antibody and fluorescent dye were conjugated with 
PEGylated polymer. Anticancer drug was loaded on this molecule. Later on, cancer 
targeting and imaging was conducted in colon cancer cell line.

13.6.7  Metallic Nanoparticles

Au nanoparticles can be found as nanorods, nanocages, and nanoshells having 
excellent thermal and optical properties. These nanoparticles can be conveniently 
prepared, have facile structure and function, and can cause thermal ablation of can-
cer cells to be targeted (Sisay et al. 2014). These nanoparticles are naturally inor-
ganic and are used in targeted drug delivery, sensing, and imaging (Yeh et al. 2012). 
AgO nanoparticles are inorganic in nature and have excellent potential to be used as 
anticancer agents. Besides, they are capable to be used as antimicrobial, antioxi-
dant, anti-inflammatory, and anti-angiogenic agents (Zhang et al. 2016).

13.6.8  Fullerenes

Fullerenes are organic molecules, also called buckyballs. They consist of carbon- 
cages that are very stable structures used for cure of various diseases (Mansoori 
et al. 2007). Metallofullerenes have potential applications in diagnostics because 
these are used as contrast-enhancing agent in magnetic resonance imaging (MRI). 
Fullerenes are also used in therapeutics and have potential applications in radio-
therapy, photodynamic therapy, and chemotherapy. Photoacoustic imaging is per-
formed by carboxyl and polyhydroxylated fullerenes (Chen et al. 2012).

13.6.9  Polymers

Natural polymers are biodegradable, biocompatible, non-immunogenic, and non-
toxic. These are broadly classified as polysaccharides and proteins. Polysaccharides 
include dextran, starch, chitosan, and alginate, while examples of proteinaceous 
natural polymers are albumin and gelatin. All of them are fabricated into nanopar-
ticles for nanodrug delivery and its controlled release to the specific site (Anwunobi 
and Emeje 2011). Synthetic polymers include polyethylene glycol (PEG), 
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 polyvinylpyrrolidone (PVP), polystyrene, etc. These are similar to natural poly-
mers with respect to their role in drug delivery and medicine (Gardel 2013). Zhao 
et al. (2017) used peptide aptamer targeted polymers for imaging and delivery of 
doxorubicin (DOX) in cancer cells.

13.7  Cancer Prevention via Nanomedicine

Removal of carcinogens can result in cancer prevention because these chemicals 
result in chromosomal aberrations. Conventional cancer preventive treatments do 
not have potential to remove such oxidizing agents from the environment. However, 
nanomedicine can play a crucial role in this scenario. Nanoparticles attached with 
UV-scattering and UV-absorbing substances could eliminate carcinogens effec-
tively (Zare-Zardini et al. 2015). Food and Drug Administration (FDA) has approved 
various conventional drugs for destruction of precancerous cells. These drugs 
reduce the risk of cancer. Application of nanotechnology for cancer prevention will 
increase specificity and sensitivity of drug delivery and will also evoke immune 
response in precancer patients. However, the nano-based cancer prevention requires 
heavy funds and resources. Moreover, the nanoformulations for cancer prevention 
should not be toxic or least toxic to human body. A legislation needs to be passed 
for fighting the cancer by nanobiotechnology (Menter et al. 2014).

13.8  Cancer Diagnostics/Imaging via Nanomedicine

Various conventional diagnosis techniques involve fluorescence in situ hybridiza-
tion (FISH), fine-needle aspiration cytology (FNAC), immunohistochemistry, and 
biopsy. Hence, only in  vitro diagnosis is possible with traditional methods. 
Biosensors are one of the applications of nanobiotechnology in cancer diagnostics. 
QDs are used for early diagnosis of cancer markers such as Her2, and real-time 
monitoring of release of drug can take place via in vivo biosensors. CNTs may also 
be used for detecting cancer markers by atomic force microscopy (AFM). Another 
common example of nanosensors used for diagnosing cancer tumors are cadmium 
selenide (CdSe) nanoparticles (Zare-Zardini et al. 2015).

13.9  Cancer Therapeutics via Nanomedicine

The current methods for drug delivery in case of cancer are oral, intravenous, intra- 
arterial, or intra-muscular. The conventional drug delivery system has lot of serious 
problems, one of the major discrepancies being the development of toxicity to non-
cancerous tissues due to non-targeted delivery. Using nanobiotechnology, the issue 
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of bioavailability of drugs can be sorted out using encapsulated nanoparticles in 
which the surfaces of nanoparticles are fabricated with different polymeric agents or 
proteins, etc. Thus, the effectivity and efficiency of targeted drug delivery is 
enhanced. Even small doses can be delivered in this way by which toxicity is 
reduced to minimum (Zare-Zardini et al. 2015).

Small interfering RNAs (siRNAs) are synthesized by the cleavage of RNA mol-
ecules. These are 20–25 nucleotides long and function in silencing the gene tran-
scription by forming RNA-protein complex called RNA-induced silencing complex 
(RISC). The technique of RNA silencing has also applications in nanotherapeutics. 
Nanoparticles can be used as carriers for delivery of siRNAs to gastrointestinal tract 
(GI) of diseased individuals, hence making them free of oral or cervical cancer 
(Menter et al. 2014).

13.9.1  Mechanism of Targeted Drug Delivery

The mechanism of targeted delivery of drugs is based on the principle of enhanced 
permeability and retention (EPR) effect of nanoparticles. Professor Hiroshi Maeda 
first proposed this phenomenon. The different strategies of drug targeting are:

 1. Passive targeting
 2. Active targeting/smart drug delivery
 3. Physical targeting/next generation photothermal and magnetic hybrid Nanoparticles- 

based targeting

When the drug is distributed to other body organs besides tumor through blood 
circulation and extravasation, such type of targeting is known as passive targeting. 
It relies on EPR effect. On the other hand, the drug distribution to only tumor is 
termed active targeting/“smart” drug delivery shown in Fig. 13.3. It involves the 
interaction between drugs and targeted cells through ligand-receptor bonding. The 
drug/drug carrier is guided to reach the specific target by doing polyethylene glycol 
(PEG) capping of nanoparticles which increases the time of blood circulation, 
thereby enhancing EPR effect. The recent targeting strategy is dependent on the 
heat released by the photothermal and magnetic nanoparticles for controlled drug 
release (Bae and Park 2011; Yu et al. 2016; Unsoy and Gunduz 2018).

Targeted drug delivery reduces the possible side effects due to accumulation of 
nanodrug in the bloodstream for longer time. It maximizes the pharmacokinetic 
efficiency and therapeutic effects by efficiently clearing toxic substances from the 
body (Fahmy et al. 2005; Vasir and Labhasetwar 2005). Wang et al. (2019) used 
mesenchymal stem cells for targeted delivery of anticancer drug-encapsulated 
nanoparticles to the lungs. Since this strategy was effective, it produced incompa-
rable inhibition of lung cancer in different animals (rabbit and monkey) even in low 
dosage. Recently, an effective protocol for treatment of metastatic ovarian cancer 
was developed using her2-targeted theranostic nanoparticles (Satpathy et al. 2019).
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13.10  Cancer Detection/Monitoring via Nanomedicine

Different pathways involved in progression of cancer are quite complicated, so there 
is difficulty in study. Positron emission tomography (PET) and computed tomogra-
phy (CT) scan have been used for monitoring and detection of cancer so far. Usage 
of nanomaterials for early detection of cancer holds a great promise. Recently, QDs, 
magnetic nanoparticles, and dendrimers have been tried for optical imaging and 
magnetic resonance imaging (MRI). Ultrasonography is also used for this purpose 
but the recognition of neo-vascularization in case of cancer requires more sophisti-
cated and sensitive instrumentation. Ultrasonography contrast media (UCM) can 
identify early-stage cancer and is a necessary solution to this problem. Nevertheless, 
the recent advancements in this domain will cause early detection of cancer and its 
pattern of occurrence which indicates future strategy for an easy, noninvasive detec-
tion in the lymphatic system of patients (Hartman et al. 2008).

13.11  Cancer Nanotheranostics

The amalgamation of nanodiagnostics and nanotherapeutics is termed “nanother-
anostics.” Figure 13.4 explains the concept of nanotheranostics of cancer in detail. 
The plausible applications of nanoparticles in which the individuals are diag-
nosed, treated, and monitored simultaneously in real-time and in noninvasive tis-

Fig. 13.3 Mechanism of smart drug delivery system

13 Theranostic Applications of Nanobiotechnology in Cancer



290

sues are the most promising tools for winning battle against cancer using a single 
nanoformulation. The patient tumor-nanodrug interaction plays a significant role 
in scale- up fabrication of nanoparticles for cancer nanotheranostics. The com-
bined diagnosis and therapy by attaching the corresponding theranostic agents to 
nanoparticles allows researchers to get images of mechanism of action of nanopar-
ticles along with treatment ultimately leading to damage of cancer cells. In this 
way, different physicochemical properties of targeting, imaging, and therapeutic 
agents can be harnessed to discover novel cancer nanotheranostic methods of drug 
delivery. In spite of all efforts and deliberate attempts to optimize cancer nano-
theranostics, it has been facing exigent barriers to clinical translation (Melancon 
et al. 2012; Chen et al. 2017; Silva et al. 2019).

13.12  Challenges in Nano-Oncology

The major challenge in the field of cancer study is early diagnosis. Almost all types 
of cancer (99%) are epithelial in origin, so the anatomy of superficial cells is of 
utmost importance (Frank 2007). Therefore, three-dimensional (3-D) images of 
microanatomy should be obtained. Nanobiotechnology can resolve this issue by 
inexpensive and convenient nanodiagnostic methods. However, there are few chal-
lenges due to some clinical failures of nanomedicine, particularly nano-oncology. 
The list of hurdles faced by nano-oncology are given below.

Diagnostic/Imaging agents

Nanodiagnostics Nanotherapeutics

Therapecutic agents

Nanocarriers/Targeting agents

Agents Examples
-   Drugs
-   Nucleotides
-   Stabilizing

moldecules
PEG
SiRNA
Doxorubicin

-    Quantum dots
-    SPIO nanoparticles
-    Gold nanoparticles
-    Surface markers

Targated
Cancer

Site

-      Liposmes
-      Micelles
-      Dendrimers
-      SPIO Nanoparticles
-      Polymeric Nanoparticles

Fig. 13.4 Phenomenon of nanotheranostics of cancer
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13.12.1  Toxicity of Nanoparticles (NPs)

There are innumerable reports about nanostructures declared to be toxic for humans. 
The vulnerable body parts such as respiratory and gastrointestinal tract (GI) may 
develop toxicity of these substances. Nanoparticles are attached with peptides so 
that after functioning they can easily get degraded by proteases and excrete out from 
the body in the form of urine. If these NPs are not excreted, they may cause signifi-
cant distress to human body. For instance, they might be absorbed by the normal 
body tissues. Their long-term presence in blood might result in blood clotting (Zare- 
Zardini et al. 2015).

13.12.2  In Vivo Studies

Lots of nanotheranostic studies performed to date are in vitro. However, biological 
system is very complex and nano-drugs need to be tested for their efficiency in 
in vivo environment. A framework should be established for nanomedicine develop-
ment and translation where the animal models and patients who respond well to 
nanomedicine need to be selected (Sisay et al. 2014).

13.12.3  Multifunctional Nanoparticles

“Smart” multifunctional nanoparticles should be largely prepared for simultaneous 
diagnosis, targeting, and therapy of cancer tumors (Riggio et al. 2011).

13.12.4  Targeting Efficacy of Nanovectors

The nanocarriers should be able to cross the physiological barriers such as blood- 
brain barrier and multidrug resistance in order to reach at their target site (Riggio 
et al. 2011).

13.12.5  Phagocytosis

The reticuloendothelial system that undergoes excessive phagocytosis by nanofor-
mulations needs to be minimized. The nanomedicine design must be optimized to 
fulfill this purpose (Kuncic 2015).

13 Theranostic Applications of Nanobiotechnology in Cancer
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13.12.6  Immuno-oncology

The immune-oncology should utilize new techniques in order to avoid previous 
mistakes. Fundamental challenges facing immune-oncology should be minimized. 
Molecularly targeted therapies must be amalgamated with immunotherapies to 
obtain next generation nanomedicines (Kuncic 2015).

13.12.7  Interdisciplinary Collaboration

Previously, clinical and basic science researchers have not been brought to a single 
platform where they could get an opportunity to explore current opportunities in 
nano-oncology. Scientists from such areas of research should be brought together in 
order to discover something novel in nano-oncology that would prove beneficial for 
translational healthcare (Kuncic 2015).

13.13  Conclusions and Future Perspectives

Cancer is a lethal disease that is prevalent all over the world. The biology of cancer 
has largely been understood by advanced scientific practices. Conventional cancer 
diagnostic and therapeutic procedures have failed to eradicate cancerous cells 
effectively from the body. From the past few years, nanotherapeutics is rapidly 
emerging to solve many issues related to conventional chemotherapeutics. 
Moreover, nanotheranostics has been budding into a plausible combined solution 
for all issues related to cancer imaging and treatment. Nanomedicine development 
has introduced advanced nanosystems for theranostics. It has huge potential to 
reduce multidrug resistance and enhance selectivity and solubility of nanoparticles. 
It is evident that the efficacy of nanoparticles depends on their size, surface charge, 
surface area, and multipotency. Nanoparticles for effective drug delivery need to be 
stable, easy to fabricate, biocompatible, biodegradable, non-immunogenic, and 
nontoxic and possess a capability to release the loaded drug to only targeted site 
with minimum side effects. Tumor heterogeneity is a major challenge in the devel-
opment of nanomedicines for targeted delivery in the remedy of cancer. Nevertheless, 
many such nanoformulations are in clinical trial phase and there is need for more 
preclinical models so that their targeting effectiveness could be tested. Multiscale 
modeling and computational models should be used for designing of nanoparticles 
in order to escalate more advanced targeted drug delivery. Furthermore, the cancer 
nanotherapeutics should be customized for individual patients leading to advances 
in personalized medicine.
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Chapter 14
Magnetic/Superparamagnetic 
Hyperthermia as an Effective Noninvasive 
Alternative Method for Therapy 
of Malignant Tumors

Costica Caizer

Abstract Superparamagnetic hyperthermia (SPMHT) is noninvasive, nontoxic, 
and with increased efficiency in destroying malignant tumors compared with 
 magnetic hyperthermia (MHT), and conventional chemo- and radiotherapy (RT) 
currently used in medical clinics in this issue. Nowadays SPMHT appears as the 
most promising alternative method in future therapy of cancer. In this chapter, 
SPMHT/MHT with bioencapsulated/biofunctionalized ferrimagnetic nanoparticles, 
best suited for this therapy, and the recent significant results obtained in vitro and 
in  vivo on different animal models and for different types of cancers with high 
 incidence among the people, with the greatest potential for application in clinical 
trials, will be presented. Moreover, the new concept of nanotheranostic as a result of 
advanced nanobiotechnology for increasing the efficiency in cancer therapy to 
100% and nontoxicity on the heath tissues also will be presented.

Keywords Superparamagnetic hyperthermia · Nanotheranostic · In vitro · In vivo 
· Cancer therapy
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2-DG 2-Deoxyglucose
5-FU 5-Fluorouracil (anticancer drug)
ADR Drug-resistive cancer cells
AMF Alternating magnetic field
ATA Aminoterephthalic acid
Bio-FiMNPs Biocompatible ferrimagnetic nanoparticles
Bio-MNPs Biocompatible magnetic nanoparticles
Bio-SPMNPs Biocompatible superparamagnetic nanoparticles
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CDs Cyclodextrins
CMC Carboxymethyl cellulose
CT Computed tomography
Cy7 Cyanine7 (lipophilic fluorescent dye)
DOX Doxorubicin (anticancer drug)
FiM Ferrimagnetic
FiMNPs Ferrimagnetic nanoparticles
FIMO Ferromagnetic iron-manganese oxide
FITC Fluorescent nanoparticles for imaging
FMI Fluorescence molecular imaging
HAP Hydroxyapatite
HER Herceptin
HPMC Hydroxyl-propyl methyl cellulose
IONPs Iron oxide nanoparticles
IR Infrared
Ls Liposome
MagTSLs Thermo-sensitive magnetoliposomes
MCL Magnetic cationic liposomes
MFHT Magnetic fluid hyperthermia
mHAP Magnetic hydroxyapatite
MHT Magnetic hyperthermia
MNCs Micellar magnetic nanoclusters
MNPs Magnetic nanoparticles
MRI Magnetic resonance imaging
MTB Magnetic tactic bacteria
MTT MTT assay
MTX Methotrexate
NFs Nano-flowers
NIR Near-infrared
NMHT Nano-magnetic hyperthermia
NPs Nanoparticles
NPTT Nano-photothermal therapy
OA Oleic acid
PAI Photoacoustic imaging
PBS Phosphate buffer solution
PDT Photodynamic therapy
PEG Polyethylene glycol
PES Poly(3,4-ethylenedioxythiophene):poly(4-styrenesulfonate)
PET Positron emission tomography
PM  Polymeric micelle
PSA Prostate-specific antigen
PVA Polyvinyl alcohol
ROS Reactive oxygen specie
RT  Radiotherapy
SAR Specific absorption rate
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SERS Surface-enhanced Raman scattering
SPECT Single-photon emission computed tomography
SPIONs Superparamagnetic iron oxide nanoparticles
SPM Superparamagnetic relaxation
SPMHT  Superparamagnetic hyperthermia
SPMNPs Superparamagnetic nanoparticles
TA Terephthalic acid
US Ultrasound

14.1  Introduction

In principle, magnetic hyperthermia (MHT) or superparamagnetic hyperthermia 
(SPMHT) represents an increase in temperature to 42.5–43 °C inside tumor, where 
biocompatible magnetic nanoparticles (BioMNPs) are locally stored (deposited 
there by various techniques), after applying on the tumor an external alternating 
magnetic field (AMF) with amplitude (H) and frequency (f) suitable for this therapy 
(most often: H = 1–50 kA/m, f = 100–500 kHz) (Fig. 14.1) (Ito et al. 2005). The 
temperature developed in the tumor by superparamagnetic relaxation (SPM) in 
SPMHT or hysteresis in MHT, or sometimes both, is sufficient to destroy tumor 
cells by apoptosis and/or necrosis sometimes at temperatures higher than 43 °C. This 
technique is noninvasive and apparently nontoxic, within the permissible biological 
limit: H × f < 5 × 109 A/m Hz (Hergt and Dutz 2007).

Recent data shows a high increase in interest and studies on magnetic- and super-
paramagnetic hyperthermia (MHT/SPMHT), or the combination of this therapy 

Fig. 14.1 Schematic illustration of the therapeutic strategy using magnetic particles. Functionalized 
magnetic nanoparticles accumulate in the tumor tissues via the drug delivery system (DDS). Magnetic 
nanoparticles can be used as a tool for cancer diagnosis by magnetic resonance imaging (MRI) or for 
magnetoimpedance (MI) sensor. Hyperthermia can then be induced by AMF exposure. Thus, 
magnetic nanoparticles can be used for cancer therapy at the same time as diagnosis. (Reprinted from 
Ito et al. 2005, with permission from Elsevier, © (2005) The Society for Biotechnology, Japan)

14 Magnetic/Superparamagnetic Hyperthermia as an Effective Noninvasive…



300

with other techniques used in cancer therapy, due to the benefits of this alternative 
noninvasive therapy compared to conventional methods (chemo- and radiotherapy) 
currently used in cancer therapy, with a high degree of toxicity on the human body, 
and sometimes even ineffective in cancer therapy in more advanced stages (Fig. 14.2) 
(Gupta and Sharma 2019).

State of the art in alternative cancer therapy using SPMHT/MHT is presented in 
Sect. 14.2.1, and recent developments and innovations using nanobiotechnology for 
new biofunctionalized and multifunctional hybrid nanobiomaterials (surfactation, 
encapsulation, bioconjugation, biofunctionalization), which contain magnetic 
nanoparticles (MNPs) such as thermal vectors and nanocarriers, targeting tumor 
cells with increased efficacy in their destruction (~90%) and with as low as possible 
toxicity on healthy cells in the vicinity of the tumor, are presented in Sect. 14.2.2. 
Also, in Sect. 14.2.2 are presented the results obtained in cancer therapy by using 
SPMHT or MHT with different hybrid nanobiomaterials incorporating magnetic or 
superparamagnetic nanoparticles (MNPs/SPMNPs), resulted from their in vitro 
testing on different human tumor cell lines and in vivo on the laboratory animal 
model (mouse) by xenografting or tumor injection for various human cancers with 
high risk degree.

The results obtained show an increased efficiency in the destruction of tumors by 
SPMHT/MHT hyperthermia, but not 100%, as there is also a certain dose of toxicity 
depending on the magnetic nanoparticles (type, size, distribution, magnetic behav-
ior, etc.), nano-bio-structures, SPMHT or MHT parameters, doses, exposure times, 
etc. Reduction of toxicity on health cells to zero and increase to 100% of SPMHT/
MHT efficiency in the destruction of cancer cells is a target to be achieved in the 
near future, through current researches in the field. In pursuit of this goal, it is 
intended to achieve a practically integrative therapy, nanotheranostics, which allows 
both tumor therapy and diagnosis in real time using nanobiotechnology and various 

Fig. 14.2 Emergence of 
magnetic hyperthermia- 
mediated cancer therapy 
over the years. Data 
collected from Google 
Scholar (10 March 2018). 
(Reprinted with permission 
from Gupta and Sharma 
2019, © (2019) American 
Chemical Society)
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current imaging techniques used in medical clinics. The nanotheranostic procedure 
also allows increased tumor therapy efficiency by guiding targeted biocompatible 
magnetic nanoparticles to tumor cells, as well as their proper cellular internalization 
and location with precision. These issues are presented in Sect. 14.3 of this chapter.

The current trend in cancer therapy is to use in nanotheranostics the current 
imaging techniques with high resolution and depth in biological tissues, such as 
magnetic resonance imaging (MRI), computed tomography (CT), and photoacous-
tic imaging (FAI) together with combined therapies simultaneously, dual- or even 
triple-therapy (e.g., magnetic thermal therapy (MTT) with chemo- or radiotherapy 
(RT) (DUAL-Therapy) or MTT with photodynamic therapy (PDT) and chemother-
apy (TRIPLE-Therapy), so that efficacy of the “all in one” cancer therapy soon 
leads to 100% and reduced to zero toxicity.

This chapter presents some important issues regarding superparamagnetic hyper-
thermia/magnetic hyperthermia (SPMHT/MHT) as a noninvasive alternative 
method in cancer therapy, and with very low toxicity compared to conventional 
chemo- and radiotherapy used today in cancer therapy.

14.2  Magnetic/Superparamagnetic Hyperthermia 
as Noninvasive Alternative Method in Cancer Therapy

14.2.1  State of the Art

Nowadays major efforts are made around the world in finding alternative, noninva-
sive, and feasible magnetic hyperthermia therapy (MHT) in order to destroy malig-
nant tumors without toxicity on living organism (Pankhurst et al. 2003; Matsuoka 
et al. 2004; Ito et al. 2005; Johannsen et al. 2005, 2007; Sunderland et al. 2006; 
Hergt et  al. 2006; Purushotham and Ramanujan 2010; Alphandéry et  al. 2013; 
Sivakumar et al. 2013; Qu et al. 2014; Lee et al. 2013; Di Corato et al. 2015; Liu 
et al. 2016a, b; Almaki et al. 2016; Thorat et al. 2017; Caizer 2017; Kandasamy et al. 
2018; Yan et al. 2018; Guoa et al. 2018; Zhou et al. 2018). As is well known, nowa-
days the commonly used methods in this area include surgery, chemotherapy, and 
radiation therapy, conventional methods which do not solve entirely the issue, and in 
advanced cases they are inefficient. As a result, the modern society is more affected 
by this disease (Jansen et al. 2001; Mancuso et al. 2009; Denoyer et al. 2010; Li et al. 
2011; Yamanaka et al. 2011). An alternative method must be found as soon as pos-
sible, that leads, in nearest future, to the effectiveness of the cancer therapy.

In this area, starting from 2002–2003 the possible use of ferrimagnetic (FiM) 
nanoparticles (NPs) as a support in producing superparamagnetic hyperthermia 
(SPMHT) (temperature ~43 °C) has been proposed. SPMHT is obtained as a result 
of the superparamagnetic (SPM) relaxation in ferrimagnetic nanoparticles (FiMNPs) 
(Rosensweig 2002), found inside the tumors, under the action of an external 
alternating magnetic field having a frequency in the range of hundreds of kHz, 
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which leads to their irreversible thermal destruction (Safarik and Safarikova 2002; 
Tartaj et al. 2003; Ito et al. 2003a, b). From then until now the problem advanced 
and the research results obtained so far (Shinkai and Ito 2004; Ito et  al. 2004; 
Matsuoka et al. 2004; Hilger et al. 2005; Tanaka et al. 2005; Gazeau et al. 2008; 
Habib et al. 2008; Sivakumar et al. 2013; Di Corato et al. 2015; Liu et al. 2016a, b; 
Almaki et al. 2016; Yan et al. 2018; Zhou et al. 2018; Caizer 2012, 2014; Caizer 
et al. 2013) are very promising, and show that SPMHT might be the future method 
in cancer therapy, noninvasive and with very low toxicity or nontoxicity on the 
health tissues.

NPs most used in magnetic hyperthermia (MHT) are those of iron oxide nanopar-
ticles (IONPs), the base being Fe3O4 (magnetite) and γ-Fe2O3 (maghemite) (Ito 
et  al. 2004; Gazeau et  al. 2008), which give the best results in MHT and have 
reduced toxicity on the living body.

There are MHT   studies also made for other ferrimagnetic NPs (FiMNPs), such 
as the Mg ferrite, Mn or their combinations Mg–Mn, Mn–Zn or even the Co ferrite 
(CoFe2O4) (Kumar and Mohammad 2011; Pradhan et al. 2007; Hejase et al. 2012; 
Saldívar-Ramírez et al. 2014), but with poorer results. Cobalt ferrite (CoFe2O4) NPs 
presents a high interest as a SPMHT material and has not been systematically stud-
ied. It has almost the same saturation magnetization as Fe3O4 but with a magneto-
crystalline anisotropy one order of magnitude larger.

However, finding the most suitable NPs to achieve maximum efficiency of the 
SPMHT remains an open question.

In order to use magnetic nanoparticles (MNPs) in the SPMHT, they must be 
made biocompatible with the biological tissues in which it will be introduced. There 
are different ways for doing this: covering NPs with a biocompatible organic layer 
(Safarik and Safarikova 2002), bioencapsulation of the NPs in biological mem-
branes, such as liposomes (Ls) (Shinkai and Ito 2004; Tanaka et al. 2005), or bio-
functionalizing of the NPs with specific molecular biostructures (Zhu et al. 2009) 
depending on the intended purpose.

On the other hand, in most of the applications NPs have a hybrid nature of the 
surface, consisting of organic functional molecules bonded to the magnetic nanopar-
ticles, and this plays a crucial role in defining their properties. A key challenge for 
NPs applications is the development of controlled surface reaction, strategy that 
delivers a versatile and stable interface between NPs and the biological environment 
and allows the incorporation of functional groups (Gupta and Gupta 2005; Selvan 
et al. 2010).

However, in the last years, the researches in magnetic hyperthermia (MHT) 
which gave good results, focused on liposomes (Ls) for encapsulating NPs (Shinkai 
and Ito 2004; Ito et al. 2004; Tanaka et al. 2005; Gazeau et al. 2008) due to their 
very good biocompatibility, biodegradability, and ability to transport safely the NPs 
release, and therefore showing the feasibility of MHT method in cancer therapy. Ls 
offer an advantage for NPs delivery because they allow water-soluble and -insoluble 
NPs to be encapsulated together. Liposomal NPs-delivery systems have a large size 
range, the ability to guard encapsulated entities and change surface chemistry, 
extended plasma life-time and highly efficient targeting capabilities, using different 
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surface coatings. Therefore, NPs delivery nanosystem using NPs encapsulated in Ls 
is considered as an effective strategy for passive tumor targeting, which can increase 
NPs circulation in blood but also reduce side effects in living organism.

Caizer et al. (2017) reported other possible magnetic bionanostructures, such as 
salicylic acid-coated magnetite nanoparticles, which could be used successfully in 
SPMHT/MHT for cancer therapy. The authors further reported other aspects of 
improving/optimizing the SPMHT/MHT method for cancer therapy.

However, for the effective application of SPMHT/MHT in cancer therapy, there 
still remained some problems, both fundamental and applied, which needs to be 
well known before proceeding to a more advanced research on animal model, and 
finally to humans (in clinical trials). Mostly these problems are:

 1. Finding the best magnetic nanoparticles for this type of experiment (material, 
size (mean diameter, shape, distribution), magnetic behavior in external field 
(ferro- or ferrimagnetic (FM or FiM)), superparamagnetic (SPM)), observed in 
terms of toxicity and effectiveness of superparamagnetic hyperthermia effect on 
the cells.

 2. The better biocompatibility (over 95%) (with lower toxicity) of magnetic NPs 
with the biological tissues (where they will be introduced), which need to take 
into account finding the organic compounds suited to the desired aim (NPs 
encapsulation/surfactation/functionalization).

 3. The magnetic NPs biofunctionalization, which has biochemical/biophysical 
affinity to tumor cells (a totally open problem); solving it might lead to curing 
cancer even in advanced stages (metastasis) and even discovering cancer (tumor 
cells) in early stages.

 4. The practical achievement of SPMHT, which is more suited for obtaining a max-
imum specific absorption rate (SAR) using the superparamagnetic relaxation 
phenomena in ferrimagnetic NPs in an external alternating magnetic field of 
hundreds of kHz, targeted to a specific type of cancer.

 5. Finding appropriate and effective protocols (types of nanoparticles, appropriate 
biofunctionalization, dosages/concentrations appropriate to the type of cells, cel-
lular viability, SPMHT effect efficiency (the amplitude and frequency of the 
alternating magnetic field, inductor geometry and time of field exposure)), start-
ing from in vitro studies to those in vivo, and finally to applying in future to 
humans (clinical trials).

The worldwide researches in the field are currently working on each of the above 
directions (Ito et al. 2005; Qiang et al. 2006; Baker et al. 2006; Zeng et al. 2007; 
Hergt and Dutz 2007; Fortin et al. 2008; Ondeck et al. 2009; Mehdaoui et al. 2010; 
Alphandéry et al. 2013; Di Corato et al. 2015; Liu et al. 2016a, b; Almaki et al. 
2016; Thorat et al. 2017; Yan et al. 2018; Zhou et al. 2018), neither of them being in 
an advanced stage.

Taking this into consideration, I have proposed (Caizer 2013, 2014) further 
research of the above issues by using iron-cobalt ferrite nanoparticles with 
 superparamagnetic behavior (Fe–Co ferrite NPs) such as: CoδFe3−δO4, with magnetic 
structure of Fe3+[Coδ

2+Fe(3−δ)
2+, Fe3+]O4

2− (Fe3+ is magnetic ion in sublattice A, 
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and […] contains the Co2+ and Fe2+ magnetic ions in sublattice B) (Smit and Wijin 
1961), for Co2+ ions concentration δ = 0–1. Using this innovative route, the Fe2+ ions 
(which have 4 μB, where μB is the Bohr magneton) from the octahedral magnetic 
network will be substituted by magnetic ions Co2+ (having 3 μB). Therefore, this 
replacement makes the magnetic anisotropy of the ferrite NPs to change in a very 
wide range of values (up to ~102 as order of magnitude), although the saturation 
magnetization changes only slightly (decreases by up to ~1.14). This strategy that I 
proposed will allow us to find the most suitable NPs to be used in SPMHT, that will 
have a maximum efficiency and also give the possibility to be used in intracellular 
therapy that is more efficient in SPMHT than the extracellular therapy.

Moreover, this approach involves the development of new ferrimagnetic bion-
anostructures, namely: Fe–Co ferrite NPs bioconjugated with cyclodextrins (CDs) 
(Caizer 2014), in order to increase magnetic NPs delivery and to be more efficient 
in cancer treatment by using SPMHT, and also lack of toxicity.

The motivation of the choice of these ferrimagnetic nanoparticles is their remark-
able magnetic properties in the nanometers—tens of nanometers field, comparable 
with those of Fe3O4 and γ-Fe2O3 NPs, which make them very suitable in SPMHT, 
besides their reduced toxicity on cells.

Besides the material (saturation magnetization, magnetic susceptibility), the NPs 
(mean) diameter is a critical parameter in obtaining SPMHT (Caizer 2017). In addi-
tion to this, the magnetic anisotropy of the nanoparticles is a metric very important 
in the superparamagnetic relaxation, with direct effect on the SPMHT effectiveness. 
This was another reason for choosing the NPs type, the anisotropy of CoδFe3−δO4 
nanoparticles being more different (Valenzuela 1994), depending on the concentra-
tion δ of Co2+ ions. Thus, the magnetocrystalline anisotropy constant of the Fe–Co 
ferrite NPs can be modified in a very wide range of values, increasing from ~103 to 
~105 J/m3 (with approx. two orders of magnitude) when the concentration of Co2+ 
ions changes from 0 to 1. This aspect is very important for superparamagnetic 
hyperthermia because by changing the magnetic anisotropy the optimum value of 
the NPs diameter of Fe–Co ferrite (increased anisotropy leads to diameter reduc-
tion) can be found, which can give the maximum effect in SPMHT (the highest SAR 
value) taking into consideration the superparamagnetic behavior (SPM) of NPs in 
the external magnetic field (the necessary condition for obtaining SPMHT). These 
two aspects are the key in obtaining maximum efficiency in SPMHT.

For values   of NPs diameter larger or smaller than the optimum diameter, SAR 
decreases rapidly, tending toward zero, making the SPMHT totally inefficient, 
because of the rapid decrease or even disappearance of the hyperthermia effect. 
Therefore, the diameter of NPs in SPMHT is a critical parameter and its optimal 
value must be accurately found in order to achieve the maximum efficiency in 
SPMHT (a maximum SAR with a maximum thermal effect at around 42.5–43 °C).

Also, reducing the size of Fe–Co ferrite NPs by increasing the magnetic anisot-
ropy allows the introduction of additional benefits, such as substantially reducing 
the toxicity and increasing the half-life time in the blood.

In order to obtain superparamagnetic hyperthermia (SPMHT), which was 
recently proved (Pavel et al. 2008; Pavel and Stancu 2009) to be significantly more 
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efficient than the magnetic hyperthermia (MHT), obtained, for example, as a result 
of magnetic loses by hysteresis (in high fields and, in the same time, large sizes of 
the nanoparticles (generally >20–25 nm)), I will take into consideration for study 
the Fe–Co ferrite NPs (Caizer and Tura 2006; Caizer et al. 2010a, b; Caizer 2012, 
2013, 2017) with the (mean) diameter in the range 5–10 nm, and low fields in the 
range 1–20 kA/m. I think that these small NPs would be very suitable for the intra-
cellular therapy (destruction from the inside of tumor cells more efficiently through 
SPMHT, by entering small NPs within them).

From the point of view of medical application the major goals in designing bion-
anocarriers as a NPs delivery system is the control of the particle size, surface prop-
erties, and release of active bioagents. Other issues regarding the biocompatibility 
and biofunctionalization of the magnetic nanoparticles, and practical achievement 
of SPMHT/MHT in vitro and in vivo, are presented in the next sections.

14.2.2  Recent Developments and Innovations in the Area 
of Biocompatible Magnetic Nanoparticles Using Advanced 
Nanobiotechnology: In Vitro and In Vivo Magnetic/
Superparamagnetic Hyperthermia

In this section, I present some significant results obtained in vitro and in vivo regard-
ing MHT/SPMHT with biocompatible magnetic nanoparticles (BioMNPs) as 
 magnetic induction thermal vectors with high potential in alternative and noninvasive 
cancer therapy, and which also show the viability of this method. Other current results 
in this matter can be found by consulting other references in the field (Kikumori et al. 
2009; Kobayashi 2011; Lee et al. 2011; Hilger 2013; Goya et al. 2013; Kossatz et al. 
2014; Yi et al. 2014; Lima-Tenório et al. 2015; Wang et al. 2015a; Lee et al. 2013; 
Nedyalkova et al. 2017; Mahmoudi et al. 2018; Engelmann et al. 2018).

Thus, an important result was reported in 2018 by Kandasamy and his col-
leagues, which was obtained in  vitro experiment on MCF-7 cancer cells using 
SPMHT with superparamagnetic iron oxide nanoparticles (SPIONs) of 9 nm mean 
diameter, biofunctionalized with dual-surfactants TA-ATA (terephthalic acid- 
aminoterephthalic acid) (Fig. 14.3i). After application of SPMHT (MFHT) the rise 
in nanofluid temperature with SPIONs during the 30 min for concentrations of Fe 
ions in suspension from 0.5 to 8 mg/mL and frequency (f) of the alternating mag-
netic field (AMF) in the 100–1000 kHz range (under Hergt’s biological limit (Hergt 
and Dutz 2007) are shown in Fig. 14.3ii–iv. The 42 °C temperature required in MHT 
is reached faster with increasing the frequency of the magnetic field as well as 
increasing the Fe concentration in the suspension. However, it is shown that SAR in 
this case is maximal at the concentration of 2 mg/mL, this decreasing to lower or 
higher concentrations. Using the ferrofluid with the concentrations of 0.5 and 1 mg/
mL in SPMHT made at 751.5 kHz frequency of the external magnetic field has been 
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achieved the destruction of the cancer cells of MCF-7 over 90% (Fig. 14.4), and 
even more at slightly higher temperatures.

This result shows the viability of the SPMHT method in alternative cancer 
 therapy and their potential for future application in preclinical and clinical trials.

In order to increase efficiency of SPMHT in destroying cancer cells was used 
other types of nanoparticles than those known of iron oxides (most notably Fe3O4 
(magnetite) and γ-Fe2O3 (maghemite)), such as ferrimagnetic nanoparticles of 
MnFe2O4, ZnFe2O4, and their combination (Mn–Zn)Fe2O4 (MnxZn(1−x)Fe2O4 with 
x = 0–1) with an average diameter of 8 nm in the form of nanoclusters (Qu et al. 
2014). These have been made biocompatible using core-shell nanobiotechnology by 
encapsulating nanoclusters into amphiphilic block copolymer (mPEG) for the 
development of hydrophilic micellar magnetic nanoclusters (MNCs) (Fig.  14.5). 
These nanobiostructures, MnxZn(1−x)Fe2O4/MNCs, show a very good stability and 
excellent biocompatibility, of approx. 100% (cytotoxicity close to 0%) for MnFe2O4/
MNCs and Mn0.6Zn0.4Fe2O4/MNCs micellars. Also these nanobiostructures have a 
high SAR, with over 90% efficiency in cellular apoptosis of MCF-7 (drug-sensitive 
cancer cells) and MCF-7/ADR (drug-resistive cancer cells) in a relatively short time 
(Fig. 14.6b), only during 10–15 min after applying SPMHT (MFHT) (Fig. 14.6a) 
and for a reduced frequency of magnetic field, around 100 kHz, to reach the optimal 
temperature of 43 °C.

Recently, a new magnetic nanobiomaterial was developed with highly efficient 
MHT ablation of tumors. This magnetic nanobiomaterial, noted with HPMC/Fe3O4, 

Fig. 14.3 (i) TA-ATA molecules attached on the surface of the SPION.  Time-dependent 
 temperature rise of 1 mL aqueous suspension of F6 with concentrations of (A) 8, (B) 4, (C) 2, (D) 
1, and (E) 0.5 mg/mL, on exposure to AMFs at frequencies of (ii) 175.2 kHz, (iii) 262.2 kHz, (iv) 
522.2 kHz, (v) 751.5 kHz, and (vi) 1001.1 kHz, respectively. (Reprinted from Kandasamy et al. 
2018, © (2018) Elsevier Ltd., with permission from Elsevier)
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consists of hydroxyl-propyl methyl cellulose (HPMC), polyvinyl alcohol (PVA), and 
Fe3O4 nanoparticles of 10–50 nm (Wang et al. 2017). The obtained HPMC/Fe3O4 
was mixed with PVA solution for practical use. The HPMC is nontoxic, known as 
hypromellose (Muralidhar et al. 2012), being a semi-synthetic hydrophilic polymer 
used in dermatology (Lee et al. 2014), oral medicine (Li et al. 2003; Siepmann and 
Peppas 2012), and ophthalmic lubricant (Muralidhar et al. 2012). The PVA is also a 
nontoxic, biocompatible, and biodegradable polymer (Huang and Yang 2008; Parhi 
et al. 2015) used in various areas of biomedical field (Paradossi et al. 2003). This new 
nanobiomaterial is thermally contractible, injectable, biodegradable, and with very 
good biocompatibility, tested both in vitro and in vivo.

Fig. 14.4 (a) Cell viability plot shows the cytotoxic effect on MCF-7 breast cancer cells treated 
with MFH (~42 °C) by using TA-ATA-coated SPION-based ferrofluids (i.e., F6) at 0.5 and 1 mg/
mL concentration on exposure to AMF (751.5 kHz) as compared to control and the cells (without 
F6) treated with magnetic field only. (b, c) Comparison of optical microscope images of the MCF-7 
breast cancer cells, (i) control (after washing), (ii) cells (without F6) treated with magnetic field 
only (after washing), (iii, iv) cells treated with MFHT by using F6 at 0.5 and 1 mg/mL concentra-
tions (before and after washing), respectively. (Reprinted from Kandasamy et al. 2018, © (2018) 
Elsevier Ltd., with permission from Elsevier)
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The results obtained in vivo on tumor-bearing mice after intratumoral injection 
of HPMC/Fe3O4 and exposure to an AMF by MHT (frequency: 626 kHz and current 
output: 28.6 A; coil diameter: 3 cm) show that tumors can be fully ablated using 
0.06 mL of HPMC/Fe3O4 with 60% Fe3O4 concentration after 180 s of induction 
heating by MHT, compared to tumor control (without HPMC/Fe3O4 + AMF) and 
tumor only with HPMC/Fe3O4 (no AMF applied) which develop continuously dur-
ing the 14 days of experiment (Fig. 14.7).

For the targeting of metastatic breast cancer cells a new SPIONs-PEG-HER 
complex (SPIONs: superparamagnetic iron oxide nanoparticles, PEG: polyethylene 
glycol, HER: herceptin) was synthesized using core-shell nanobiotechnology 
(Almaki et al. 2016). SPIONs of γ-Fe2O3, having an average diameter of approx. 
9 nm, were first salinized using 3-aminopropyltrimethoxysilane (Si) to allow cova-
lent PEG binding (SPIONs-PEG) and to improve the bioavailability of SPIONs. 
Afterward, the SPIONs-PEG nanobiostructure was bioconjugated with Herceptin 
(HER) forming the final SPIONs-PEG-HER biocomplex having a mean hydrody-
namic diameter of ~18 nm. This biocomplex allows the targeting of surface-specific 
receptors of HER2+ metastatic breast cancer cells (Fig. 14.8).

Fig. 14.5 Schematic illustration of effective apoptotic magnetic hyperthermia by MNPs clusters, 
including the preparation of the micellar MnxZn1−xFe2O4 nanoclusters and cell death mechanism by 
MFHT, predominantly cell apoptosis at different exposure times. (Reprinted with permission from 
Qu et al. 2014, © (2014) American Chemical Society)
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Fig. 14.6 Cytotoxicity of MFH and mild hyperthermia on MCF-7 and MCF-7/ADR with different 
exposure times: (a) MTT result of MCF-7 and MCF-7/ADR, and (b) fluorescence imaging of 
MCF-7 and MCF-7/ADR. (Reprinted with permission from Qu et al. 2014, © (2014) American 
Chemical Society)
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Biocompatibility studies of SPIONs-PEG-HER made in  vitro on HSF-1184 
(human skin fibroblast cells), SK-BR-3 (human breast cancer cells, HER+), 
MDA-MB-231 (human breast cancer cells, HER−), and MDA-MB-468 (human 
breast cancer cells, HER−) have shown a very good cell viability of this new 
 nanobiocompound, this being over 85–90% even for high Fe concentrations of up to 
1000  g/mL (Fig.  14.9). High iron concentrations are beneficial in SPMHT for 
increasing the thermal efficiency of this method.

The target effect on tumor cells and the internalization of magnetic nanoparticles 
are shown in Fig. 14.10 for a Fe concentration of 100 and 200 g/mL. The pictures 
b2 and b3  in Fig.  14.10 show increased internalization in the cell cytoplasm of 
SPIONs-PEG-HER in SK-BR-3 tumor cells as a result of conjugation with Herceptin 
(HER), which is a targeting agent for HER2/neu receptors on the surface of HER2+ 
metastatic breast cancer cells. The SPIONs-PEG-HER agent may be a very good 
agent for the target SPMHT of metastatic breast cancer cells.

In vivo MHT has been studied for treating a variety of cancers: breast, pan-
creas, prostate, lung, liver, and brain, with good results (Moroz et al. 2002; Jordan 
et al. 2006; Hu et al. 2011; Wang et al. 2012; Kossatz et al. 2015). Using magnetic 
cationic liposomes (MCL) by encapsulating SPIONs, Matsuoka et  al. (2004) 
applied MHT treatment on an osteosarcoma hamster by injecting MCL directly 
into the osteosarcoma (Laurent et al. 2011). Applying an alternating magnetic field 

Fig. 14.7 Magnetic hyperthermia ablation efficiency in vivo. (a) Ultrasound images of 0.06 mL 
of HPMC/Fe3O4 injected inside a tumor before and after 180 s of magnetic induction heating, and 
the area changes of the HPMC/Fe3O4 material in the tumor at the time points of 7 and 14 days after 
magnetic heating (L-axis: long axis; S-axis: short axis; T: tumor; M and red continuous line: 
HPMC/Fe3O4 implant; Mu and pink dotted line: leg muscle of the mice; blue dotted line: tumor 
tissue after ablation; red arrow: the pit was caused by the disappearance of tumor). (b) Tumor 
volume-time curves showing changes in the treated and untreated groups. (c) Microscopic images 
of the tumor tissue (H&E staining) showing coagulation necrosis of the ablated tumor and the clear 
boundary between the coagulation necrosis and the liver tumor tissue (red dotted line). The scale 
bar is 100 mm. (Reprinted from Wang et al. 2017, © (2017) with permission from Elsevier)
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Fig. 14.8 (A) Schematic presentation of SPIONs–PEG–HER binding to the HER2/neu receptors 
on the SK-BR-3 cancer cells (Almaki et  al. 2016). (© 2016 IOP Publishing. Reproduced with 
permission. All rights reserved) (B) Synthesis route of silanized (a), PEGylated (b) and HER con-
jugated (c) ferrofluids
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on the tumor it was heated to 42 °C. After MHT treatment in hamster a complete 
tumor regression was achieved. In Fig. 14.11 are shown the typical photographs of 
hamsters on day 20 after injection with 0.4 mL of the cationic magnetoliposomes 
(net magnetite weight 3  mg): (a) treatment group; (b) control animals without 
AMF treatment. After 12 days the mean tumor volume decreased to 1/1000 of the 
control hamster volume.

A very important issue in SPMHT/MHT is the toxicity of the used thermal 
 mediators, which must be as small as possible or even nontoxic. The thermal media-
tors and magnetic nanoparticles are most often chemically obtained, then being 
 surfacted, encapsulated, conjugated, functionalized with various biocompatible 
organic nanostructures or biological membranes, to reduce or even eliminate their 
toxicity to healthy tissues. At the same time, it is intended to increase the efficiency 
of the hyperthermic effect on tumor cells. From this point of view, the use of natural 
organic compounds is a good choice replacing the chemically synthesized ones, for 
their high biocompatibility. An example of this is the use of magnetosomes in 
SPMHT/MHT as thermal mediators (Alphandéry et al. 2011a), which are naturally 
produced. They are separated from the magnetotactic bacteria (MTB) (Fig. 14.12) 
(Alphandéry et  al. 2013). Nanoparticles of iron oxides (magnetite (Fe3O4) or 
maghemite (γ-Fe2O3)) are coated with the natural biological lipid membrane forming 
magnetosomes (Fig. 14.12b). These are separated from the MTB (Fig. 14.12a) and 

Fig. 14.9 MTT assay. Each value is the mean ± s.e.m. of six replicates out of three independent 
experiments. (∗) Significant difference compared to the control analyzed by unpaired t-test fol-
lowed by Holm–Sidak post hoc test (p < 0.05) (Almaki et al. 2016). (© 2016 IOP Publishing. 
Reproduced with permission. All rights reserved)
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can be used in the form of magnetosome chains (Fig. 14.12b) or distinct magneto-
somes (Fig. 14.12c). Up to the concentrations of 1.3 mg/mL of magnetosomes in 
suspension no toxicity was observed in mouse fibroblast cells incubated in the 
 presence of bacterial magnetomes. A study done on mice and rats showed that the 

Fig. 14.10 Prussian blue staining images: (a) HSF-1184, (b) SK-BR-3, (c) MDA-MB-468, and 
(d) MDA-MB-231 under light microscope (×320) (Almaki et al. 2016). (© 2016 IOP Publishing. 
Reproduced with permission. All rights reserved)
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dose of  magnetosomes injected intravenously leads to the survival of mice even for 
360 mg/kg, compared to the standard SPIONs chemical that resulted in death for a 
low dose of injected nanoparticles 135 mg/kg (Liu et al. 2012; Alphandéry et al. 2013).

The results presented by Alphandéry et  al. (2013) showed that the use of 
 magnetosome chains (Fig. 14.12b) is more effective in the treatment of tumors through 
MHT (Fig. 14.13) than the use of separated bacterial magnetosomes (Fig. 14.12c) that 
leads to aggregates of MNPs with effect on toxicity in  vivo. The magnetosomes 
arrangement in the chain prevents their aggression and leads to a high rate of cellular 
internalization and uniform internal heating (Alphandéry et al. 2011b, 2012).

MHT therapy was performed on breast tumors xenografted under the skin of 
mice (Fig. 14.13) (Alphandéry et al. 2011b) using each suspension (Fig. 14.12a–c) 
with 10 mg/mL of iron oxide and injected 100 μL each time into the center of the 
xenografted breast tumors of ~100 mm3. The mice were exposed three times for 
20  min to an alternating magnetic field of 40 mT and a frequency of 198  kHz 
(Fig. 14.13a, b). Following the injection of MTB suspensions and magnetosomes 
without magnetic field application the tumor growth could not be stopped. However, 
after applying the magnetic field (MHT therapy) tumors in several mice have disap-
peared (Fig. 14.13c).

However, although magnetosomes are more magnetically stable, a major draw-
back of using MTB’s separated magnetosomes is that iron oxide magnetic nanopar-
ticles are larger than those of SPIONs, heating being produced more by hysteresis 

Fig. 14.11 Typical photographs of hamsters on day 20 after the MCL injection. These  photographs 
show one hamster of the treatment (a) group and one of the control group (b) (Matsuoka et al. 
2004). (CCL © 2004 Matsuoka et al.; licensee BioMed Central Ltd.)
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rather than magnetic relaxation, which leads to a lower SAR in the same magnetic 
field (Rosensweig 2002; Pavel et al. 2008; Pavel and Stancu 2009).

Hou et al. (2009) developed a new nanobiomaterial for magnetic hyperthermia of 
cancer: mHAP powder (magnetic hydroxyapatite nanoparticles), consisting of mag-
netite (m) nanoparticles with hydroxyapatite (HAP) (with molar ratio of Fe:Ca of 
1:1), mixed with phosphate buffer solution (PBS), that is injected subcutaneously 
around the tumor. MHT efficacy using mHAP was tested for 15 days on a mouse 
model (balb/c mouse) inoculating 5 × 106 murine colorectal cancer cells (CT-26 cell 
line). A suspension of 0.16 g/mL m-HAP was used in the solution for which the 
temperature of 45–46 °C was reached within 20 min after the application of the 
external alternating magnetic field. The mice used were divided into six study groups:

 1. A lot consisting of group 1, group 2, and group 3 that were not exposed to the 
magnetic field

 2. Another lot consisting of group 4, group 5, and group 6 exposed to the magnetic 
field

Groups 1 and 4 were control groups (not injected with the colloidal suspen-
sion), groups 2 and 5 are mice injected only with HAP (hydroxyapatite), and 
groups 3 and 6 are mice injected with mHAP (magnetic hydroxyapatite suspen-
sion nanoparticles) solution. MHT therapies were applied in several sessions of 

Fig. 14.12 Transmission electron microscopy images of whole MTB (a), chains of magnetosomes 
isolated from MTB (b), and individual magnetosomes detached from the magnetosome chains by 
heat and SDS treatment (c) (Alphandéry et al. 2013). (© 2013 Informa UK Ltd. Francis & Taylor)
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20 min: every day for the first 3 days, then the sessions were repeated on days 5, 
7, 9, 11, 13, and 15.

After treatment with MHT (after applying the magnetic field) a dramatic reduction 
of tumor volume was found without local recurrences, only in the case of group 6 
(Fig. 14.14II(c)). In group 3, which were injected with mHAP and the magnetic field 
was not applied, the tumor increased continuously until day 14 (Fig. 14.14I(c)), not 
being stopped by mHAP nanoparticles or HAP. Likewise, at the magnetic field: the 
tumor developed in control mice (group 4) and mice injected only with HAP (no 
magnetic nanoparticles) (group 5).

In Fig. 14.15 is showed the increase of tumor (case I) and the decrease of tumor 
size (case II), respectively, during 15 days of study. It is clear that only in the case 
of group 6, which were injected with mHAP and subjected to the alternating mag-
netic field, tumor volume decreases to zero. This result shows the MHT efficacy in 
destroying tumor cells without significant side effects (Hou et al. 2009).

Another case is the one in which MHT was studied for lung cancer using a 
slightly higher temperature than the usual one in hyperthermia, respectively 46 °C, 
and in a shorter time of 30 min, which induces tumor cell death by apoptosis and 
partial necrosis (Hu et al. 2012). In the in vivo MHT experiment, superparamagnetic 

Fig. 14.13 The setup used to carry out the treatment of the mice by positioning the mice inside the 
copper coil and by applying an alternating magnetic field (a). The measurement of the temperature 
during the treatment (b). Photographs of the mice treated with a suspension containing chains of 
magnetosomes (c), individual magnetosomes (d), or superparamagnetic iron oxide nanoparticles 
(SPIONs) (e) (Alphandéry et al. 2013). (© 2013 Informa UK Ltd. Francis & Taylor)

C. Caizer



317

iron oxide nanoparticles (SPIONs) of 10 nm (dispersed in water) with 10 mg/mL 
injected into the tumor, and a 150 kHz alternating magnetic field were used. In this 
experiment, it was shown that at this temperature, tumor growth in mice was 
 significantly inhibited (p < 0.05) from mouse control, and in several mice the tumors 
regressed completely after 14 days of MHT treatment (Fig. 14.16).

The results presented above and others show that SPMHT is a viable alternative 
method in cancer therapy, with very low toxicity or even no toxicity compared to 
chemo- and radiotherapy, with real application prospects in human trials.

Fig. 14.14 (I) The clinical photographs of the tumor in Group 3 (mHAP without magnetic field). 
The tumor on day 1 (a), day 5 (b), and day 14 (c). (II) The clinical photographs of the tumor in 
Group 6 (mHAP with magnetic field). The tumor on day 1 (a), day 5 (b), and day 14 (c). (Reprinted 
from Hou et al. 2009, © 2009 Elsevier Ltd., with permission from Elsevier)
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14.3  Nanotheranostics in Magnetic/Superparamagnetic 
Hyperthermia for Cancer Therapy

Nanotheranostic (Xue et  al. 2018) is an integrated technique of advanced 
 nanobiotechnology that allows simultaneous diagnosis and effective therapy at nano 
level through a single nanoformulation (Kim et  al. 2013; Chen 2017; Kievit and 
Zhang 2011) with real-time visualization of ADMET (absorption, distributions, 

Fig. 14.15 The tumor size 
of different groups in the 
experimental period of 
15 days. Among the six 
groups, only the tumors in 
Group 6 (mHAP with 
magnetic field) shrinked 
significantly. The tumors in 
Group 1 (control group 
without magnetic field) 
grew faster than any other 
groups; except on days 13 
and 15, the size of tumor in 
Group 2 (HAP without 
magnetic field) was larger 
than Group 1. (Reprinted 
from Hou et al. 2009, © 
2009 Elsevier Ltd., with 
permission from Elsevier)

Fig. 14.16 Mice photographed on the 28th day after hyperthermia. (a) A mouse from the control group 
(A). (b) A mouse from experimental group (D) (Hu et al. 2012). (With permission from John Wiley & 
Sons (2012), CCL, © 2011 Tianjin Lung Cancer Institute and Blackwell Publishing Asia Pty. Ltd.)
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metabolism, elimination, and toxicity) (Hodgson 2001), and synergistic, therapeutic, 
precision, and even personalized nanomedicine (Kim et al. 2013). This concept has 
also been applied recently to magnetic nanoparticles as hybrid nanobiomaterials 
(Tian et al. 2018) used in magnetic/superparamagnetic hyperthermia therapy (MHT/
SPMHT) (Yang et al. 2013; Lee et al. 2013; Lima-Tenório et al. 2015; Datta et al. 
2016; Iatridi et al. 2016; Liu et al. 2016a, b; Tian et al. 2019) by simultaneous appli-
cation of MHT/SPMHT together with others, noninvasive, e.g., PDT (photodynamic 
therapy), or conventional therapies, chemotherapy and radiotherapy, and/or imaging 
methods used to guide therapy and/or diagnosis (see below).

In Fig. 14.17, the concept of theranostic treatment has been illustrated (Tian et al. 
2019) by the simultaneous integration of therapy and diagnosis in the treatment of 
cancer in the case of magnetic hyperthermia as therapy and the use of imaging 
methods such as magnetic resonance imaging (MRI) and/or computed tomography 
(CT), to diagnose and visualize the therapeutic effect or even guide the therapy.

The best treatments with the fewest side effects are obtained by optimizing the 
nanobiomaterial used, biofunctionalized to be stable in time and in the biological envi-
ronment, effective in therapy and safe with the combination of the functions of multi-
modal imaging and various treatments (the integration of cancer diagnosis and 
treatment) (Tian et al. 2019). In addition to MRI and CT in clinical imaging, other 
techniques are also used, depending on their resolution, the depth of penetration into 
biological tissue, and other practical parameters. In Table 14.1 the common imaging 
techniques are presented (Jokerst and Gambhir 2011; Chen et al. 2013; Naumova et al. 
2014; Shin et al. 2015; Liu et al. 2018) that can be used in single-, bi-, and multimodal 
imaging: MRI, CT, PET (positron emission tomography), SPECT (single-photon 
emission computed tomography), US (ultrasound), and PA (photoacoustic imaging).

Fig. 14.17 The illustration 
of the multifunction of 
MHNs for diagnosis, 
therapy, and theranostic 
treatment (Tian et al. 
2019). (© (2019) IOP 
Publishing. Reproduced 
with permission. All rights 
reserved)
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In this area, recently it has been proposed to use synergistic therapeutic 
 photo- magnetic hyperthermia by combining nano-magnetic hyperthermia (NMHT) 
and nano-photothermal therapy (NPTT) methods to increase together their effec-
tiveness on thermal tumor cell destruction (Espinosa et al. 2015; Wang et al. 2015b). 
Using MHT alone has the disadvantage of limiting the increase of nanoparticle 
concentration in tumor to increase the hyperthermic effect. Similarly, increasing the 
laser radiation dose in the NPTT, or the dependence of its intensity on the penetra-
tion into tissue, limits the applications in clinical trials (Durymanov et  al. 2015; 
Datta et al. 2016). However, an important aspect of reducing the effectiveness of the 
photo- magnetic therapy is that magnetic particles are generally injected directly 
intratumoral and not administered intravenously that raises toxicity problems for 
the body or the action of macrophages (which tends to eliminate magnetic nanopar-
ticles). In addition, there is lack of nanoparticles homogeneity in the entire tumor 
volume. In order to increase the effectiveness of cancer therapy was used accurately 
guided nanoparticles to cancer cells, then obtaining the hyperthermal effect simul-
taneously with tumor evaluation using current imaging methods: magnetic reso-
nance imaging (MRI), photoacoustic imaging (PAI), or fluorescence molecular 
imaging (FMI) (Kircher et  al. 2012; Liu et  al. 2016a, b). Imaging information 
obtained allows the optimal guidance of tumor hyperthermia and diagnosis at the 
same time. This procedure is known as “Nanotheranostic” in cancer therapy, which 

Table 14.1 Comparison of common imaging technology performance and advantages and 
disadvantages (Tian et al. 2019)

Imaging 
modality

Spatial 
resolution 
(mm) Depth

Imaging 
time Advantages Disadvantages

MRI 0.01–1 No 
limit

min-h High spatial resolution; 
good soft tissue contrast; 
quantitative

Expensive; long 
imaging time; low 
sensitivity

CT 1 No 
limit

min High spatial resolution; 
excellent anatomical 
images

Radioactive; poor 
contrast of soft tissue

PET 1–10 No 
limit

min-h High sensitivity; 
quantitative; tracer; 
combined therapy

Radioactive; low 
spatial resolution

SPECT 1–15 No 
limit

min-h High sensitivity; 
quantitative; tracer; 
combined therapy

Radioactive; low 
spatial resolution; long 
imaging time

US 0.05–1 cm s-min High sensitivity; good 
spatial resolution; 
portable; economical

Depending on the 
operator’s technical 
level; lacking available 
probe

PA 0.01–1 cm s-min Provide high contrast and 
resolution tissue imaging 
and combined with the 
advantages of US

Limited detecting 
depth; limited in bone 
and air organization

© (2019) IOP Publishing. Reproduced with permission. All rights reserved
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allows simultaneous tumor therapy and diagnosis. In the area of MHT and in the 
perspective of its application in clinical trials, this idea of   nanotheranostic advances 
further, having in mind other possible therapeutic combinations in the field of nano-
formulation of magnetic nanoparticles, as nanocarrier vectors (magnetic, photo, 
thermal, drugs, photo luminescent, magnetic sensitive, etc.) to cancer cells.

Yan et  al. (2018) proposed a complex nanobiomaterial (multifunctional ther-
anostic nanoplatform) as multishell nanostructure: MNPs@PES-Cy7/2-DG with 
magnetic nanoparticles (MNPs), poly(3,4-ethylenedioxythiophene):poly(4- 
styrenesulfonate) (PES), Cyanine7 (Cy7), and 2-deoxyglucose (2-DG)-polyethylene 
glycol (PEG) (Fig. 14.18I), under the “all-in-one” concept of nanotheranostic, with 
intravenous injection of the multifunctional suspension (not in the solid tumor). 
Dual therapy is obtained in this case by combined hyperthermia experiments, using 
photo-magnetic hyperthermia. The technique and effects recorded in this case by 
the nanotheranostic (dual therapy and imaging (diagnosis)) are shown in Fig. 14.18II.

Recently, biocompatible nanoparticles of Fe3O4 having a diameter of ~10 nm 
coated with poly-l-lysine have been proposed to combine magnetic hyperthermia 
(MHT) with magnetic resonance imaging (MRI) in order to unify the therapeutic 
and diagnostic approach (Kubovcikova et al. 2019). These bio-nanoparticles were 
tested for MHT at a frequency of 190 kHz and magnetic field amplitude of ~8 kA/m, 
the results leading to a suitable SAR for hyperthermia. At the same time, there was 
a significant effect of bio-nanoparticles on transversal relaxation time T2 in MRI, 
demonstrating possible future application in targeted synergistic cancer treatment.

Another new nanobiomaterial was recently developed and tested in vitro and 
in vivo by combining magnetic hyperthermia (MHT) with photodynamic therapy 
(PDT) and a photosensitizer (Di Corato et al. 2015) as a smart nanoplatform for 
therapeutic and diagnostic methods in tumor therapy (nanotheranostic). Iron oxide 
nanoparticles were high loaded in the aqueous core of hybrid liposomes (6 fg of 
iron/liposome) having lipid bilayer supplied with a photosensitizer which generates 
oxygen (high-toxicity reactive oxygen species (ROS)) under laser excitation (near- 
infrared (NIR)). Heat is produced by coupling PDT to MHT.

In vitro (on ovarian cancer cells) using PDT-MHT therapy as a new synergistic 
approach shows complete cancer cell death, and in vivo model (on tumor-bearing 
mice), a total solid-tumor ablation (Fig. 14.19), overcome current limitations of a 
single thermotherapy. Using high-resolution MRI (imaging technique), the distribu-
tion of injected magnetoliposomes was monitored in vivo.

Thorat et al. (2017) reported a new chemo-thermo complex agent for synergic 
cancer therapy as nanotheranostic was prepared and then in vitro and in vivo studied 
to reduce drug resistance in cancer. It consists of superparamagnetic nanoparticles 
(SPMNPs) of La0.7Sr0.3MnO3 biofunctionalized with oleic acid (OA)-polyethylene 
glycol (PEG) polymeric micelle (PM) structure, and high loaded (~60%) with anti-
cancer drug doxorubicin DOX (Fig.  14.20). SPMNPs are used for heat in MHT 
therapy guided by magnetic resonance imaging (MRI). Thus, this SPMNPs poly-
meric micelle can be used for effective multimodal cancer theranostics by combined 
chemotherapy with magnetic hyperthermia in external alternating magnetic field. In 
vitro results show the cancer cell death rate of ~90%.
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Fig. 14.18 (I) Synthesis and characterization of MNP@PES-Cy7/2-DG. (a) A schematic diagram 
of the fabrication process; (II) Photo-magnetic hyperthermia in aqueous suspension. (a) Scheme 
of the experimental device for combined hyperthermia experiments, consisting of a magnetic coil 
in which the sample is placed so that it can be stimulated by the near-infrared (NIR) laser (808 nm). 
The temperature increase was recorded using an infrared thermal imaging (IR) camera located at 
the end of the coil cavity. (b) Heating curves of MNP@PES-Cy7/2-DG solutions at various con-
centrations under 808 nm laser irradiation at a power density of 0.75 W/cm2. (c) Heating curves of 
suspensions of nanocomposites at various concentrations in an alternating magnetic field (200 kHz, 
38 kA/m). (d) Panel of thermal images acquired by the IR camera on samples at three concentra-
tions. (e) Average temperature increase recorded for nanocomposites under the three heating pro-
tocols. Data were given as mean ± SD (n = 3) (Yan et al. 2018). (Reproduced with permission of 
John Wiley & Sons (2018) conveyed through Copyright Clearance Center. © 2018 Wiley-VCH 
Verlag GmbH & Co. KGaA)
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Folate-conjugated FITC/5-FU/CMC MNPs for magnetic hyperthermia (MHT), 
chemotherapy, targeted cancer cells, and cellular imaging has been proposed by 
Sivakumar et al. (2013) as a new multifunctional nanovector and theranostic sys-
tem. This multifunctional nanovector consists of Fe3O4 magnetic nanoparticles 
(MNPs) (10 nm average diameter) encapsulated in carboxymethyl cellulose (CMC) 
in a rather spherical form (100–150  nm mean size) (CMC MNPs), loaded with 
5-fluorouracil (5-FU) anticancer drugs and folate, and green fluorescent nanoparti-
cles (FITC-labeled) for imaging studies (diagnostic imaging) (Fig.  14.21). The 
folate used as the targeting moiety target over expressed folate receptors in cancer 
cells (MCF7, G1). The nanovector suspension has a superparamagnetic behavior 
(SPIONs) in the external magnetic field, making it very suitable for superparamag-
netic hyperthermia therapy (SPMHT).

Through simultaneous application of hyperthermia and drug, the in vitro experi-
mental results obtained on human breast cancer cell lines (MCF7-cells) and glial 
cell line (G1-cells) at 24 h after applying magnetic hyperthermia at a concentration 
of 4 mg/mL showed 94–96% in the destruction of tumor cells (Table 14.2). The 
internalization of magnetic nanoparticles (MNPs) by MCF7 and G1 cells was stud-
ied using cellular imaging and flow cytometry. The results obtained demonstrate 
both the efficacy of hyperthermia therapy combined with drug cancer therapy and 
the viability of these multifunctional nanovectors in cancer therapy.

A schematic representation of a current dual-treatment with bi-modal imaging 
monitorized (theranostic) is shown in Fig. 14.22 (Guoa et al. 2018). There, metho-
trexate (MTX)-modified thermo-sensitive magnetoliposomes (MTX-MagTSLs) is 
used. Magnetic nanoparticles and lipophilic fluorescent dye Cy5.5 for dual imaging 
have been encapsulated into bilayer of liposomes and has provided an appropriate 
laser irradiation (near-infrared (808 nm)) region to release doxorubicin (DOX) under 
alternating magnetic field (AMF) (DUAL-mode treatment). The results obtained in 
vitro and in vivo show that MTX-MagTSLs possessed an excellent targeting ability 
toward HeLa cells and HeLa tumor-bearing mice, and these multifunctional lipo-
somes can be used for treatments and diagnoses in precise cancer therapy.

Another innovative theranostic agent is FIMO-NFs (ferromagnetic iron- manganese 
oxide-nano-flowers) consisting of uniform ferromagnetic wüstite Fe0.6Mn0.4O (FIMO) 
nanoflowers (NFs), with T1–T2 dual-mode magnetic  resonance imaging (MRI) (Liu 
et al. 2016a, b). FIMO-NFs have the diameters of ~100 nm and the Fe/Mn ratio of 1.5. 
After administration of Fe0.6Mn0.4O nanoflowers, in vivo MRI on the mouse glioma 
model shows clear delineation in both T1- and T2-weighted MR images. In vitro and 
in  vivo experiments show that novel FIMO-NFs induce MCF-7 breast cancer cell 
apoptosis and complete tumor regression (Fig. 14.23) without significant toxicity. This 
FIMO-NFs agent can be used both in diagnostic applications and in therapy by mag-
netic hyperthermia (magnetic theranostic platform).

A multifunctional Fe3O4/Au cluster/shell nanocomposite for surface-enhanced 
Raman scattering (SERS)-assisted theranostic strategy was proposed by Han et al. 
(2016). This nanocomposite was used for detection of free prostate-specific antigen 
(free-PSA), magnetic resonance imaging (MRI), and magnetic hyperthermia.
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Fig. 14.19 Treatment efficacy on tumor-bearing mice. (a) Therapeutic strategy sketch: liposomes 
were injected intratumorally, and mice were subsequently subjected to combined treatment with 
magnetic hyperthermia and laser irradiation. (b) Increase in  local temperature during magnetic 
hyperthermia treatment was monitored with an infrared thermocamera. The maximum temperature 
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Fig. 14.20 Graphical abstract in Thorat et  al. (2017). (Reprinted with permission from Thorat 
et al. 2017, © (2016) American Chemical Society)

Fig. 14.19 (continued) was reached about 5 min after field application and maintained for the entire 
treatment cycle (30 min). Because of cell rearrangement, nanoparticle dilution, and aggregation, the 
heating efficacy decayed after one cycle of treatment, assessing a local temperature increase of a few 
degrees during magnetic hyperthermia. It is noteworthy to highlight that the camera measures the 
surface temperature of the skin, so the temperature within the tumor is expected to be higher. (c) 
Tumor growth curves of different control groups and treatment groups. D0 on the graph corresponds 
to the day of liposome injection, which also corresponds to the first day of treatment. (Reprinted 
with permission from Di Corato et al. 2015, © (2015) American Chemical Society)

Fig. 14.21 Schematic representation of the synthesis of the multifunctional nanovector  illustrating a 
folate-targeted CMC nanoparticle incorporating MNPs, anticancer drug 5-FU, and imaging moiety 
FITC. (Reprinted with permission from Sivakumar et al. 2013, © (2013) American Chemical Society)
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Table 14.2 Percentage of cell viability after magnetic hyperthermia with plain CMC MNPs and 
5-FU-loaded CMC MNPs at different time intervals in cancer cells

Cell lines Control
Hyperthermia with CMC MNPs

Hyperthermia with CMC MNPs + 
drug

Immediately after MHT 12 h 24 h Immediately after MHT 12 h 24 h

MCF7 100 41 32 23 25 19 6
G1 100 43 30 21 23 15 4

Reprinted with permission from Sivakumar et al. 2013, © 2013 American Chemical Society

Fig. 14.22 Schematic illustration of realizing theranostic functionalities using MTX-MagTSLs. 
The multifunctional MTX-MagTSLs can be targeted to tumor site under constant magnetic field 
(CMF) and folate receptor targeting, followed by triggering DOX release under light/magnetic 
hyperthermia simulation synchronously to achieve the effect of drug treatment. The process can be 
monitored by fluorescence and MR imaging. (Reprinted from Guoa et al. 2018, © (2017) Published 
by Elsevier B.V., with permission from Elsevier)
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In 2018, a new theranostic complex nanobiomaterial was developed by Zhou 
et al. being made up of c(RGDyK) peptide conjugated PEGylated Fe@Fe3O4 mag-
netic nanoparticles (RGD-PEG-MNPs) for photoacoustic (PA)-enabled 
 self- guidance in tumor-targeting magnetic hyperthermia therapy (MHT) in  vivo 
(U87MG glioblastoma xenograft mouse model) (Fig. 14.24I). The hydrodynamic 
diameter of RGD-PEG-MNPs of hybrid nanoparticles is 33.7 nm.

After the intravenous (i.v.) administration of RGD-PEG-MNPs suspension in an 
aqueous solution, with a dosage of 40 mg/kg body weight, results obtained in vivo 
show an effective magnetic hyperthermia of tumor using the guidance of PA, and 
excellent targeting property of RGD-PEG-MNPs. Tumor size was monitored daily 
over 16 days to evaluate the magnetic hyperthermia efficiency on tumor size. In vivo 
results are shown in Fig. 14.24II. It has been demonstrated that using RGD-PEG- 
MNPs in MHT (272 G, 242.5 kHz) for 40 min after 6 and 12 h i.v., guided by PA, 
after the mice were treated for ten times, the tumor growth in the mice group under 
magnetic hyperthermia therapy was inhibited.

Fig. 14.23 (a) Tumor growth curves of FIMO-NFs magnetic hyperthermia group of  tumor- bearing 
mice after treatment and control group. The tumor volumes were normalized to their initial sizes. 
Error bars represent the standard deviations of three mice per group. (b) Body weight of mice in 
two groups. The error bars represent the standard deviations (three mice per group). (c) 
Photographs at day 50 of representative mice from two groups: FIMO-NFs magnetic hyperther-
mia treatment group and control group (Liu et al. 2016a, b). (Reproduced with permission of John 
Wiley & Sons (2016) conveyed through Copyright Clearance Center. © 2016 Wiley-VCH Verlag 
GmbH & Co. KGaA)
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Fig. 14.24 (I) The schematic synthetic illustration of RGD-PEG-MNPs and PA-guided magnetic 
hyperthermia in vivo; (II) Magnetic hyperthermia ablation efficiency in a glioblastoma xenograft 
model. (a) The changes of the relative tumor volume after various treatments. (b) Photographs of 
tumors harvested on 16th day posttreatments from mice. (c) Photographs on the 1st, 4th, 8th, 12th, 
and 16th day of mice after the magnetic hyperthermia. Saline group: mice were intravenously 
injected with saline only; RGD-PEG-MNPs group: mice were intravenously injected with RGD- 
PEG- MNPs, respectively; AMF group: mice were intravenously injected with saline and exposed 
under AMF (272 G and 242.5 kHz); RGD-PEG-MNPs plus group (magnetic hyperthermia therapy 
group): mice were intravenously injected with RGD-PEG-MNPs and exposed under AMF (272 G 
and 242.5  kHz). Error bars were based on the standard deviations of five parallel samples. 
(Reproduced from Zhou et  al. 2018 with permission of John Wiley & Sons (2018) conveyed 
through Copyright Clearance Center. © 2018 Wiley-VCH Verlag GmbH & Co. KGaA)
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14.4  Conclusions

Recent results obtained in vitro and in  vivo in alternative therapy of malignant 
tumors using noninvasive SPMHT/MHT, and presented in this chapter, currently 
show an effectiveness of this therapy up to ~90% in the thermal destruction of 
tumors by apoptosis, and partially necrosis, depending on the technique and 
 nanobiomaterial used as a result of advanced nanobiotechnology. The success of 
this therapy greatly depends on both the magnetic nanoparticles used as nanocarri-
ers and thermal mediators as a result of superparamagnetic relaxation, but also on 
the biological nanostructures used to encapsulate magnetic nanoparticles with 
 specific biocompatibility properties and affinity for tumor cells, targeting intracel-
lular therapy.

At the same time, the results presented in SPMHT/MHT, as noninvasive and 
low-toxicity alternative therapy, show that it is a viable therapy in cancer treatment 
that can be successfully applied in the near future in human clinical trials.

However, in order to increase the SPMHT/MHT efficiency to ~100%, and reduce 
the toxicity to zero, the two key factors should be considered: (1) the type of mag-
netic nanoparticles used, and (2) the biofunctional nanobiostructure most suitable 
for such a therapy.

In addition, combining SPMHT/MHT with other modern techniques used in 
cancer therapy, such as photodynamic therapy, simultaneously or alternating with 
other techniques, such as using conventional methods, chemotherapy and radio-
therapy, and using advanced imaging techniques (MRI, CT, FAI, etc.) can increase 
the effectiveness in cancer therapy to 100%, while reducing the toxicity of healthy 
tissues and increasing safety in therapy.

Certainly, the future will require the use of alternative, noninvasive and lowest- 
or nontoxicity therapies, such as SPMHT, and the reduction of conventional high- 
toxicity chemotherapy and radiotherapy as much as possible. The researchers hope 
that this goal will be achieved in the future by advanced nanobiotechnology, nano-
theranostics, and new results from optimization of the SPMHT using new target 
hybrid nanobiomaterials.
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Chapter 15
Emerging Role of Aminolevulinic Acid 
and Gold Nanoparticles Combination 
in Theranostic Applications

Lilia Coronato Courrol, Karina de Oliveira Gonçalves, 
and Daniel Perez Vieira

Abstract Major advancements in theranostic agents for cancer and inflammatory 
processes, such as atherosclerosis, have been reported in recent years. The theranos-
tic agents can be used for both diagnosis and treatment. In this chapter, we show that 
cancer and atheroma plaques exhibit accumulation of protoporphyrin IX (PpIX), 
which is transferred to the blood and feces. PpIX may therefore be a biomarker for 
atherosclerosis and cancer, enabling minimally invasive and inexpensive diagnosis. 
PpIX is the immediate precursor in the heme biosynthesis. Tumor cells tend to retain 
more PpIX owing to cellular energy metabolism. Analysis of these spectroscopic 
properties of PpIX enables monitoring of its concentrations in tissues and biological 
fluids. Additionally, increases in PpIX fluorescence are proportional to tumor pro-
gression; thus, this tool can be used to detect and stage tumors. Exogenous adminis-
tration of aminolevulinic acid (ALA) enhances endogenous PpIX production and 
allows its use in photodynamic diagnosis and as a photosensitizer/sonosensitizer for 
photodynamic/sonodynamic therapies. However, ALA cannot easily penetrate tar-
get cells. Accordingly, we propose the use of gold nanoparticles produced with ALA 
or its methyl ester to solve this problem.

Keywords Fluorescence · Porphyrin · Gold nanoparticle · Atherosclerosis · 
Prostate cancer
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15.1  Introduction

According to the World Health Organization (WHO), chronic noncommunicable dis-
eases (NCDs) (cardiovascular diseases, chronic respiratory, cancer, diabetes, between 
others) account for about 71% of all deaths worldwide, estimating 41 million deaths 
annually. Atherosclerotic cardiovascular disease and cancer are the leader cause of 
these deaths (Sum et  al. 2018). Their etiologies are complexes and involves non-
modifiable risk factors (genetics, sex, and age) and modifiable (smoking, physical 
inactivity, unhealthy eating habits, and excessive alcohol consumption). The socio-
economic costs associated with these diseases have influences in the economies of 
the countries.

The first description of an artery with cholesterol plaques, responsible for the 
atherosclerosis, was done around 1790 by Edward Jenner (Linden et  al. 2014). 
Atherosclerosis is the main cause of most cardiovascular diseases. Atherosclerosis 
is an inflammatory disease and not a degenerative process (Ross 1999). Understanding 
this inflammatory phenomenon and of the type of complication that causes contrib-
uted enormously to new therapeutic solutions that greatly improved the evolution of 
the disease. Atherogenesis and neoplasia have similarities, such as oxidative stress, 
cellular damage that results in angiogenesis (Tapia-Vieyra et al. 2017), and accumu-
lation of protoporphyrin IX (PpIX), supporting the use of similar approaches for 
diagnosis and therapy (Ross et al. 2001).

Application of nanoparticles to diagnose and treat atherosclerosis and cancer has 
shown growing potential. In this chapter, we describe the use of metallic nanoparti-
cles produced with aminolevulinic acid (ALA) or its methylated form (MALA) as 
nanotheranostic agents. These nanomaterials can act as PpIX precursors, accumulat-
ing in rapidly growing tissues, such as cancerous and atherosclerotic tissues. PpIX 
is a fluorescent molecule and due its specific accumulation in tumor or atheroscle-
rotic plaques can be used to distinguish tumor from normal tissues in fluorescence- 
guided surgery. PpIX is an ideal photosensitizer and sonosensitizer of photodynamic 
and sonodynamic therapies (PDT and SDT), respectively. We also describe the prop-
erties of PpIX, the mechanisms of PpIX accumulation in tumor tissues, transference 
of PpIX to the blood and feces, and the use of these properties in theranostic applica-
tions. Details of nanoparticles synthesis, characterization, and cytotoxicity will also 
be presented.

15.2  Fluorescence

Fluorescence spectroscopy has been used extensively for the analysis of biological 
and industrial compounds (Boens et al. 2007). This approach is known to be highly 
sensitive and have a low detection limit. Indeed, compared with ultraviolet (UV)/
visible spectrophotometry, fluorescence exhibits detection limits three orders of 
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magnitude smaller, i.e., in the range of ng/mL, owing to the low background signal 
of fluorescent measurements. Moreover, fluorescence spectroscopy is highly selec-
tive, with fluorescent molecules having characteristic wavelengths of excitation 
and/or emission, and shows a wide linear response range. Finally, the instruments 
required for this approach are simple and low cost compared with other analytical 
methods.

The characterization of biological tissues for cancer diagnosis by fluorescence 
was reported for the first time by Policard in 1924, in a study of the autofluorescence 
of tumors after illumination with UV light. Moreover, Xu et al. (1988) observed 
intense luminescence in the red range (630 nm) in samples from patients with can-
cer when excited in 450 nm. The observed fluorescence at 630 nm was correlated 
with the presence of porphyrinic compounds. Masilamani et al. (2004) studied the 
autofluorescence of blood components from healthy individuals and patients with 
cancer of different etiologies and reported that the blood of patients with gastric 
cancer, breast cancer, and Hodgkin’s lymphoma showed increased emission bands 
at around 630  nm owing to the increased presence of endogenous porphyrin, 
depending on the tumor stage.

15.3  PpIX

PpIX is a compound formed by four pyrrolic rings linked by methylene bridges 
(Fig. 15.1).

The absorption spectrum of PpIX (Fig. 15.2) presents five bands: the Soret band 
(~400 nm) and four bands known as Q Bands (450 and 750 nm) (Courrol et  al. 
2007b). PpIX fluorescence is observed at ~635 and 705 nm. Analyzing changes in 
the spectroscopic properties of PpIX, such as emission intensity, differences in the 

Fig. 15.1 Protoporphyrin 
IX structure (Wikipedia)
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proportions of emission bands, and the presence of bands at distinct wavelengths, 
enables monitoring of the concentration of PpIX in tissues and biological fluids and 
facilitates disease diagnosis.

PpIX complexed with ionic iron forms heme, a constituent of hemoproteins, 
which play critical roles in oxygen transport, cellular oxidation and reduction, elec-
tron transport, and drug metabolism (Sachar et al. 2016). Synthesis of heme occurs 
primarily in the mitochondria and partly in the cytosol. Several enzymes are involved 
in the formation of heme, as illustrated in Fig. 15.3 (Taketani et al. 2007). The path-
way is initiated by the synthesis of ALA from the amino acid glycine and succinyl- 
CoA.  Heme is generated by the insertion of ferrous iron into the tetrapyrrole 
macrocycle of PpIX, a reaction catalyzed by ferrochelatase, which resides in the 
mitochondrial matrix.

Iron deficiency prevents heme formation because ferrous iron is a substrate for 
ferrochelatase. However, zinc can substitute for iron, and an increase in the forma-
tion of zinc PpIX, which accumulates in reticulocytes, has been observed in circu-
lating erythrocytes (Labbe et al. 1999). An increase in erythrocyte zinc PpIX is an 
indicator of iron deficiency and the development of anemia.
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15.4  ALA

Fast-growing tissues, such as cancerous lesions and atheromatous plaques, produce 
increased numbers of monocytes, which in turn lead to PpIX accumulation and 
enhancement of the fluorescence of this fluorophore (Zhu et al. 2018).

In 1960, Ghadially and Neish (1960) suggested the use of ALA as a precursor to 
induce PpIX fluorescence in tumors. Today, ALA is one of the most selective pho-
tosensitizers for cancer treatment because accumulation of PpIX is higher in malig-
nant cells than in normal tissues (Sunar et al. 2013; Gibbs et al. 2006). ALA is not a 
fluorophore by itself, but a natural precursor of PpIX in the pathway of heme bio-
synthesis (Fig. 15.3), and exogenous administration of ALA induces the accumula-
tion of PpIX selectively in tumor cells.

Typically, heme synthesis regulates PpIX synthesis through “feedback” control 
and inhibits excess endogenous ALA formation through a negative feedback control 
mechanism. The presence of free heme inhibits the synthesis of ALA. When all 
heme synthesis occurs, there is a negative “feedback” and an increase in the synthe-
sis of ALA. Under these conditions, the ALA concentration increases, leading to 
enhanced heme synthesis. Under normal conditions, heme demand controls the 
heme synthesis rate and consequently the PpIX synthesis rate. If the conversion rate 

Mitochondria Cytosol

H2N
O

O

CH

Fig. 15.3 Heme biosynthesis. Schematic illustrating the interaction of the heme biosynthesis 
pathway with exogenous 5-aminolevulinic acid to give intracellular Protoporphyrin IX. The pro-
cess begins in the mitochondria. Many of the intermediate steps are cytoplasmic. Catalyzing 
enzymes: (1) delta-aminolevulinic acid synthase (ALA synthase). (2) δ-Aminolevulinic acid 
 dehydratase (ALA dehydratase). (3) Uroporphyrinogen I synthase and uroporphyrinogen III 
cosynthase. (4) Uroporphyrinogen decarboxylase. (5) Coproporphyrinogen III oxidase. (6) 
Protoporphyrinogen IX oxidase. (7) Ferrochelatase
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of the PpIX in heme is lower than the synthesis rate of PpIX, PpIX accumulates. In 
this way, exogenous administration of ALA disregards this “feedback” mechanism 
and induces the accumulation of PpIX in tumor tissues. Moreover, deficiency of 
ferrochelatase in tumor tissues results in accumulation of PpIX in these tissues 
(Sachar et al. 2016).

Accumulation of PpIX induced by ALA can be used in PDT, SDT, and photody-
namic diagnosis. Because ALA and PpIX are natural substances in the body, side 
effects are reduced, resulting in lower toxicity when compared with other photosen-
sitizing agents (Namikawa et al. 2015; Fukuda et al. 2006). The drug can be admin-
istered orally, topically, intravenously, or intraperitoneally (Mateus et  al. 2014; 
Donnelly et al. 2005; Lippert et al. 2003). To produce the desired effect, the photo-
sensitizer must be delivered to the target at a sufficiently high concentration, with 
high specificity and selectivity.

Differences in the accumulation of these exogenous fluorophores in tumor tis-
sues in relation to normal tissues seem to be related to the different physiological 
characteristics of the tumor, including the tumor microenvironment in which cells 
show disordered growth, resulting in cellular arrangements with greater interstitial 
volume; deficient lymphatic drainage and hypervascularity; higher concentration of 
low-density lipoprotein receptors than in the normal tissue (porphyrin derivatives 
exhibit high affinity for low-density lipoproteins); and lower pH than the healthy 
tissue (Padera et al. 2016). In this acidified environment, hydrophilic photosensitiz-
ing agents become more hydrophobic (lipophilic) through protonation, thus facili-
tating entry into the cells (Courrol et al. 2007a).

The efficiency of fluorescence in the diagnosis of tumor tissues is dependent on 
the synthesis capacity of PpIX in the target tissue. Different tissues can accumulate 
different amounts of PpIX. Gibbs et al. (2006) studied the production capacity of 
PpIX in eight different cell types, including breast cancer, prostate cancer (DU145), 
and brain cancer cells, and the amount of PpIX varied more than tenfold between 
the different cell types after administration of ALA. Additionally, Chakrabarti et al. 
(1998) studied the production of PpIX in vitro in benign prostatic cells (TP-2) and 
two more types of prostate cancer cells (LNCaP and PC-3) and showed that these 
cells produced different amounts of PpIX. Benign cells always showed the lowest 
PpIX levels, independent of the incubation time with ALA.

Many studies have been conducted using ALA as a photosensitizing agent, 
mainly for use in PDT. However, studies for the photodynamic diagnosis of cancer 
have also been reported in vitro and in vivo (Zaak et al. 2004; Fukuda et al. 2006).

15.5  PDT and SDT

PDT is a light-activated photochemical reaction that is used for the selective destruc-
tion of tissues or cells. Three components are required to perform PDT: a photosen-
sitizing agent, a source of light, and oxygen (Huang et  al. 2015). These three 
components together cause apoptosis of tumor cells or microorganisms via the 
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actions of reactive oxygen species promoted by energy transfer or electron transfer 
from the photosensitizer in the excited state to oxygen molecules present in 
the medium.

Studies of PDT were first carried out by Raab and Tappeiner in 1900 (Ackroyd 
et al. 2001). These researchers observed the death of the Protozoan Paramecium 
caudatum after exposure to sunlight and in the presence of acridine dye. The pres-
ence of light modified the effects of the dye, demonstrating photosensitization. 
Tappeiner expanded on these discoveries, performing other experiments, and dem-
onstrated the need for the presence of oxygen for the reaction to occur.

In 1911, Haussmann et al. reported the use of hematoporphyrins in combination 
with light to kill tumor cells (Daniell and Hill 1991). Lipson and Baldes (1960) used 
PDT to synthesize the first photosensitizers for clinical use; photofrin I, also derived 
from hematoporphyrin, was found to have applications in tumors, where it emitted 
fluorescence (Lipson and Baldes 1960). Dougherty (1987) purified this compound, 
producing photofrin II, which was the first drug approved by the US Food and Drug 
Administration for the treatment of cancers. Subsequently, several studies and clini-
cal tests have been conducted.

The clinical use of these photosensitizing agents is limited by the disadvantages 
they present, such as low selectivity, prolonged action time, low absorption, and 
difficulties in developing appropriate formulations for drug use in vivo (Abrahamse 
and Hamblin 2016). Therefore, the development of new photosensitizing agents 
with minimal or no side effects is essential for the success of therapy and the photo-
dynamic diagnosis of cancer.

Kennedy and Pottier (1992) revolutionized this technique when they proposed 
the use of ALA, which is the precursor of PpIX. The development of topical photo-
sensitizing using ALA, which does not induce prolonged generalized photosensitiv-
ity, led to a breakthrough in the popularity of PDT in dermatology (Thunshelle 
et al. 2016).

Although PDT has been developed for applications in cancer therapy, such as in 
esophageal and lung cancers, other applications have also been reported, such as the 
treatment of mycoses and macular degeneration of the retina, removal of warts in 
the larynx, and destruction of bacterial infestations resistant to traditional antibiotic- 
based treatments (Peng et  al. 2001; Namikawa et  al. 2015; Wakui et  al. 2010; 
Feuerstein et al. 2011).

Peng et al. (2011) performed PDT with rabbits consuming a hypercaloric diet 
after administration of ALA intravenously. Notably, at 2  h after administration, 
PpIX fluorescence increased 12-fold compared with that in arteries without ather-
oma. Thus, PpIX-induced ALA could be detected and reflected the macrophage 
contents of the plaque. Because ALA and PpIX are natural substances in the body, 
the side effects are minimal and thus cause lower toxicity when compared with 
other photosensitizing agents (Georges et al. 2019).

Changing the energy source to excite sensitizers from light to low-frequency 
ultrasound led to the development of SDT (Costley et al. 2015). SDT uses ultra-
sound, oxygen, and sonosensitizers for the treatment of tumors. The possible mech-
anisms of SDT therapy include the generation of reactive oxygen species radicals 
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derived from sonosensitizer agents, which cause peroxidation of the membrane 
lipid chain via peroxyl radicals and/or alkoxyls, and the physical destabilization of 
the cell membrane by sonosensitizers (Chen et al. 2014).

Ultrasounds are mechanical waves with periodic vibrations with frequencies 
equal to or greater than 20 kHz. This radiation type has good tissue penetration 
capacity without energy attenuation, as occurs with visible light in PDT (Foster 
et al. 2000). Ultrasound has been used for diagnostic imaging of soft tissues and 
therapeutic applications related to the thermal effects caused by ultrasound absorp-
tion. Hyperthermia caused by ultrasound application occurs when the tissue tem-
perature increases to 40–45  °C and may have roles in inflammation relief. The 
increase in temperature to ~60 or 85 °C during exposure ultrasound for a few sec-
onds generates thermal ablation, which has been used for noninvasive surgery, such 
as necrosis of solid tumors, sealing of blood vessels, and correction of arrhythmias 
(Rosenthal et al. 2004).

Ultrasonic waves cause a physical phenomenon known as cavitation, which 
results in the formation of bubbles or cavities (steam or gas bubbles) in a liquid 
through a reduction in the total pressure. Antitumor drugs can be encapsulated in 
microspheres and transported to the target through circulation, and ultrasound can 
be used to induce collapse and release the drug. The collapse of cavitation bubbles 
allows the release of the drug and the permeabilization of the cells (Lawrie 
et al. 2000).

Focusing the ultrasound on a defined region and choosing compounds with 
tumor affinity can enhance drug cytotoxicity with ultrasound with minimal damage 
to neighbor healthy tissue. SDT is based on the synergistic effects of ultrasound and 
chemical compounds or sonosensitizers. After ultrasonic irradiation, some drugs 
can create reactive oxygen species, such as superoxide radicals and singlet oxygen 
(Yumita et al. 2012).

SDT applications were demonstrated for the first time by Umemura et al. (1989). 
In vitro and in vivo data have demonstrated the effectiveness of SDT in the treat-
ment of cancer (McEwan et al. 2016; Zhu et al. 2010; Li et al. 2015; Ju et al. 2016; 
Mehrad and Farhoudi 2016; Wang et al. 2017; Trendowski 2014; Umemura et al. 
1996; Wood and Sehgal 2015; McHale et  al. 2016). Methods to improve tumor 
 oxygenation during SDT have benefits since oxygen essentially fuels the generation 
of ROS. In 2002, Arakawa et al. (Arakawa et al. 2002) reported that SDT inhibits 
neointimal hyperplasia in a rabbit model of iliac artery stent, suggesting that SDT 
could also be beneficial in cardiovascular disease and cancer. SDT displays good 
safety without obvious side effects. In a pilot clinical trial recruiting patients suffer-
ing atherosclerotic peripheral artery disease, combination of SDT with atorvastatin 
efficiently reduced the progression of atherosclerotic plaques within 4 weeks, and 
its efficacy was able to last for at least 40 weeks. Recently, Wang et  al. (2017) 
observed rapid inhibition of atherosclerotic plaque progression by SDT.

Porphyrins, which have traditionally been used as sensitizing agents in PDT, 
have also been evaluated in ultrasound-induced reactions because ultrasonic energy 
can cause electron excitation of porphyrins and initiate a photochemical process 
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resulting in the formation of singlet oxygen (Sun et al. 2018). In vitro studies have 
indicated that ROS may play important roles in ultrasound-induced cell death in the 
presence of PpIX. Moreover, an in vivo study by Li et al. (2015) showed that ALA 
plus SDT induced macrophage apoptosis and enhanced apoptotic cell clearance, 
resulting in reduced macrophage build-up within plaques. In addition, these authors 
found that an ultrasound intensity of 1.5 W/cm2 exerted the greatest ability to reduce 
macrophage amounts in plaques by 71%.

15.6  ALA and Nanoparticles

The biggest disadvantage of the ALA is its limited ability to penetrate into target 
cells (Risaliti et al. 2018) owing to the hydrophilic nature of ALA. Various ALA 
modifications and different carriers have been reported; however, the most success-
ful ALA derivatives are its esters, i.e., MALA and the hexyl ester hexyl aminolevu-
linate (Wachowska et  al. 2011). The advantages of ALA derivatives include 
increased lipophilicity and higher membrane and skin permeability. In ALA-induced 
PpIX formation, ALA esters show varying effects depending on esterase activity, 
which varies within tissues and cell lines (Korbelik and Dougherty 1999).

Another way to increase the effectiveness of ALA is to attach ALA or ALA 
esters to gold nanoparticles (AuNPs). On the nanometric scale, gold shows special 
characteristics owing to surface plasmon resonance (SPR) and the resonant oscil-
lation of electrons of the conduction band of the metal, which gives rise to a sharp, 
intense absorption band in the visible range (~530 nm) depending on the shape, 
size, and agglomeration of particles (Navarro and Lerouge 2017). AuNPs have 
been used as biomarkers in the diagnosis of heart and brain diseases, cancers, and 
infectious agents (Smolsky et al. 2017; Vio et al. 2017; Hasanzadeh et al. 2017). 
Differences in the size, shape, and surface properties of AuNPs can be manipu-
lated for specific therapeutic purposes, depending on the nature of preclinical or 
clinical applications (Wozniak et al. 2017). Recent data indicate that AuNPs cov-
ered with polyethylene glycol show pharmacokinetic properties suitable for sys-
temic injection and exhibit excellent biodistribution in vivo (Zheng et al. 2012). 
Additionally, AuNPs can also be used in PDT and SDT, yielding surface drugs that 
may be photosensitizers or sonosensitizers, in addition to promoting on-site 
heating.

Several authors have described the applications of ALA-conjugated AuNPs for 
therapy of cancer (Oo et  al. 2008; Mohammadi et  al. 2013, 2017; Benito et  al. 
2013; Thunshelle et al. 2016; Wu et al. 2017; Xu et al. 2016; Zhang et al. 2015). 
Notably, it is possible to synthesize AuNPs directly from ALA or MALA, without 
any other toxic chemicals, using a photoreduction method (Karina et  al. 2015; 
Goncalves et al. 2015, 2018).
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15.7  Synthesis and Characterization of ALA AuNPs

ALA AuNPs can be produced by photoreduction with a white light from xenon (Xe) 
lamp irradiation. Before Xe illumination, an absorption band at approximately 
310 nm, characteristic of ALA, is observed. During Xe light exposure, the solution 
color changes from colorless to purple, and after illumination ends, an absorption 
peak at approximately 540 nm appears due to the SPR effect, indicating the forma-
tion of AuNPs (Hou and Cronin 2013). Light acts as a catalyst for metal reduction 
(oxidation/photoinduced reduction). At the same time, an increase in the tempera-
ture of the solution promotes agitation of the particles.

Figure 15.4 shows the formation of AuNPs with ALA and MALA. Notably, for 
the solution with ALA, illumination times from 1 to 9 min lead to the formation of 
nanoparticles; longer illumination times are associated with higher absorbance 
intensities (i.e., number of nanoparticles present in the solution). With MALA, 
irradiation times of 1, 2, and 3  min promote the formation of nanoparticles, 
whereas longer illumination times (4–9  min) promote particle agglomeration. 
ALA- conjugated AuNPs and MALA-conjugated AuNPs can be obtained after 
illumination at a pH of approximately 3.14 owing to the release of H+ by the oxi-
dation of ALA/MALA.

The results obtained adding polyethylene glycol (100 mg) to the solution con-
taining HauCl4 and ALA or MALA and illumination for 5 min before and after 
changing the pH to ~7.0 are shown in Fig. 15.5. The pH adjustment promotes dis-
placement to the left and narrowing of the absorption band of AuNPs with ALA and 
with MALA, indicating an improvement in the synthesis in relation to size and 
polydispersity. For MALA, pH adjustment promotes the formation of nanoparticles 
in solutions irradiated between 5 and 9 min, and the presence of bands in the region 
of 700 nm indicates the formation of no spherical particles, such as prims, in the 
solution irradiated for 2 min (Table 15.1).
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15.7.1  Physicochemical Characterization of Nanoparticles

15.7.1.1  Morphological Analysis of Nanoparticles

Morphological evaluation of the samples was performed using transmission elec-
tron microscopy images (Fig. 15.6). The nanoparticles obtained from synthesis with 
ALA and MALA were spherical, with sizes of around 18 nm, and showed good 
homogeneity of sizes.

15.7.1.2  Zeta Potential

The physicochemical parameters of samples irradiated for 2 min are presented in 
Table 15.2. The measurements were performed at 25 °C using samples diluted in 
Milli-Q water, and the results are presented as the means of ten measurements. The 
polydispersity index, which provides information on the homogeneity of the size 
distribution, was low (<0.7) for all the dispersions obtained, indicating the forma-
tion of monodisperse systems. The zeta potential values indicated moderate 
stability.

Table 15.1 Concentration of 
reagents, time of exposure to 
light for solutions

Solution Reagents Exposure time (light)

ALA:AuNPs 15.0 mg HAuCl4 0–9 min (10 mL)
45.0 mg ALA
100 mL solution

MALA:AuNPs 15.0 mg HAuCl4 1–10 min (10 mL)
45.0 mg of MALA
100 mL solution
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Fig. 15.5 Absorption spectra of nanoparticle solutions (5 min) with PEG and pH changed from 
~3.1 to 7.2: (a) ALA:AuNPs and (b) MALA:AuNPs
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15.7.1.3  Infrared Spectroscopy

The presence of functional groups in nanoparticle solutions was determined by 
vibrational spectroscopy. The spectra for ALA, MALA, ALA:Au, and MALA:Au 
are shown in Fig. 15.7.

The spectra for ALA and MALA provided evidence of the main functional 
groups, i.e., the amine group (NH2) at 3500 cm−1 and the carboxyl group (–COOH) 
at 1710  cm−1. These two groups are important for bonding with metals through 
electrostatic interactions. For ALA:AuNPs and MALA:AuNPs, the first region 
(3600–2700 cm−1) is associated with vibrations of axial deformation in the hydro-
gen atoms linked to carbon, oxygen, and nitrogen (C–H, O–H, and N–H). These 
spectra also contain a band for NH2 representing the free amines (~3440 cm−1), for 

Table 15.2 Sizes, zeta potential, polydispersity index, and hydrodynamic diameter of gold 
nanoparticles with ALA and MALA

Samples size (nm) Zeta potential (mV) IP Hydrodynamic diameter (nm)

ALA:AuNPs 18.12 ± 5.94 −23.1 ± 1.00 0.483 56.84
MALA:AuNPs 18.53 ± 3.12 −21.9 ± 0.98 0.437 51.16
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ALA, MALA, ALA:Au, and MALA:Au. In the region of 2300–1900 cm−1, the axial 
deformation vibrations of double bonds and angular deformations of N–H and –NH 
are present. Additionally, the C=O band of the carboxyl (~1716 cm−1) present in 
ALA and MALA decreased in the spectra for the nanoparticles, suggesting that the 
bonds with the nanoparticles were made using this functional group.

15.7.2  Liquid Biopsy Using ALA and ALA-Conjugated AuNPs

In a study by Courrol et al. (2007b), PpIX extracted from the blood of nude mice 
inoculated with DU145 prostate cancer cells revealed that PpIX fluorescence inten-
sity was higher in animals with prostate cancer tumors in relation to that in animals 
without tumors and that the PpIX concentration was correlated with tumor size. 
Although from week 1 after induction of the tumor it was possible to confirm 
changes in the intensity of blood emission in comparison with that in the control 
group (animals inoculated with physiological serum), a significant difference in 
PpIX signal was observed only after 3 weeks of tumor growth.

In order to improve the sensitivity of this approach, ALA was used as a pro-drug 
capable of inducing the selective production of PpIX in the tumoral region. The 
blood PpIX fluorescence area obtained from animals inoculated with DU145 pros-
tate cancer cells or with phosphate-buffered saline as a control and treated with 
ALA, as a function of days of tumor growth, is shown in Fig. 15.8. The difference 
in the signal between tumor-bearing and control animals was statistically significant 
after 1 week, demonstrating that ALA could be used in the photodynamic diagnosis 
of prostate cancer to detect the first malignant alterations that occur in the tissue.

ALA selectively targets the tumor region through differences in pH and is 
then metabolized to PpIX. Excess PpIX in the tissue is transferred to the blood, 
as demonstrated by experiments with culture cells treated with 60  mg/kg or 
100 mg/mL ALA, which produced PpIX and then transferred this product to the 
blood (de Oliveira Silva et al. 2011). Moreover, as shown in Fig. 15.9, PpIX has 
also been detected in human feces (Gotardelo et al. 2018).
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Fig. 15.9 Analysis of porphyrins extracted from the human feces of control and cancer group
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Nascimento da Silva et al. (2014) concluded that PpIX is a potential marker of 
atherosclerosis, supporting the development of a minimally invasive and inexpen-
sive diagnostic method based on detection of this target. In their study, New Zealand 
rabbits received a normal diet or a diet with 1% cholesterol, and variations in the 
quantity of PpIX extracted from tissues, such as blood and feces, with acetone were 
detected according to atherosclerosis staging.

Karina et al. (2015) administered ALA-conjugated AuNPs functionalized with poly-
ethylene glycol to rabbits and showed that porphyrin release into the blood and feces 
was increased after ALA:AuNP administration (Fig. 15.10). For this experiment, blood 
samples were extracted from animals at day 0 and then 34 and 60 days after consump-
tion of a specific diet, and fecal samples were collected after 33 days. The ALA:AuNps 
were prepared at a concentration of ~57.74 mg/kg ALA. ALA and ALA:AuNPs were 
orally administered, and blood was collected before and 4 h after ALA and ALA:AuNP 
administration. The results suggested that ALA was incorporated by the AuNPs, its 

Fig. 15.10 (Left) Differences observed in the coproporphyrin fluorescence in feces collected 
33 days after diet procedure beginning from the control and experimental groups before and after 
24 h of ALA and ALA:AuNPs administration. (Right) Differences observed in the PpIX fluores-
cence in blood collected from the control (CG—normal diet) and experimental groups (EG—
hypercholesteremic diet) before and after 24 h of ALA and ALA:AuNPs administration (60 days 
after diet procedure beginning)
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structure was preserved, and rapid conversion into endogenous porphyrins occurred, 
overloading the synthetic pathway and leading to PpIX accumulation. This finding 
indicated that this method could aid in the early diagnosis and treatment of atheroscle-
rosis with high sensitivity. Moreover, the functionalized AuNPs reached atheromatous 
plaques, and ALA was converted to PpIX. Selective accumulation of PpIX in plaques 
provided contrast between control animals and those with atherosclerosis. Administration 
of ALA did not result in any adverse reactions.

Because excess heme and PpIX are harmful, accumulation of these products 
should be eliminated. In general, the porphyrin fraction of the hemoglobin molecule 
is released into the blood and later secreted by the liver in bile (Welcker 1945). 
However, in atherosclerotic animals, higher concentrations of porphyrin are excreted 
in the feces. Thus, ALA/MALA:AuNPs may have applications in the diagnosis of 
cancer and atherosclerosis.

In order to investigate the possibility of applying these particles in PDT and SDT, in 
vitro studies have been performed. These studies are described in the following sections.

15.7.3  ALA/MALA:AuNP Cytotoxicity

15.7.3.1  THP-1 Cells

THP-1 human monocytic leukemia cells, a model of atherosclerosis, were cultured 
in RPMI-1640 medium. Phorbol myristate acetate-pretreated THP-1 cells were incu-
bated with ALA/MALA:AuNPs for 24 h, and the cytotoxicity of ALA/MALA:AuNPs 
was evaluated using MTS assays. As shown in Fig. 15.11, both ALA and MALA did 
not produce cell death. For macrophages, the results showed that higher concentra-
tions of ALA:AuNPs induced dramatic cytotoxicity, whereas lower concentrations 
showed only moderate effects. Similar results were observed for MALA:AuNPs. 
Macrophages are cells of phagocytic lineage, which remove dead cells, tissues, and 
particles foreign to the host by incorporation and digestion (Jiang et al. 2017; Virmani 
et al. 2006) and may have the tendency to incorporate nanoparticles easily.
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Fig. 15.11 Cell viability test (THP-1) for gold nanoparticles with ALA and MALA: (a) THP-1 
macrophages with ALA:AuNPs and (b) with MALA:AuNPs, incubated for 24 h. The data were 
compared using the ANOVA test followed by the Dunnett’s test with P values: ∗∗∗∗<0.0001
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15.7.3.2  MCF-7 Cells

In tests with breast cancer cells, we analyzed various concentrations of ALA and 
MALA to examine their cytotoxicities (Fig.  15.12). Notably, ALA and MALA 
alone showed no toxicity in MCF-7 cells; however, with the addition of AuNPs, cell 
death was increased in a concentration-dependent manner.

MCF-7 cells were more susceptible to death than THP-1 macrophages. Epithelial 
lineages have no way to combat oxidative stress (Hecht et al. 2016), and nanopar-
ticles tend to accumulate in various cell types, with special affinity for macrophages 
and reticuloendothelial cells throughout the body. In tissues, they may accumulate 
in lymph nodes, bone marrow, spleen, adrenal glands, liver, and kidneys (Bailly et 
al. 2019). Different cell types may have different nanoparticle input mechanisms 
and death may occur through a series of events, which depend on the damage caused 
in them. Two types of cell death are commonly distinguished: accidental cell death 
or necrosis and apoptotic, programmed cell death.

During the process of death by necrosis, cells may have undergone some physi-
cal or chemical trauma, such as oxygen deprivation or extreme temperature, which 
causes the cell to absorb and accumulate a large amount of water. This in turn causes 
an increase in internal volume and consequently leads to the disruption and dissolu-
tion of organelles and their digestion by cell enzymes. Subsequently, the plasma 
membrane also breaks, and the cellular content is extravasated, triggering a process 
of inflammation, which recruits cells of the immune system, such as macrophages; 
these macrophages then phagocytose the remains of the cell. Apoptosis is an orga-
nized process, in which the contents of the cell are processed and compacted in 
small packets of membrane to “garbage collection” by cells of the immune system. 
This process is different from that of necrosis (death by injury), in which the cell 
contents are expelled, resulting in inflammation (Rock 2008).

Cell death caused by nanoparticles is expected to be related to apoptosis because 
the nanoparticles induce the production of ROS (Valko 2006; Li 2017).
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Fig. 15.12 Cell viability test (MCF-7) with gold nanoparticles: (a) with ALA incubated for 24 h. 
The data were compared using the ANOVA test followed by the Turkey test with P-value <0.0001 
and (b) with MALA incubated for 24 h. The data were compared using the ANOVA test followed 
by the Dunnett’s test with P-value <0.0001
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15.7.4  Extraction of PpIX

Possible alterations in the fluorescence of PpIX produced after the cells were incu-
bated with nanoparticles were analyzed. The cells were cultivated, differentiated 
into macrophages, and incubated with nanoparticle solutions for 4 or 24 h. After 
incubation, PpIX was extracted using acetone. Supernatants were then analyzed in 
a fluorimeter under excitation at 400 nm, yielding the spectra presented in Fig. 15.13. 
The results showed that after 4 h of incubation, the nanoparticles already entered the 
cells, and part of their ALA/MALA was converted into PpIX. Concentrations of 10 
and 20 μL were chosen because they showed lower toxicity in the cells. Increased 
fluorescence intensity, indicative of the production of PpIX, was observed after 4 h 
of incubation with MALA:AuNPs.

15.7.5  Effects of PDT on THP-1 Cells

THP-1 cells were incubated for 24 h with ALA/MALA or ALA/MALA:AuNPs and 
subjected to PDT with an LED at 590 nm for 2 min (~100 mW); this wavelength can 
excite AuNPs, promoting photothermal effects and PpIX production. As shown in 
Fig. 15.14, cells exposed to ALA:AuNPs or MALA:AuNPs were toxic and caused 
cell death.
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15.7.6  Effects of SDT

15.7.6.1  THP-1 Cells

Goncalves et  al. (2018) showed that ultrasound combined with MALA:AuNPs 
exhibited impressive results in in vitro studies. SDT with MALA:AuNPs after 2 min 
of ultrasound exposure (1  MHz and 1  W/cm2) culminated in total macrophage 
reduction (Fig. 15.15). Thus, SDT combined with MALA:AuNPs may have prom-
ising potential for atherosclerosis treatment.

15.7.6.2  MCF-7 Cells

In breast cancer cells, the effects of ALA/MALA:AuNPs plus SDT were evaluated 
(Fig.  15.16). Incubation of MCF-7 cells with ALA/MALA:AuNps for 24  h and 
ultrasound irradiation (1 MHz and 1 W/cm2) for 2 min demonstrated that SDT was 
efficacious. Notably, NPs showed efficacy in both THP-1 and MCF-7 cells, and 
MALA:AuNPs produced greater cell death.
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15.8  Conclusions

In this chapter, we discussed the properties of PpIX in the tissue, blood, and feces 
that can be exploited to diagnose and treat diseases. Poor ability to screen for ill-
nesses is also another problem. For example, it will be necessary to determine 
whether increases in PpIX fluorescence intensity are related to cancer, atherosclero-
sis, or other diseases. In some types of cancer, modification of the PpIX fluorescence 
spectrum is expected owing to the complexation of PpIX with zinc, which does not 
occur in the case of atherosclerosis. PpIX fluorescence can have  applications as a 
diagnostic tool. Moreover, the use of AuNPs may permit diagnosis by contrast 
 methods, such as computed tomography, magnetic resonance tomography, positron 
emission tomography, or fluorescence angioscopy, enabling recognition of disease. 
Additionally, ALA/MALA:AuNps show high stability, which may affect drug 
administration, although ALA is typically prepared fresh, and its pH is adjusted 
as needed.

From the results of this analysis, we concluded that ALA/MALA:AuNP- 
mediated PDT and SDT could be safe and effective treatment modalities for can-
cer and atherosclerosis. To evaluate the effectiveness of these therapies, further 
clinical trials must be carried out using larger sample sizes with long-term 
follow-up.
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Chapter 16
Gold Nanorods as Theranostic 
Nanoparticles for Cancer Therapy

Maria Mendes, Antonella Barone, João Sousa, Alberto Pais, 
and Carla Vitorino

Abstract Inadequate therapies and clinical methods for overcoming multidrug- 
resistant cancer constitute the major barrier for cancer treatment. Also, early 
detection of this disease is fundamental and new nanotechnologies emerge with 
clear relevance. Considering their distinctive chemical and physical properties, 
plasmonic nanoparticles have been proposed and are regarded as promising carriers 
for cancer treatment. Gold nanoparticles (AuNPs) are the most studied plasmonic 
nanoparticles because of their special optical and electronic properties. Depending 
on size and shape, AuNPs are able to perform, simultaneously, several therapeutic 
functions, including photothermal therapy (PTT), photodynamic therapy (PDT), 
and imaging. The synergistic effect between PTT/PDT and chemotherapeutic drugs, 
to cooperatively suppress cancer cells, has also been studied, wherein rod-shaped 
AuNPs has been pointed out as suitable theranostic NP.  This demonstrates their 
ability to integrate multiple functions in a single system. However, their performance 
is highly dependent on several experimental parameters including size, aspect ratio, 
surface modification, and morphology. All these parameters strongly affect both the 
physical and biological processes involved. This review focuses on AuNRs 
properties, their multiple applications, and the trends for the integration of 
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theranostic applications. Also described are the difficulties imposed to an effective 
in  vivo biodistribution and pharmacokinetic behavior. Current research and 
preclinical and clinical investigation will be addressed.

Keywords Brain tumor · Gold nanorods · Photoacoustic therapy · Photothermal 
therapy · Theranostics

Nomenclature

AFM Atomic force microscopy
anti-EGFR Monoclonal anti-epidermal growth factor receptor
AuCs Nanocages
AuNPs Gold nanoparticles
AuNRs Nanorods
AuNSs Nanostars
AuSLs Nanoshells
AuSs Nanospheres
BBB Blood-brain barrier
BSA Bovine serum albumin
Ce6 Chlorin e6
CPNPs Colloidal plasmonic nanoparticles
CT X-ray computed tomography
CTAB Cetyltrimethylammonium bromide
CTX Chemotherapy
DR4 Death-4 receptors
FL Fluorescence
GB Glioblastoma multiforme
HA Hyaluronic acid
HP Hematoporphyrin
HRTEM High-resolution transmission electron microscopy
ICP-MS Inductively coupled plasma mass spectrometry
LLS Laser light scattering
LSPR Localized surface plasmon resonance
MHDA Mercaptohexadecanoic acid
MS Mass spectroscopy
MUA 11-Mercaptoundecanoic acid
NIR Near-infrared radiation
NPs Nanoparticles
OCT Optical coherence tomography
PA Photoacoustic imaging
PDT Photodynamic therapy
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PEG Polyethylene glycol
PSS Poly-styrene sulfonate
PTT Photothermal therapy
rhTNF Recombinant human tumor necrosis factor alpha
ROS Reactive oxygen species
RS Raman spectroscopy
SAXS Small angle X-ray scattering
SERS Surface-enhanced Raman scattering
TCAB Tetradodecylamonium bromide
TEM Transmission electron microscopy
Tfr Transferrin receptor
TNF-α Tumor necrosis factor-α
TPL Two-photon luminescence
UV-vis Ultraviolet-visible spectroscopy
ZnPc Phthalocyanine

16.1  Introduction

Cancer continues to be the most frequent, aggressive, and lethal set of diseases in 
the world. In general, the failure of conventional cancer treatment is due to drug 
resistance at the tumor tissue and/or cellular level, nonspecific therapeutic 
approaches, distribution failure, and also a late diagnosis, the latter being the main 
reason for a poor prognosis.

Several nanotechnologies have been developed, in order to solve these problems, 
including the tendency for a late diagnostic or an inefficient treatment. Advances in 
nanotechnology with organic or inorganic nanoparticles (NPs) have been described, 
with progress not only in the real-time tracking or in the engineering of the surface 
of NPs, but also in the respective biocompatibility and circulation lifetime in the 
body. As a consequence, there is an increase in the selectivity of drugs to cancer 
cells and reduction of toxicity. These improvements in nanotechnology have 
provided a new possibility for the integration of cancer diagnosis and treatment in a 
single NP.  Thus, NPs integrate imaging diagnosis, mechanical therapy (e.g., 
photothermal therapy), drug delivery, and also a targeting approach on the surface. 
All these features, together, allow the improvement in treatment, associated to a 
decrease in side effects, progressing the curative effect and quality of life of patients. 
Colloidal plasmonic nanoparticles (CPNPs) are described in different compositions, 
dimensions, and shapes, allowing control over diffusion, reactivity, optical, and 
magnetic properties, and biodegradability. For these reasons, CPNPs are attractive 
in almost all fields of engineering, medicine, and science. The respective use in 
health has grown, due to the wide range of applications that include diagnosis and 
therapeutics, combined with the delivery of anticancer drugs. Superparamagnetic 
iron oxide, quantum dots, carbon nanotubes, hybrid nanocomposites, and gold 
nanoparticles are some examples of CPNPs used for imaging and therapy (Hanske 
et al. 2018; Liu et al. 2016; Riva et al. 2017; Urries et al. 2014).
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Gold nanoparticles (AuNPs) are considered as one of the most convenient INPs, 
given their high biocompatibility, stability, resistance to oxidation, the diverse 
optical properties associated to surface plasmons, and the ease of surface 
functionalization with organic and biological molecules. The electronic structure of 
AuNPs is central for their clinical applications, specifically in the areas of cancer 
treatment. AuNPs are inert, innocuous, and nonimmunogenic, with well-established 
and easy synthetic methods, and control over size and shape (Tian et al. 2018). They 
can be easily functionalized with multiple targeting and bioactive ligands without 
compromising their innate characteristics. Thus, colloidal gold is relevant in several 
clinical applications, including drug and macromolecular delivery, as a contrast 
agent, in biosensing and bio-detection, catalysis and bioelectronics, bioimaging and 
photothermal therapy (Alex and Tiwari 2015; Khlebtsov et al. 2013; Koohi et al. 
2017; Zhang 2015). This application range is due to its unique characteristics, 
including high electron density and extinction coefficients, which allows localizing 
it within cells or in tissues. Depending on shape and functionalities, these particles 
can interact with biological systems in many ways, depending on the cell type, 
uptake pathways or targeting different organelles. Also, their marked surface 
plasmon resonance-enhanced absorption in the NIR range allows obtaining images 
by different methods including optical coherence tomography (OCT), X-ray 
computed tomography (CT), two-photon luminescence (TPL), or photoacoustic 
imaging (PA). All these characteristics are influenced by the particles size, shape, 
and aggregation state (Fig. 16.1 and Table 16.1) (Zhang et al. 2007).

This chapter focuses on AuNPs properties, their characterization methods, appli-
cations, and trends in tumor theranostics, followed by difficulties imposed to an 
effective biodistribution. Recent advances in brain tumor therapeutics are addressed, 
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with special attention on the combination of imaging and therapeutic functions (i.e., 
theranostics). The use of gold nanoparticles for brain tumor treatment, including 
current research and preclinical and clinical investigation, will be addressed. The 
pharmacokinetics and biodistribution of these AuNPs need to be explored so as to 
understand their fate in vivo. Despite the increasing importance of AuNPs in bio-
medical research, only limited types of nanoparticles have been approved in clinical 
practice for simultaneous therapeutics and diagnostics application.

Table 16.1 Different types of AuNPs, categorized upon particle shape and tunable optical and 
electronic properties

AuNPs Particle size Plasmon characteristics Applications

Nanospheres 
(AuSs)

2–100 nm ~522–539 nm Cell imaging
Photothermal 
therapy
Delivery of 
therapeutic 
molecules

Nanorods 
(AuNRs)

Length: 
50–250
Diameter: 
5–50 nm

Transversal band ~520
Longitudinal band infrared region 
dependent of the aspect ratio: 800 nm 
(aspect ratio = 4.4) or >1200 nm (aspect 
ratio = 16)

Tumor imaging
Photothermal 
therapy
Delivery of 
therapeutic 
molecules

Nanoshells 
(AuSLs)

10–150 nm 510–575 nm Tumor imaging
Photothermal 
therapy
Photodynamic 
therapy
Delivery of 
therapeutic 
molecules

Nanocages 
(AuCs)

Length: 
30–70 nm

~532–575 nm Tumor imaging
Photothermal 
therapy
Photodynamic 
therapy
Delivery of 
therapeutic 
molecules

Nanostars 
(AuNSs)

18–90 m ~590–1000 nm Photothermal 
therapy
Photodynamic 
therapy
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16.2  Optical Properties of Gold Nanoparticles

The gold (Au) atom possesses a high number of electrons per atom (Z = 79), and for 
this reason, AuNPs are capable of absorbing the X-ray radiation energy at a 1000- 
fold higher probability than any soft tissue (Zhang 2015). Exposure of AuNPs to 
light induces a collective coherent oscillation of the free electrons of the metal, 
called localized surface plasmon resonance (LSPR) (Amendola et  al. 2017; 
Kobayashi et al. 2014; Zheng et al. 2012). The electron oscillation around the NPs 
surface causes a charge separation with respect to the ionic lattice, forming a dipole 
oscillation along the direction of the electric field of the light. This photophysical 
phenomenon has two main processes, absorption and scattering, which occur when 
light passes through metal, resulting in energy loss of the electromagnetic wave. 
The contribution of these two parts to the total extinction can be calculated by using 
Mie theory (He et  al. 2009). The scattered light has the same frequency as the 
incident light (Rayleigh scattering) or a shifted frequency (Raman scattering). For 
plasmonic NPs, like gold or silver, the LSPR band is much stronger than for other 
metals. The light absorption and scattering are intensely enhanced in AuNPs, being 
at least 1000 times stronger than the absorption or emission of any organic dye 
molecules (Jans and Huo 2012). This makes AuNPs the obvious choice in a broad 
range of applications including drug delivery, photothermal therapy, and imaging of 
tumor sites. LSPR represents a strong absorption band in the visible region, owing 
to the collective oscillations of metal conduction band electrons in strong resonance, 
where light penetration in tissue is optimal. The peak intensity and position 
frequency of the LSPR are influenced by some parameters, such as the size and 
shape, surface charges, the dielectric constant of Au and the surrounding medium. 
For example, the LSPR of spherical AuNPs occurs at ~530 nm, which demonstrate 
the limitation tunability of the nanosphere LPSR. In the biological field, there are 
two biological transparency windows, located in 650–950 and 1000–1350 nm with 
optimal tissue, blood, and water transmission obtained from low scattering and 
energy absorption (Hemmer et al. 2016). Thus, in order to tune the LSPR to the 
availability of a suitable laser or to enhance the resonance of the system, an effective 
approach consists of changing the spherical shape to rod shape. Three main types of 
interactions between molecules and surface plasmons can be explored: optical, 
thermal, and mechanical. The resonant excitation of plasmons can severely amplify 
the electric field near the NPs surface. The large enhancement of the surface electric 
field on the AuNPs shell layer can be modulated for specific therapeutic purposes, 
depending on the preclinical or clinical application.

16.3  Gold Nanorods

Gold nanorods (AuNRs) have acquired much attention as a strategy to cancer treat-
ment due to low cytotoxicity, stability, biocompatibility, and suitable physiochemi-
cal parameters. Also, the ease of preparation, the large number of synthetic methods 
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available, and the control over the aspect ratio, which is primarily responsible for 
the change in their optical properties, have attracted the most attention.

The rod shape promotes excellent plasmonic and photothermal activity. They are 
usually synthesized with a size ranging from 50 to 250 and diameter from 5 to 
50 nm and an aspect ratio (the ratio of the longer side to the shorter side) between 1 
and 7, and each aspect ratio corresponds to specific longitudinal plasmons. AuNRs 
have been granted an increased recognition in several biomedical applications, due 
not only their precisely controlled NIR optical properties but also to their enhanced 
permeability to tumor vasculature, resulting in higher retention in the tumor tissue. 
AuNRs also have a higher efficiency of light absorption at their longitudinal plasmon 
resonance site than any other known nanoparticles. The LSPR spectrum of AuNRs 
displays two absorption bands, one that represents the longitudinal oscillation of 
electrons, a stronger long wavelength band in the NIR region, and another in the 
transverse electronic oscillation, a weaker short-wavelength band in the 
visible region.

The physicochemical properties of AuNPs could be suitably modified through 
several strategies during the synthesis phase (Tong et  al. 2017, 2018). These 
properties strongly influence the AuNPs performance and their applicability in 
cancer treatment, particularly the optical absorption and scattering. Thus, a challenge 
in nanoscience is the adequate tuning of the size and shape of NPs. Size and shape 
are crucial for the design and application of NPs, because optoelectronic properties 
are strongly dependent on them. The influence of AuNRs size was studied, and it 
was found that larger AuNRs, with the same LSPR wavelength, showed a stronger 
scattering intensity but a weaker surface-enhanced Raman spectroscopy intensity 
than small nanorods (Lin et al. 2016). As will be mentioned in a later section, the 
size is a crucial parameter for the in vitro and in vivo studies. The aspect ratio can 
markedly change the absorption LSPR spectra, one of the most relevant plasmonic 
properties of AuNRs, and the LSPR increases with larger aspect ratios. Despite the 
control of aspect ratio during the synthesis, the mechanisms for the underlying 
control are not well understood. Compared to AuNSs or nanostars (AuSs), optical 
properties of AuNRs showed to be 2–3 times stronger absorption efficiency. The 
main goal is to design AuNRs with the best optical properties and in vivo behavior. 
Thus, comparisons between shapes were also performed and the SERS property of 
AuNRs and AuNSs and concluded that AuNRs have a stronger activity.

AuNRs display attractive optical and unique physiochemical properties that play 
a key role in several biomedical applications. The main limitation of the production 
of AuNRs is the low yield. However, some strategies and parameters have been 
considered to overcome this limitation, such as the size of seeds, reaction time, the 
amount of AgNO3, use of cetyltrimethylammonium bromide (CTAB), pH, and 
temperature, among others. Several studies have been conducted in order to 
understand what are the interferents in the AuNRs synthesis, including the CTAB 
concentration, the influence of pH, and the concentrations of reducing agent and Ag 
ions (Liu et al. 2017a; Salavatov et al. 2018; Smitha et al. 2013; Xu et al. 2014).
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16.3.1  Fabrication Processes

Distinct preparation methods are described for the AuNRs, having in common the 
use of reduction (e.g., ascorbic acid and sodium borohydride) and stabilization 
agents (in particular, a cationic surfactant as cetyltrimethylammonium bromide—
CTAB). As previously reiterated, the optical properties, size, shape, or aspect ratio 
are important characteristics with a huge impact on the biomedical application of 
AuNRs, and thus the selection of fabrication processes could have the impact on 
their final performance and the yield of the process (Smitha et al. 2013). Thus, all 
the characteristics can be controlled by using different fabrication processes. The 
methods to produce AuNRs can be divided into seeded growth methods, seedless 
methods, template method, and electrochemical. In this section, we will review the 
various in situ methods and their improvements.

The seeded growth method is the most established, popular, and efficient method 
(Chhatre et al. 2018). Small gold seeds are added in a controlled growth environment 
to obtain gold nanorods. The process consists of different steps, including preparation 
of seeds by reduction of the Au precursor by a strong reducing agent (NaBH4), 
preparation of growth solution containing HAuCl4, cationic surfactant 
cetyltrimethylammonium bromide (CTAB), ascorbic acid, and silver ions, and 
finally the addition of seeds in the solution for AuNRs growth. Ascorbic acid is a 
weak reducing agent that is crucial for the rod morphology (decrease of length and 
increase of yield), while the silver ions induce the shape. The growth solution is 
mixed with gold seeds, and control parameters such as surfactant concentration and 
combination, pH value or temperature will promote AuNRs with different optical 
properties (Jiang et al. 2006; Kannadorai et al. 2015; Liu et al. 2017c; Wang et al. 
2016b). CTAB is the direct agent that allows producing rods instead of spheres 
(Becker 2010). The pH is also an important factor for the synthesis of AuNPs, since 
it affects CTAB micelles stability and reduces their absorption ability on the gold 
surface. Silver nitrate (AgNO3) was introduced in this method before seed addition 
to promote rod formation and control the aspect ratio, which is directly proportional 
to the increase of silver ions concentration. In this method, the mechanisms that lead 
to a specific shape and the growth of AuNRs are poorly understood. However, there 
are several limitations associated to seed-mediated methods, including insufficient 
reproducibility, different variations due to the multi-step procedure, and limited 
LSPR tunability.

Seedless methods allow overcoming some drawbacks associated with the seed 
growth method. This method starts with a small-size AuNRs, is easy, simple, and 
with a simple step. NaBH4 is initially used as reducing agent, and directly added in 
the growth solution, reducing gold(III) chloride hydrate to Au0, forming AuNPs as 
seeds. The nucleation and growth can be properly controlled with a mixture of 
strong and weak reducing agents, the latter, e.g., ascorbic acid. The strong reducing 
agent initiates nucleation and the weak reducing agent helps growing the NPs. 
Moreover, Nikoobakht and El-Sayed (2003) optimized the synthesis scheme by 
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decreasing the pH (<2) of the growth solution, which lowers the reducibility of both 
NaBH4 and ascorbic acid. The pH decrease leads to a slowdown in the growth of 
AuNRs, and increases monodispersity. A positive correlation between pH and the 
reducing ability of ascorbic acid and NaBH4 was found. Another important factor is 
the concentration of CTAB.  This is the main stabilizer of the initial crystalline 
nuclei and allows decreasing the size of AuNRs. Several studies have selected the 
important parameters in the seedless synthesis protocol: Au/CTAB ratio, Ag 
concentration, NaBH4 concentration, and pH value (Liu et  al. 2017a; Salavatov 
et al. 2018; Xu et al. 2014).

Template methods consist of electrochemical deposition of gold within the pores 
of nanoporous polycarbonate or alumina template membranes (Li and Cao 2012). 
This approach starts with a small amount of silver (Ag) sputtered onto the alumina 
template membrane in order to provide a film for electrodeposition, following the 
electrodeposition of Au within alumina nanopores. The next stage comprises the 
dissolution of the alumina membrane and the silver film, in the presence of a 
polymeric stabilizer. Finally, using sonication or agitation, AuNRs can be dispersed 
in water or organic solvent. Clearly, the control of particle size depends on the 
diameter of the alumina membrane pores used. The major limitations of this method 
are the inconsistency in the length of the AuNRs formed, due to the irregular 
deposition of gold and the yield (Hornyak et al. 1997; Vigderman et al. 2012).

Electrochemical methods are conducted in a two-electrode-type electrochemical 
cell, in which a gold metal plate is the anode, and a platinum plate the cathode (Li 
and Cao 2012). The electrolytic solution, containing CTAB, a small amount of 
tetradodecylammonium bromide (TCAB) as co-surfactant and stabilizer, covers 
both electrodes and is placed inside an ultrasonic bath at 36 °C. At this point, a 
certain concentration of acetone and cyclohexane are added, for loosening the 
micellar framework and enhancing the formation of elongated rod-like CTAB 
micelles. This method offers a synthetic route for preparing high yields of AuNRs.

There are more fabrication methods for the formation of AuNRs. However, they 
result in lower amounts, pose problems of reproducibility, and it is difficult to obtain 
good yields. Finally, after each synthesis, an extra step of AuNRs purification is 
required. This step will also be important to removing the excess of CTAB, which 
is recognized as a toxic surfactant for biological applications (He et al. 2018).

16.3.2  Characterization Methods

The quality associated to the fabrication processes needs to be assessed and con-
trolled. This implies that AuNRs need to be characterized in terms of size, aspect 
ratio, charge, stability, yield, and optical properties. Characterization methods 
include mass spectroscopy, electroanalytical methods, optical spectroscopy, and 
various nanoparticle counting techniques, summarized in Table 16.2.
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16.3.3  Effect of Surface Modification

Over the years, the use of AuNRs has drawn attention to several biomedical applica-
tion fields, exploiting their optical properties and/or functional changes. The major 
disadvantage of AuNRs is the presence of CTAB on the surface. This cationic sur-
factant is extremely cytotoxic, which, as already stated, limits its application in the 
biomedical field. Despite the efforts to replace CTAB for another stabilizer, there 
are difficulties in controlling the growth of AuNRs during the synthesis, and the size 
or aspect ratio between batches. Some strategies have been put forward, including 
coating with organic molecules by electrostatic interaction or covalent linkage with 
thiolic groups or ligand exchange, taking advantage of the replacement of the CTAB 
by thiol-terminated molecules. Additionally, AuNRs can be modified with different 
ligands or molecular probes, such as antibodies, oligonucleotides, peptides, carbo-

Table 16.2 Description of methods used for the assessment and control of AuNRs

Transmission electron 
microscopy (TEM)

• Morphology of metallic nanoparticles
• Direct information on size, size distribution, and shape of NPs

High-resolution 
transmission electron 
microscopy (HRTEM)

• Direct atomic surface image
• Interference image
• Structural details, individual particles and the surfaces
•  Distinguish between different shapes: Rods, long rods, and 

spherical
Small angle X-ray 
scattering (SAXS)

• Information about the shape, size, and size distributions

Atomic force microscopy 
(AFM)

•  Nanoscale topography by scanning a fine silicon tip across the 
surface, performing high-resolution imaging under 
physiological conditions

•  Morphology of nanoparticles, or visualize the process of 
cellular uptake of conjugated NPs

Mass spectroscopy (MS) •  Identification and quantification of AuNRs at a sub-nanometer 
level

Laser light scattering 
(LLS)

• Detection of particle size and polydispersity index

Ultraviolet-visible 
spectroscopy (UV-vis)

•  Absorbance of ultra violet or visible light by a sample which 
determine both the size and the concentration of the AuNPs 
based on the peak position and peak intensity

•  Evaluate the long term stability of gold NPs colloidal 
suspensions, indeed unchanged results show the stability of the 
systems

Raman spectroscopy (RS) •  Molecular vibrations and crystal structures, employing a laser 
light source (green, red, or near-infrared) to irradiate a sample 
and generate an infinitesimal amount of Raman scattered light

Inductively coupled 
plasma mass spectrometry 
(ICP-MS)

•  Information about the elemental (isotopic) composition, their 
size distribution, and the particle concentration
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hydrates, and folic acid, which take advantage of active targeting (Liu et al. 2018a; 
Peralta et  al. 2015; Wang et al. 2014, 2015, 2016a; Xu et  al. 2017; Zhang et  al. 
2016a, c; Zhong et al. 2014). RGD peptides, hyaluronic acid (HA), and transferrin 
receptor (Tfr) are examples of some protein molecules attached on the AuNRs sur-
face (Xu et al. 2019). Those modifications cannot interfere with the optical proper-
ties. The most reported modification relies on the use of polyethylene glycol (PEG), 
not only due to their abilities to increase the blood circulation, but also allows 
decreasing the cytotoxicity of CTAB and stabilize nanorods in physiological condi-
tions (Ruff et al. 2016; Schulz et al. 2016). PEG modification was found to be an 
excellent alternative method to remove CTAB.

Bovine serum albumin (BSA) have been reported due to their strong biocompat-
ibility of the AuNRs, and to perform this modification the method is simple, mixing 
both together (Li et al. 2018). Thiol-modified chitosan derivatives have been studied 
due to improving tumor targeting and drug circulation (Duan et al. 2014; Yang et al. 
2015). The ligand exchange is used to replace the surface of the AuNRs, including 
11-mercaptoundecanoic acid (MUA), poly-styrene sulfonate (PSS), and mercapto-
hexadecanoic acid (MHDA) (Bhana et al. 2016; He et al. 2018; Mirza 2019; Wan 
et  al. 2015). These molecules can bind on the AuNRs through the Au–S bond, 
allowing to the carboxyl group or amine groups to conjugate other molecules, 
increasing their application (Liu et al. 2018a; Peralta et al. 2015; Wang et al. 2014, 
2015, 2016a; Zhang et al. 2016a, c; Zhong et al. 2014). Most of the studies indicate 
not only a great stabilization of AuNRs, but also improvements in biodistribution 
and viability, as addressed in later sections.

16.4  Gold Nanorods as a Multimodal Nanoparticle

Multimodality is a progress in cancer therapy due to the higher efficacy of combi-
national treatment and the synchronized monitoring of therapeutic effects. The 
intrinsic optical properties of AuNPs provide the opportunity to combine in a single 
NP and in a single treatment, two or more characteristics able to provide therapeu-
tic, diagnostic, and imaging agents. Some characteristics of AuNRs are represented 
in Table 16.3 and their respective advantages indicated, in the context of a multi-
modal nanoparticle. It should be recalled that plasmonic nanomaterials, such as 
AuNRs, are able to perform several therapeutic modalities, including photothermal 
therapy (PTT) and/or photodynamic therapy (PDT), and in combination with che-
motherapeutics may cooperatively suppress cancer cells, developing synergistic 
effect and reversal of drug resistance (Table 16.4). In this context, AuNRs can be 
seen as potential NPs for several applications such as delivery of biologically and/
or chemically active molecules, imaging detection of diseases at an early stage, and 
tracking tumor cells proliferation and differentiation. These topics will be discussed 
in the next sections.
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16.5  Therapy

AuNPs possess several advantages including tunable size, high loading capacity, 
low toxicity, and multifunctional skills, making them attractive NPs for efficient 
delivery of therapeutic agents to cancer treatment. To obtain a therapeutic effect, 
chemotherapeutics, functional proteins, DNA, or RNA can be loaded into AuNPs, 
by either noncovalent interactions or covalent conjugation. Also, AuNPs can convert 
the light into heat or transfer energy to the substrate, and have been demonstrated to 
promote an effective therapy. This section describes recent advances in the use of 
AuNRs as therapeutic NPs for cancer treatment. Therapeutic strategies, photothermal 
therapy, photodynamic therapy, and the synergistic effects will be addressed. The 
importance of AuNRs size, shape, and surface coating will also be discussed in each 
section. The importance of these AuNRs physicochemical characteristics will be 
mentioned throughout the text, allowing the understanding of these parameters in 
the in vitro/in vivo performance.

16.5.1  Therapeutic Strategies: Drugs, Nucleic Acids, Proteins

Chemotherapeutics cause cell death or slow the proliferation and spread of cancer 
cells by directly damaging the genetic code or cellular machinery interfering in cell 
cycling, inhibiting the cell from dividing uncontrollably. The free drug delivery 
promotes a lack of accumulation on the right site and high distribution by the normal 
tissues, affecting not only the cancer cells but also the normal cells. However, the 
exposure of these drugs administered in free form has a limited use, essentially due 
to several side effects resulting from nonspecific interactions of drugs with cells and 
tissues, the low solubility, cellular drug resistance, or unspecific biodistribution. 

Table 16.3 Representation of the main AuNRs characteristics and their advantages for the in vivo 
application

Characteristics Advantages

Tunable absorption 
band

The absorption peak can be easily tuned to near-infrared region (~600–
1200 nm). This is the “transparent window” of biological tissues.

Stability and 
biocompatibility

The excellent stability and biocompatibility make them suitable for 
injection in vivo without any systemic or organ toxicity.

Imaging technique The LSPR, the delivery and distribution of AuNRs within target cells/
tissues can be monitored via optical imaging using plasmon-enhanced 
wavelength selective scattering and CT.

Surface area The surface area can be easily modified with different functional groups, 
allowing the incorporation of targeting molecules including drugs, nucleic 
acids, proteins for specific-receptor delivery, or probes for other imaging 
modalities for multimodal imaging.

Photo-sensitizer The AuNRs photothermal phenomenon enables a hyperthermia destruction 
of the cancer cell or control the release of therapeutic drug at targeted site.
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For these reasons, a promising approach comprises the application of NPs which 
could improve the targeted NPs and overcome drawbacks mentioned before. Thus, 
linking chemotherapeutics to an AuNRs can improve the functionality of the drug 
by delivering chemotherapeutic to a designated site of action. Moreover, the high 
surface area and easy surface modification simplify the loading of not only large 
therapeutic drugs, nucleic acids, and proteins, but also other biological molecules, 
including targeting molecules, linkers, or photosensitizers (Chen et  al. 2018; 
Encinas-Basurto et al. 2018; Huang et al. 2011; Shen et al. 2014; Wang et al. 2016a). 
AuNPs have been extensively studied for application in anticancer therapy. That 
interest is due to enhance the drug solubility, drug protection from degradation 
in vivo, increase the bloodstream circulation time, avoid or decrease its removal by 
the reticuloendothelial system (RES), and consequently, targeted to cancer tissues. 
These strategies have been explored by several research groups (Table  16.4), in 
order to improve the therapeutic needs for new treatments in this field. As mentioned 
before, it is important to decrease the cytotoxicity associated with the AuNRs, and 
modifying the surface with ligands is a necessary step. Thus, AuNRs have an easy 
surface modification that allows the conjugation with different chemotherapeutic 
drugs (e.g., doxorubicin, paclitaxel, temozolomide) by coupling molecules in the 
surface through covalent bonding or noncovalent attachment. The noncovalent 
attachment is a good method for adsorption of drugs on AuNRs. However, a 
premature release can be an issue (Zhang et al. 2015). The covalent bonding is the 
more commonly used strategy due to their stable delivery. However, the required 
chemical modification of the drugs and internal/external triggers for active molecule 
release make this strategy less interesting.

Furthermore, AuNRs offer an attractive carrier for nucleic acids delivery because 
of its high surface boosting the payload/carrier ratio. There are two methods for 
coupling nucleic acids on the AuNRs surface by covalent attachment, which in this 
case is an effective approach. The modification does not inhibit biological activity, 
taking advantage of the thiol-modified surface or of the electrostatic interaction, 
between the positive charge of AuNRs and the strong negative charge of DNA/
RNA.  Both allow protection from enzymatic digestion. These approaches can 
effectively promote transfection by different cells (Table 16.4).

AuNRs-protein is another strategy that has been explored in cancer therapy, with 
special attention for targeting peptide sequences or receptor-specific antibodies. 
These coatings improve internalization of the AuNRs into diverse organelles or 
targeting specific cancer cells. Bovine serum albumin (BSA), monoclonal anti- 
epidermal growth factor receptor (anti-EGFR), tumor necrosis factor-α (TNF-α), 
RGD peptides, death-4 receptors (DR4), and transferrin receptor (Tfr) are examples 
of several protein molecules attached on the AuNRs surface (Liu et  al. 2018a; 
Peralta et  al. 2015; Wang et al. 2014, 2015, 2016a; Xu et al. 2017; Zhang et  al. 
2016a, c; Zhong et al. 2014). That conjugation provides good biocompatibility and 
improves the targeting of cancer cells, reducing the nonspecific toxicity. This 
approach has been implemented as direct conjugation of proteins to AuNPs through 
thiols or amines on the proteins. However, the preservation of the native structure of 
the proteins remains a challenge.
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The AuNRs straightforward functionalization makes them attractive platforms 
for the development of drug delivery, nucleic acid delivery, or protein delivery 
vehicles. The improvement in the stability of conventional drugs and genes in 
biological fluids, avoidance of enzymatic degradation, and facilitation of their 
diffusion through biological barriers are some of the favorable attributes of the 
existing methodology. Despite the advantages and the numerous researches cited in 
Table  16.4, there are a number of questions to be resolved before AuNRs, as a 
carrier system, can be applied in clinical trials. The mechanisms of uptake can be 
used to address the usefulness of targeting moieties. However, it is a challenge to 
attach the targeting molecules without compromising their functionality. That 
consideration taken together remains a demand for continued improvement in the 
design and synthesis of AuNRs to accomplish the ultimate goals of attending as 
applicable delivery vehicles.

16.5.2  Photothermal Therapy

Photothermal therapy (PTT) has attracted a lot of attention in the cancer treatment, 
due to their noninvasive nature and low energy radiation, that can intensely penetrate 
the tissues (Riley and Day 2017). This method allows the application of plasmonic 
nanoparticles in medicine, where light penetration in tissues is ideal. The plasmonic 
nanoparticles have the ability to absorb near-infrared radiation (NIR) and effectively 
convert the light into heat when exposed to an appropriate laser of the right amplitude 
and frequency, which produces electron excitation and subsequent non-radiative 
relaxation. Thus, several CPNPs with photothermal characteristics, such as gold 
nanoparticles, graphene, or carbon nanotubes, have been used for in  vitro and 
in  vivo photothermal therapy. However, AuNRs have been described as more 
appropriate inorganic nanoparticles for effective photothermal therapy, because of 
their high photothermal conversion efficiency, low toxicity, easy synthesis, 
functionalization, and easily tuned LSPR-frequency to the NIR region. The intense 
LSPR-enhanced absorption of AuNRs exposition makes the photothermal 
conversion process highly efficient. The strong LSPR band supports NIR light 
absorption and releases large amounts of energy through thermal radiation and 
cause localized damage to close cells and tissues, usually five orders of magnitude 
larger than the strongest absorbing dye molecules. The diffused heat can produce a 
hyperthermia response in near cells, developing cell membrane disruption or protein 
denaturation inducing apoptosis, and tumor tissue necrosis. Despite site and amount 
of heat being controllable, the hyperthermia response is nonspecific. The cells 
heated to a temperature in the range of 41–50 °C begin to show signs of apoptosis, 
and cellular necrosis takes place for temperatures above 50 °C. That method causes 
changes in pH, perfusion, and oxygenation of the tumor microenvironment. Tumor 
cells have been demonstrated to possess more sensitivity to heat than healthy cells, 
due to their metabolic rate. PTT provides an appealing method for solid tumors 
treated with a minimally invasive approach and have significant advantages, 
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including rapid recovery, fewer complications, and a deep penetration in tissues up 
to 4–10 cm. The NIR laser light is weakly absorbed by hemoglobin, melanin, or 
water, and thus the normal biological tissues are not damaged in this spectral region. 
The PTT performance strongly depends on the LSPR wavelength, geometries, size, 
concentration, and assembly state of AuNRs. In Table 16.4, there are several studies 
described where PTT is applied in distinct types of cancer, and the AuNRs 
performance is assessed by in vitro and in vivo studies.

Despite the advantages of PTT, the complete eradication of tumor cells using 
only this strategy is difficult. The heterogeneous distribution of NPs in tumor, the 
limitation of the penetration depth of NIR light in deep tissues, the direct eradication 
of metastatic cancer cells or metastatic nodules with PTT alone is a major challenge. 
Thus, in Sect. 16.5.1 the efficient combination with the current treatments to treat 
the tumors and metastatic cells in a synergistic approach will be addressed. A high 
number of studies have described the benefits of the combination of PTT with 
chemotherapy, photodynamic therapy (Table 16.4).

16.5.3  Photodynamic Therapy

Photodynamic therapy (PDT) involves the administration of a photosensitizer (PS) 
followed by the irradiation at the corresponding absorbance wavelength and has 
developed a huge interest as a cancer treatment modality (Luksiene 2003). Thus, the 
excitation of the PS molecule leads a transference of energy to the substrate, 
producing singlet oxygen and highly active free radicals that are able to lead the 
direct death of tumor cells, induce a local inflammatory reaction, and damage the 
microvasculature. The reactive oxygen species (ROS) generation can be controlled 
by the specific photoirradiation to the target diseases site and singlet oxygen can 
diffuse only 10–20  nm in the cell (Nomoto and Nishiyama 2018). Thus, the 
cytotoxicity can be restricted only to the photoirradiation region with minimal 
systemic toxicity compared to conventional chemotherapy, leading to unfavorable 
side effects in normal organs. In Table 16.5 and Fig. 16.2 are represented the four 
steps involved in the PDT. PS molecules have several disadvantages such as low 
molar extinction, low water solubility, photobleaching, insufficient selectivity, tox-
icity to normal cells, and the limitation in tissue penetration depth. For superficial 
tumors, PS molecules, under light wavelengths ranging from 400 nm to 600 nm, can 
exert a good penetration. However, for solid or deep-seated tumors a very limited 
range of PS may be excited by NIR light, as the “optical window” of biological tis-
sue, for efficient ROS generation. Considerable efforts are being made to overcome 
these weaknesses and improve tumor targeting with minimal side effects. Some NPs 
have been studied in order to overcome the limitations of conventional PS mole-
cules. The PDT performance of AuNRs has been investigated and exhibits a supe-
rior activity over conventional PS.  AuNRs have advantages as improvement for 
targeting cancer cells, good resistance to photobleaching or enzymatic degradation, 
and the non-limitation in tissue penetration depth. Thus, PS molecules coupling to 
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Table 16.5 Steps involved in the photodynamic reaction

The absorption 
of a light photon

The intendency of light lead the excitation of electrons at a low energy 
molecular orbital to a higher energy molecular orbital or an excited singlet 
state (1PS∗), causing a promotion of the PS molecule from its ground state to 
the extremely unstable excited singlet state with a half-life in the range of 
10−6 to 10−9 s.

Fluorescence 
(FL)

1PS∗ loses its energy by emitting FL through radiative transition.
Another situation is undergoing intersystem crossing in which the spin of its 
excited electron inverts to form a relatively long-lived triplet state (3PS0).

Type I or II 
reaction

I reaction: 3PS0 reacts with substrates and transfers a proton or an electron to 
form a radical anion or cation, respectively, which can further react with 
surrounding oxygen to produce hydrogen peroxides and free radicals.
II reaction: 3PS0 transfers its energy to molecular oxygen to form excited 
state singlet oxygen.

ROS ROS interacts with the tumor cells, resulting in two typical types of cell 
death: Apoptosis and necrosis.

1AuNRs
*

AuNRs

A
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n

Light Fl
uo
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1O2

Energy transfer
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Photodynamic 
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Hydroxyl ra
dical

 ele
ctro

n 

tran
sfer

 (Type I)

Apoptosis

Necrosis

Fig. 16.2 Jablonski diagram showing the mechanisms of PDT using AuNRs. PDT involves tumor 
accumulation of AuNRs into the target site and subsequent photoactivation of AuNRs to generate 
cytotoxic ROS (Type I)

AuNRs can be used as an effective contrast agent in biomedical imaging (Ferreira 
et al. 2017; Freitas et al. 2017; Shi et al. 2016; Tham et al. 2016; Yan et al. 2018b). 
The AuNRs mechanism of action is correlated with the LSPR capacity. The inci-
dence of light into AuNRs-PS resulted in light-to-heat conversion, as explained in 
Sect. 16.5.2. Therefore, AuNRs-PS generate hot electrons which can sensitize oxy-
gen to form ROS and further exhibiting photodynamic properties.

Feng et al. (2019) developed a study that compared the PDT performance from 
different shapes: rods, shells, and cages (Feng et al. 2019). Gold nanoparticles with 
different shapes were prepared and their LSPR peaks were tuned to 808 nm, which 
means that different nanostructures absorbed a similar incident light energy and 
exert their photoactivity. The research demonstrated that AuNPs showed compara-
ble photothermal profiles, but distinctive photodynamic activities. Gold nanocages 
displayed the most severe photodynamic activity, leading to a cell death and tumor 
growth inhibition based on the oxidative stress mechanism. Probably the large sur-
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face area and abundant corner angles of nanocages are the main reasons for these 
good results. However, the efficacy of PDT may be additionally boosted by the 
application of PS molecules in the AuNRs surface, enabling an enhanced excitation 
of PS molecule and consequent production on ROS. For this purpose, several PS 
molecules have been attached on the AuNRs surface (Li Volsi et al. 2017; Liu et al. 
2014, 2018a, b; Sujai et al. 2018; Terentyuk et al. 2014; Tham et al. 2016; Wang 
et al. 2016c, 2017; Yeo et al. 2017a).

The PDT approach has been used in the treatment of malignant tumors because 
of the higher uptake of PS associated to the lower tumor pH, the nontoxicity of PS 
molecules until light incidence, and the possibility to combine with radiotherapy 
and chemotherapy for a more effective therapy (Table 16.4).

16.5.4  Synergistic Therapy

Taking into account the physical and chemical properties of AuNPs, including the 
easy functionalization with therapeutic molecules (chemotherapy), the LSPR 
conversion of the incident light energy into heat energy (PTT) or conversion of light 
into energy which produce ROS (PDT), different AuNRs, which combine 
PTT + PDT or chemotherapeutics + PTT or all in one, have been developed. In 
Table 16.3 different AuNRs are indicated, which explore the synergistic effect. The 
synergistic effect between these different strategies is more efficient in killing 
cancer cells, than each treatment alone. PTT and PDT stimulate some biological 
and physiological changes in the tumor microenvironment, which enlarge the 
cytotoxic effects of the different approach and enhance the efficacy of secondary 
treatment. Thus, the overall effect is crucial for decreasing the required treatment 
dosages. The hyperthermia generated by AuNRs allows increasing the permeability 
of tumor vessels and cellular uptake from cancer cell membranes. The increase in 
permeability leads to other intracellular effects, including DNA damage and protein 
denaturation.

A co-delivery of anticancer drugs carried by AuNRs displayed the combined 
photothermal-chemotherapy with enhanced therapeutic benefits (Table  16.4). 
AuNRs loaded with drugs or nucleic acids offers the possibility to improve 
therapeutic efficacy and combined with the laser irradiation it is possible to control 
the release of drugs and nucleic acids that are absorbed or covalently linked. Once 
again, compared to a single therapeutic treatment, the combined therapy not only 
avoids the administration of multiple doses of drugs and minimizes the side effects 
but also can severely improve the therapeutic efficacy. In most cases, beyond the 
high doses used in chemotherapy, success is conditioned by the resistance and 
adverse side effects. The synergistic effect between chemotherapy combined with 
PTT/PDT or both has been explored as to overcome the multidrug-resistant cancer 
cells and reduce the doses (Bhana et al. 2016; Freitas et al. 2017; Liu et al. 2018b; 
Tsai et  al. 2018; Wang et  al. 2017; Yi et  al. 2017; Zhang et  al. 2016c). Thus, 
hyperthermia leads to an increase in permeability, in blood vessels, extracellular 
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matrix permeability, and in cancer cell membranes, and consequently improves the 
chemotherapy efficacy, as mentioned before. Besides that, PTT mediated by AuNRs 
helps in a localized targeting treatment, with tumor-specific heating, and avoiding 
the broadside effects. The higher limitation for combined photodynamic and 
photothermal in cancer therapy is the use of a single near-infrared irradiation.

Moreover, the combination of PTT with conventional treatments has been 
revealed as an approach to enhance cancer therapy, which has been evidenced to be 
more effective in reducing tumor, using a lower dosage of X-ray radiation and 
improving chemotherapy resistance, and inhibiting tumor metastasis than each 
technique used individually. Less contact and damage to the surrounding normal 
tissue has been reported as a good consequence of the synergistic effect (Table 16.4). 
The synergetic effect between strategies has the potential to completely eradicate 
tumors via noninvasive therapy, preventing tumor reoccurrence and metastasis.

16.6  Diagnosis Approach

An early cancer diagnosis is crucial to understand the localization of cancer cells 
and metastasis and to improve the therapeutic regimens. Inorganic NPs have been 
studied as a possible surrogate to conventional molecular probes in biomedical 
imaging, due to their strong optical properties, and small size (Kim et al. 2018). 
Besides the better imaging performance, they also provide versatility in drug 
delivery, colloidal stability, stimuli-responsive ability, nontoxicity, facile synthesis, 
and surface functionalization. In particular, AuNPs, as plasmon resonant particles, 
can be used to complement the fluorescent or radioactive labels in bioimaging 
modalities (Guo et al. 2017). These NPs have very high scattering cross sections, 
when compared to those of conventionally used labels. The most important feature 
of the use of plasmonic nanoparticles is the significant reduction in the detection 
limit of the method. Within the diversity of AuNPs shapes, AuNRs are attracting 
singular attention due to their scaling-up ability, size-controlled synthesis, and 
tunable absorption in the NIR region, qualities that make them appropriate to three- 
dimensional in vivo imaging. Specifically, AuNRs exhibit plasmon resonances four 
to five orders of magnitude higher than those of conventional dye molecules (Wei 
et al. 2010). AuNRs have become an effective class of diagnosis agents, with a huge 
application as photoacoustic tomography (PA), optical coherence tomography 
(OCT), X-ray computed tomography (CT), and two-photon luminescence (TPL) 
(Fig. 16.3 and Table 16.6).

In this section, the focus is on biological imaging modalities, considering the 
NIR absorbing properties of AuNRs, with special emphasis on PA (Yuan and Jiang 
2010; Zeiderman et al. 2016). PA combines the advantages of ultrasound and optical 
imaging in a unique technique, overcoming the individual limitations associated 
with the isolated methods. Accordingly, the AuNRs are irradiated with light, 
resulting in  localized heating and a small expansion of the tissue. The pressure 
distribution induced by the tissue expansion prompts acoustic wave propagation 
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Fig. 16.3 Comparison of 
several biological imaging 
modalities according to 
their penetration depths. 
The colors represent the 
range of penetration depth 
of each bioimaging 
method: purple—CT; 
orange—PA; blue—OCT; 
green—TPL. ∗Unlimited 
penetration depth

toward tissue surfaces, which are detected by ultrasonic transducers. This enables 
the acquisition of real-time information with a high spatial resolution on the ana-
tomical, functional, and molecular content of tumor tissues without ionizing radia-
tion. At the same time, as sound can efficiently penetrate tissues, PA offers a 3D 
imaging of deeper tissues. The conventional contrast agents are limited in terms of 
the efficient conversion of the light absorbance and the heat capacity of the optical 
absorber, consequently, hampering the generation of PA signals, which compro-
mises the sensitivity of the technique. The use of AuNPs as exogenous PA contrast 
agent allows a high optical absorbance and stability, and improves sensitivity of PA 
imaging. Additionally, a particularity of this bioimaging method is that it detects 
only signals from the regions where AuNRs accumulate on the tissue and not from 
isolated colloidal gold nanoparticles. It can be explained by the fact that the LSPR 
wavelength of aggregated AuNPs preferentially shifts toward red in detriment of 
dispersed AuNPs (Sau and Goia 2012). Recent advances in the understanding of the 
unique optical and electronic properties of AuNRs have supported their theranostic 
application, to improve the early-stage cancer diagnosis and the control of patients’ 
response to treatment.

As an example, Sujai et al. 2018 developed a targeted three-in-one theranostic 
AuNRs, gathering photothermal therapy (PTT), photodynamic therapy (PDT), and 
chemotherapy, for surface-enhanced Raman scattering (SERS) guided 
photochemotherapy against metastatic melanoma (Sujai et al. 2018). The authors 
evaluated the apoptotic cell death induced by the theranostic NPs and confirmed the 
cellular event by molecular fingerprinting. The toxicity of the theranostic NPs 
displayed excellent biocompatibility in murine models. In another study, Knights 
and McLaughlan developed AuNRs to be used in PA imaging and plasmonic 
photothermal therapy as theranostic NPs (Knights and McLaughlan 2018). The 
study compared four different-sized AuNRs and concluded that the larger-sized 
AuNRs, presenting a width of <40 nm, showed a stronger PA signal, when compared 
with <25  nm AuNRs at equivalent NP/mL.  However, the smallest-sized AuNRs 
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studied (10 nm) would be the most suitable to induce cell death. Besides the NPs 
size and the concentration, they concluded that the number of AuNRs is crucial the 
best performance.

More studies are in progress with AuNRs, including LSPR modulated according 
to the shape and size, biocompatibility, ability to act as cancer drug carriers, PTT/
PDT agents, or alternatively as exogenous contrast agents for image-guided therapy 
(theranostic application) and the monitoring of therapy outcomes (Liu et al. 2015; 
Qin et al. 2015). Despite the huge potential to be translated into cancer diagnosis 
and treatment, the clinical translation of AuNRs will also be impeded by several 
fundamental limitations (Clancy et al. 2014).

There are already some AuNPs approved for clinical use in diagnosis. However, 
the scarce number of clinical trials involving AuNPs denotes the difficulty to comply 
with the regulatory requirements, delaying their approval. Until now, CYT-6091 
NCT00356980 and NCT00436410 (Cytimmune 2019), NU-0129 (NCT03020017), 
and AuroShell® (NCT01679470 and NCT01679470) are the unique Au formulations 
clinically investigated for cancer treatment. CYT-6091, also known as Aurimune, is 
used as a carrier to deliver the recombinant human tumor necrosis factor alpha 
(rhTNF) into tumors, to increase the penetration of chemotherapeutic drugs and the 
antitumor activity. A thiol-PEG coating allows improving the safe delivery of highly 
effective doses of rhTNF to tumor cells and immune detection, without reaching 
and damaging healthy blood vessels and tissues. The company further developed a 
second generation of Aurimune (CYT-21000) to carry paclitaxel and TNF.  This 
consubstantiates the ability of AuNPs to simultaneously deliver biologic and 
therapeutic molecules. In turn, NU-0129 is a spherical nucleic acid gold nanoparticle 
developed for targeting BCL2L12  in recurrent glioblastoma multiforme or 
gliosarcoma patients, while AuroShell® is used for the refractory and/or recurrent 
tumors of the head and neck.

However, several AuNRs under development only show basic ideas that are con-
ceptually enthusiastic. Despite the great scientific application, most of them do not 
yet possess a solid preclinical proof of concept, due to failure in the correlation 
between the in vitro and the in vivo results, and consequently remain without any 
predictable clinical impact. A recent review on the preclinical and clinical advances 
of inorganic nanoparticles for cancer theranostics enlightens the difficulty to 
implement this kind of NPs in the market (Mendes et al. 2018a).

16.7  Biological Medium

Interaction of NPs with the biological environment has influence on their biologi-
cal activity, and a systematic understanding of the nature of these interactions is 
fundamental for suitable designing of the NPs for biological purposes. Gold is a 
noble metal nontoxic, inert, biocompatible, and with several therapeutic proper-
ties. However, AuNPs behavior is very different compared to Au bulk form. 
Consequently, its safety as NPs form for biomedical applications becomes ques-
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tionable, and important concerns have been raised in the assessment of risks for 
humans. The use of AuNPs as a biomedical approach, taking advantages from 
drug delivery, optical bioimaging for diagnosis, has grown. However, as afore-
mentioned, their translation to the clinic has not been easy. The need to prove their 
safety in vitro and in vivo has been explored by numerous research groups. Still, 
the results have been controversial. As if all the contradictions were not enough, 
the regulation for the NPs is still very tight and their translation into clinical prac-
tices is delayed by various factors, which include a poor definition of their bio-
logical interactions.

From the fabrication process, physicochemical properties, including size, shape, 
or surface functionalization, to the biological performance, AuNPs offer an extraor-
dinarily wide range of possibilities. For example, AuNPs exist in a variety of differ-
ent shapes, such as nanospheres, nanorods, nanocages, nanoshells, and nanostars, 
among others, and their particle size is also variable. Lastly, the functionalization 
can be easier using a variety of coating molecules, like proteins, nucleic acids, drugs, 
surfactants, or polymers. The following parameters need to be analyzed, at the same 
circumstances, in order to understand the grade of safety associated with AuNRs.

16.7.1  AuNPs-Body Environment, Protein Corona Formation

The colloidal stability of NPs in the biological medium is important to preserve 
their properties and prompt a desirable biological response. However, NPs in blood 
circulation interact with the biomolecules leading to the formation of a biocorona 
(Carnovale et al. 2017; Cheng et al. 2015). This can interfere positively or nega-
tively in the NPs performance, by regulating the NPs-cell interactions, including 
endocytic pathways and biological responses, with potential ability to limit access 
to the targeting receptor. It has been reported to cause a substantial inhibition on the 
cellular uptake of large-sized AuNPs, consequently generating differences in the 
intracellular location of NPs (Foroozandeh and Aziz 2018).

The biocorona formation also depends on the NPs composition and charge 
(Mirshafiee et al. 2013).

In order to assess the biological interaction of AuNPs with different charges, 
Alex et al. investigated the coronation of three biologically relevant proteins (HSA, 
IgG, and transferrin) and their impact on cellular uptake and viability (Alex et al. 
2017b). They described that the formation of IgG biocorona helped to decrease cel-
lular toxicity, and revealed a better cell uptake. Another study showed that after 1 h 
of exposition, AuNPs exhibited the maximum protein adsorption and the biocorona 
layer quantified was found to vary based on AuNPs functionalization (CTAB, PEG, 
and PSS). They concluded that the neutrally charged PEG-AuNPs was the least 
affected by proteins and suggested that there are more interaction mechanisms apart 
from electrostatic interactions which play an important role, as hydrophobic inter-
actions, entropy-driven binding, and covalent binding via cysteine group. Other 
studies described the importance of PEG-coated AuNPs, showing good stability and 

16 Gold Nanorods as Theranostic Nanoparticles for Cancer Therapy



392

biocompatibility profiles in comparison with CTAB-capped AuNPs. Additionally, 
PEG-coated AuNPs manifested a lower reactivity with proteins in comparison to 
CTAB-capped AuNPs (Alex et al. 2017a, b).

Recently, an in vivo study compared the effect of size and shape on the biocorona 
formation under in vivo blood flow conditions (García-Álvarez et al. 2018). AuNRs 
and AuNSs, with 40 and 70 nm, respectively, were intravenously administered in 
CD-1 mice, and the in  vivo protein biocoronas were characterized. The results 
showed that the total amount of protein adsorbed on NPs and their composition 
were affected by AuNPs size and shape. The larger NPs adsorbed more proteins on 
the surface; however, the biocorona complexity did not reflect the total amount of 
adsorbed protein. The in vivo behavior of AuNRs preincubated with mouse serum 
or mouse serum albumin before intravenous injection were assessed in order to 
understand if the biocorona could influence the in vivo metabolic pattern and toxic-
ity of AuNRs (Cai et al. 2016). The preincubation allowed that AuNRs escape from 
the phagocytosis, having been found in the hepatocytes. At the same time, the bio-
corona-AuNRs led to long-term retention in the liver. All these aspects need to be in 
consideration and a complete characterization of the biocorona under realistic 
in vivo conditions for different NPs is necessary to improve the understanding of 
clinical performance.

A strategic point of view consists in the design of biocorona-AuNPs, considering 
the biocorona beneficial properties (Kah et al. 2012). Despite the uncontrolled com-
position of biocorona in a biological medium, it has the ability to solubilize hydro-
phobic drugs or charged molecules and stabilize the NPs. Such approach has 
revealed to improve the AuNRs properties, including drug loading, optical perfor-
mance, and stability (Yeo et al. 2017b). Thus, it is possible to use biocorona forma-
tion as a strategy for cancer treatment, instead of considering it as an undesirable 
biological artifact.

Summing-up, the biocorona formation on NPs is an active process that is repre-
sentative of the environment, depends on the patient or the disease, and is far from 
being completely understood (Nierenberg et al. 2018). Positive aspects that can be 
pointed out include (1) the ability to avoid aggregation of the AuNRs or, sometimes, 
(2) the facilitation of cellular uptake; however, there are also negative points, such 
as (1) obstruction of targeting ligands on the surface of AuNRs, (2) initiation of 
inflammation or complement activation, resulting in an immunogenic response, and 
(3) inter- or intraindividual variability (Barbero et al. 2017; Nierenberg et al. 2018).

16.7.2  AuNPs Cell Uptake and Toxicity

Generally, AuNPs toxicity depends on their ability to cross the cell membrane, 
which, in turn, is influenced by NPs size, shape, and surface coating (Li et al. 2016). 
The size and the surface coating govern the cellular internalization, due to the type 
of interaction that is established, encompassing electrostatic, Van der Waals, or 
hydrophobic forces. A NP hydrophobicity higher than that of cell membrane leads 
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to an improved accessibility to the cell interior. Moreover, larger NPs (>500 nm) 
enter cells via phagocytosis, while NPs  <  100  nm are internalized by receptor- 
mediated endocytosis.

In what concerns surface coating, the example of AuNRs can be mentioned. 
AuNRs are typically synthesized considering a high concentration of CTAB solu-
tion, which forms a non-covalent CTAB bilayer surrounding NPs (Casas et al. 2013; 
Garabagiu and Bratu 2013; He et al. 2018; Scaletti et al. 2014). Despite the stabiliz-
ing effect of CTAB, this excipient is particularly problematic for biological systems 
because of its cytotoxicity and cell membrane disrupting ability. On the other hand, 
the CTAB layer is a barrier to the easy functionalization of AuNRs. Changing the 
CTAB layer by other biocompatible molecules (e.g., poly-styrene sulfonate—PSS, 
11-mercaptoundecanoic acids—MUA, cysteine, PEG-thiol, BSA, PEI) has been 
employed, having resulted in AuNRs with a largely increased biocompatibility and 
functionalization ability (Allen et al. 2017; Yan et al. 2018a; Zarska et al. 2018). 
These different molecules can differently affect, either increasing or hindering, cell 
uptake (Grabinski et al. 2011).

The effects of different aspect ratios and surface modifications on the cytotoxic-
ity and cellular uptake of AuNRs have also been investigated. There are some stud-
ies wherein the aspect ratio did not demonstrate an effect on toxicity, but the surface 
chemistry influence both the cellular uptake and toxicity (Wan et al. 2015). AuNPs 
with an aspect ratio of approximated to 1 are reported to perform better than those 
with an aspect ratio in excess of 1, due to their ability to enter the cell more effec-
tively (Yang et al. 2016). Targeted AuNRs with an aspect ratio between 1 and 2 have 
a better performance and maximizes the cellular uptake. In contrast, an aspect ratio 
higher than 4 leads to a lower cellular uptake. Ying Than et al. studied the interac-
tion between A549 cells with a AuNRs. AuNRs with an aspect ratio of 2 was inter-
nalized, localized in the lysosomes and membranous vesicles (Tang et al. 2015). 
The shape or geometry did not show a significant influence on the ability of targeted 
AuNRs to bind to the cell membrane or engage in a particular uptake pathway. The 
major part of small AuNRs interacts with cells by endocytosis. This pathway is size-
dependent and, for that reason, AuNRs with higher aspect ratio are significantly 
longer, having a limited internalization (Debrosse et al. 2013).

16.7.3  AuNPs Biodistribution and Excretion

Following the FDA guidelines, NPs should be eliminated via metabolism or excre-
tion processes after their administration. Biodistribution, biokinetics, and excretion 
are important in vivo parameters that should be evaluated before any AuNPs poten-
tial therapeutic applications. AuNRs are easily visualized in biological compart-
ments by TEM and the amount of gold inside the compartments can be measured by 
ICP-MS, which make them excellent probes to understand the distribution of NPs 
in the whole body. Particle size, shape, and surface properties (e.g., surface charge, 
targeting molecules, hydrophilicity, or hydrophobicity) are critical physicochemical 
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characteristics that governed their behavior in vivo. The target organ, the affinity for 
cell membrane, the specific local accumulation, release from target organs, and 
toxicological outcomes are controlled not only by surface coating but also by the 
ability of biocorona formation, as mentioned before. The effective dose reaching the 
target organ depends not only on the administration route but also on the AuNPs 
ability to cross physiological barriers to reach their final destination.

The applications of AuNRs as multimodal NPs are summarized in Table 16.4. A 
total of 26 articles are indicated, but only 16 articles performed in  vivo studies 
addressing biodistribution, pharmacokinetics, and toxicity parameters. This 
approach demonstrated not only the lack of in vivo studies, but also that simple 
in vitro experiments may not lead to good predictions regarding in vivo results. A 
comparative study on the importance of the AuNRs shape and biodistribution pro-
files was presented (Robinson et al. 2015). The results showed that ca. 20.5% of the 
original injected dose of AuNRs was still circulating in the blood after 6 h, but they 
were almost undetectable in the blood by 24 h. The blood distribution of nanocages 
varied over this time, with 13.8% of the original injected dose circulating at 6 h. The 
authors have two explanations for these results: differences in particle count or in 
shape of the NPs promote a different filtration at the organ level.

In what pertains to particle coating, PEG and hyaluronic acid were both efficient 
in prolonging circulation (Robinson et  al. 2015) of the NPs, with the latter also 
ensuring tumor-targeted delivery (Xu et al. 2017, 2019). The AuNPs biodistribution 
is mostly affected by the particle volume, rather than by the aspect ratio (Song et al. 
2015; Tong et al. 2016). A smaller volume and a high aspect ratio not only allow a 
high accumulation in the tumor, but also lead to a rapid elimination from the organ-
ism. However, in most of the studies, after ca. 1 h the kidney, liver, and spleen (Gao 
et al. 2016; Xu et al. 2017, 2019) show the highest accumulation of AuNRs. Despite 
this higher accumulation not being located in the tumor, AuNRs are only toxic when 
irradiated by light/laser. Thus, if the irradiation is focused only in the tumor, this 
kind of NPs does not display toxicity for the organs, even in higher amounts (Liu 
et al. 2014; Manivasagan et al. 2018; Terentyuk et al. 2014; Wang et al. 2015, 2016a; 
Wu et al. 2019; Zhong et al. 2014).

Some points remain to be addressed, including AuNRs characterization prior to 
and after mixing with the biological media, determination of the effective therapeutic 
dosage of these AuNRs and the assessment of the potential toxicity of AuNPs using 
different administration routes (e.g., inhalation, oral absorption, subcutaneous).

16.8  Gold Nanorod in Glioblastoma

Glioblastoma multiforme (GB) is among the most lethal and aggressive tumors 
(Seyfried et al. 2015). GB belongs to a class of tumors with high heterogeneity and 
a high tendency to metastasize, characterized by poor prognosis and low patient 
survival rate. The conventional treatments do not show progress in reducing the 
preliminary tumor burden and metastasis in GB. The most challenging problems in 
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the GB are its particularly complex and heterogeneous molecular biology, the 
presence of different biological barriers as the blood-brain barrier (BBB), multidrug- 
resistance efflux transporters, and diffuse topography of gliomas (Mendes et  al. 
2018b). The low therapeutic efficacy, associated with a wide side effects spectrum, 
involving damage in healthy tissues, the requirement of regular invasive dose 
regimens, and the late diagnosis are responsible for tumor recurrence and treatment 
failure. Considering this overview, an early cancer diagnosis, localization, and 
postoperative imaging inspection are important aspects to improve the beneficial 
effect of tumor therapy. Thus, AuNRs have become an attractive photothermal 
therapy, applied as contrast agents for photoacoustic and near-infrared (NIR) 
imaging suitable to use in GB treatment. This strategy for controlling GB treatment 
tries to surmount the issues associated with efficacy, lack of specificity, and delivery.

The biofunctionalization of AuNRs with molecules to target cancer cells has 
proven to be highly effective. There are molecules overexpressed specifically on the 
cancer cell surface (epidermal growth factor receptors, folic acid, CD44, integrins, 
angiopoietin 2 or NF-kB), including GB. Thus, biofunctionalization of AuNRs has 
been explored to specifically target and destroy different cancer cells, rendering the 
tumor cells susceptible to damage. AuNRs have been combined with antibodies, 
polymers, or proteins (Fernández-Cabada et al. 2016; Gonçalves et al. 2018; Ruff 
et al. 2017; Velasco-Aguirre et al. 2017; Verma et al. 2016). The inefficient uniform 
diffusion of NPs into tumors is the critical point for several therapeutic systems, and 
the functionalization of NPs has been described as a strategy to overcome these 
critical points. Additionally, in vitro and in vivo studies have consubstantiated the 
effectiveness of targeting-AuNRs. The main drawback for NPs delivery into the 
brain is the presence of BBB, which limits the transport of NPs from blood to brain 
and vice versa. As such, AuNRs functionalization allows a great cellular uptake by 
GB cells or cancer stem cells, and penetration abilities (Dixit et al. 2015; Gonçalves 
et al. 2018; Velasco-Aguirre et al. 2017). Transferrin peptide (Tfpep) exhibited a 
substantial increase in cellular uptake for targeted conjugates as compared to 
untargeted AuNPs (Dixit et al. 2015). AuNRs combined with an antibody against 
anti-epidermal growth factor receptor (EGFR) to eliminate tumor cells were 
developed and assessed in  vitro (Fernández-Cabada et  al. 2016). Angiopep-2, a 
shuttle peptide that can cross the BBB, also demonstrated to improve the in vivo 
delivery of AuNRs to the central nervous system (Velasco-Aguirre et al. 2017).

On the other hand, studies have reported the development of hydrogels for GB 
treatment (Basso et al. 2018; Gonçalves et al. 2017; Lin et al. 2017; Zhang et al. 
2016b). Zhang et al. developed a hydrogel which combines synergistic strategies, 
photothermal and localized chemotherapy, for the GB treatment (Zhang et  al. 
2016b). PEG-AuNRs and paclitaxel were uniformly incorporated in the thermal- 
gelling matrix and injected intratumorally. In this way, the drug release was sustained 
by the AuNRs heat. At the same time, the sustained drug release allowed the 
elimination of the residual tumors cells that have survived to the photothermal 
treatment. The hydrogel contributed to a delay and even elimination of tumor 
recurrence. A new strategy considers cell-based delivery of NPs, especially 
monocytes/macrophages (Mo/Ma) as AuNPs delivery vectors for photothermal 
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therapy of brain tumors (Baek et al. 2011; Hirschberg and Madsen 2017; Madsen 
et al. 2012, 2015; Trinidad et al. 2014). These types of cells have the capacity to 
ingest AuNRs and subsequently infiltrate and target the tumor core by an active 
process. PTT has been addressed but only one in vivo study has considered this 
strategy (Madsen et al. 2015). PTT mediated by the administration of Ma-AuNPs 
induced complete tumor inhibition or delayed growth. These cell-delivered AuNPs 
have shown a high potential for GB treatment.

Several recent studies have explored the effect of AuNRs therapy and imaging on 
a variety of cancers, including GB.  However, few studies have shown in  vivo 
efficacy, so warrant that AuNRs can cross the BBB and effectively target GB. At the 
same time, most of the in vivo studies use a subcutaneous glioma model, which 
limits not only the understanding on BBB cross ability and the effect of the local 
immunological environment, but also if the laser penetrates the skull and soft tissue 
reaching deep-seated tumors.

16.9  Conclusions

As indicated throughout this chapter, the key properties of AuNRs make them 
attractive multimodal NPs for cancer treatment. These include biocompatibility, 
adjustable size, optical properties, and easy functionalization. They also possess a 
promising potential for imaging, with minimally invasive methods. There are, 
however, barriers still to be addressed to improve therapeutic efficacy. AuNRs are 
dynamically employed in photothermal therapy, photodynamic therapy, and 
chemotherapeutics drug delivery, with promising results. Importantly, in single 
NPs, different therapeutic approaches can be combined, providing an interesting 
strategy with a promising outcome. The synergistic effect between optical (PTT or 
PDT) and chemical stimuli (chemotherapeutic drugs) allows to increase the 
permeability of blood vessels, and consequently promotes a higher sensitivity of the 
tumor cells. Strategically, AuNRs can completely eradicate tumors in a noninvasive 
therapy, with large toxicity effect in the right tissue, and preventing tumor 
reoccurrence and metastasis. On the other hand, diagnostic properties of AuNRs 
enable the noninvasive assessment of anatomical and functional information, with 
image-guided drug delivery sparkling a great deal of attention. However, the 
selection of the imaging technique requires considering parameters such as target 
tissue, resolution, sensitivity, depth, contrast, and implementation.

In addition, a new multimodal NPs dual-strategy, diagnostic and therapy, is 
desired and can have a significant impact on health costs by reducing the number of 
diagnostic tests and increasing therapy efficacy. AuNRs are a promising theranostic 
NPs in cancer diseases. Despite the optimal theranostic AuNRs outcomes, the 
expectations of these reaching the preclinical stage are still far from being applied. 
There are fundamental issues that need to be addressed before AuNRs can be 
translated into clinical applications. Questions related to “ideal” size, better surface 
modification, right biodistribution, and a good excretion from the body need to be 
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clarified. Size and relative dimensions influence optical performance, while surface 
coating and functionalization determine the in  vivo behavior, which includes 
biocorona formation and biodistribution to the target site or, in alternative, fast 
recognition as foreign-body. Toxicity, excretion, and elimination from the body 
must also be taken into consideration. Most of the studies have controversial results, 
which hinders acceptance of AuNRs in the market.

AuNRs as a multifunctional theranostic NPs present great potential for cancer 
therapy and exhibit promising in vitro and in vivo results. The main challenges to 
the translation of AuNRs rely on establishing the required therapeutic and toxic 
doses, the biological monitoring, and the long-term fate of NPs in the body.
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