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v

In the era of the Fourth Industrial Revolution, several technologies are poised 
to bring swift changes in the approach and the living style of mankind. 
Nanotechnology is one of such fields that has multifaceted applications in 
healthcare ranging from medicines, surgical materials to devices and even 
means to prevent diseases. Initially, nanotechnology was looked upon for 
novel and targeted drug delivery systems, but now it is used for precision 
medicine for prevention of disease through appropriate medical gazette.

The book entitled Nanoformulations in Human Health: Challenges and 
Approaches edited by Dr. Sushama Talegaonkar and Dr. Mahendra Rai 
focusses on the application of nanoformulations in human healthcare. The 
authors have dedicated years in the field of nanomedicine and have carried 
out original research work achieving numerous milestones in their profes-
sional journey. They have helped many students and scholars in this field. 
This book reflects dedication, hard work, and collaborative efforts of the 
authors. I congratulate the authors and contributors for ensemble of in-depth 
information in simple language. I am sure that the book will prove to be use-
ful to healthcare specialists including researchers, scholars, and 
academicians.

This book provides comprehensive information of nanomedicine with 
special emphasis on drug targeting, theranostics, chronic disorders, and topi-
cal afflictions. There is a specific emphasis on preformulation of active phar-
maceutical ingredients, advantages of nanoformulations over conventional 
therapy, and formulation, characterization, and application of various nano-
carriers. Parts have been dedicated entirely on various routes of drug delivery 
like ocular, topical, and nose-to-brain targeting along with elaborate chapters 
covering diseases like glaucoma, epilepsy, colonic ailments, candidiasis, neu-
ropathic pain, respiratory disorders, tuberculosis, and cancer.

R. K. Goyal 
Vice-Chancellor, DPSRU, New Delhi, India

Foreword
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Nanotechnology, i.e., the science of nanosized agents, is one of the fastest- 
growing fields which is on its way of giving breakthroughs to the healthcare 
industry. Nano-agents usually are in the size range of 1–100 nm. Owing to 
their extremely small size and majorly large surface area, they possess dis-
tinct special characteristics which enable them to do wonders in biomedical 
applications. Characteristics like ability to cross the cell membrane and 
increased reactivity make them more useful than conventional therapy. 
Particularly in biomedical sciences, nanotechnology can be used for therapy 
and diagnostics. In addition to their therapeutic properties, they are more 
commonly used to carry the therapeutic agents to the diseased site in the 
body, thus achieving targeted therapy. Delivery of drugs through a nano-agent 
directly to the target site also results in a decrease of the required dose of the 
active agent. More recently, the application of nanotechnology has been 
explored for monitoring the progress and success of therapy inside the body. 
Many countries are now investing in developing nanotechnology for health-
care applications. For instance, the first generation of cancer drugs delivered 
via nanoparticles has already been approved by the US Food and Drug 
Administration (FDA).

However, nanoformulation for healthcare is also a topic of hot debate as 
this minute size also brings the concern of toxicity. Though regardless of the 
varying opinions, the research and development have actively been going on 
to take nanotechnology to the commercial level to be used for the benefits of 
the health of humans.

The main goal of the book titled Nanoformulations in Human Health: 
Challenges and Approaches is to serve as a complete reference guide to 
understand the role of nanotechnology in the healthcare system and as a ready 
reference for all aspects related to the theme. The book is intended to provide 
a multidisciplinary approach signifying the role of nanosizing in the treat-
ment of various challenging diseases. It is planned to highlight the patho-
physiology of disease with special emphasis on various targets, receptors, 
biomarkers, and transporters associated with the disease. Young researchers/
scientists who plan to initiate research in this important field would find this 
book extremely relevant and handy. Each chapter of this book will be 
immensely useful to identify the new targets for drug delivery systems and 
drug discovery. This book is a true amalgamation of the experience and 

Preface
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expertise of all the contributors in the field of nanotechnology especially in 
designing novel nanoformulations in the treatment of various challenging 
diseases. It is an exhaustive compilation of the multifaceted arena of nanofor-
mulations in the healthcare system.

This book includes six parts concerning nanoformulations: Part I includes 
emerging trends and challenges in the area; Part II describes their role in drug 
targeting; Part III incorporates applications in ocular diseases; Part IV delib-
erates role in topical diseases; Part V discusses their role in natural therapeu-
tics delivery; and finally, Part VI focuses on other applications such as in 
respiratory diseases, tuberculosis, and cancer.

The book would cater to the needs of postgraduate students of pharmacy, 
nanotechnology, and biotechnology, medical students, and researchers. In 
addition, the book will also be very useful for the pharmaceutical industries, 
regulatory bodies, pharmacy, medical institutes, etc. involved in research and 
development activities related to drug discovery, newer treatment modalities, 
and technology.

New Delhi, India Sushama Talegaonkar
Amravati, Maharashtra, India Mahendra Rai 

Preface
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Abstract

Nanotechnology has revolutionized each 
aspect of healthcare along with other associ-
ated sciences. Drug-loaded nanocarriers and 
nanocrystalline active ingredients have over-
come various challenges faced by conven-
tional therapy like limited bioavailability, 
multiple drug resistance, poor patient compli-
ance, adverse drug reactions, particularly 
untoward effects of chemotherapy, etc. 
Nanosized systems have proven to be a boon 
for cosmetic industry too. Now safe, efficient, 
customer-friendly and long-lasting cosmetics 
are available in the market. Nanotechnology 
has also made it possible to combine therapy 
and diagnostics together into theranostics. 
This chapter introduces various advantages, 
achievements and applications of nanoformu-
lations, not only in the field of healthcare but 
also in diagnostics and cosmetics.

Keywords

Nanoformulations · Healthcare · Multidrug 
resistance · Theranostics · Toxicity concerns

1.1  Nanoformulations 
as a Promising Strategy

Nanoformulations have gained immense popu-
larity in almost every aspect of scientific fields. 
The surface chemistry, reactivity and other prop-
erties of nanosized materials widely differ from 
their macro/micro counterparts. Thus, they find 
application in engineering sciences, biomedical 
sciences, cosmetology, environmental sciences, 
etc. (Martin 1994) (Table 1.1 and Fig. 1.1).

Healthcare has received great benefits over a 
period of time by nanotechnology. Various short-
comings and challenges presented by conven-
tional therapy have been overcome by 
nanotechnology. New chemical entity having 
exceptional therapeutic efficacy can face chal-
lenge during formulation development and clini-
cal application due to adverse physicochemical 
aspects like poor solubility (Talegaonkar et  al. 
2013). Nanonization of drug improves its solubil-
ity, in turn enhancing its bioavailability and per-
meability. Nanoformulations like nanocrystals, 
nanoparticles, nanoemulsions and micellar 
encapsulation greatly improve solubility of drug 
(Chen et al. 2011). Chen et al. (2012) observed 
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marked improvement in the solubility and bio-
availability of methotrexate on nanonization by 
solution-enhanced dispersion by supercritical 
CO2 (SEDS) (Chen et al. 2012).

Drug resistance is another drawback encoun-
tered by conventional therapy. Antibiotic resis-
tance and multidrug resistance in cancer are 
known to cost lives (Negi et  al. 2014a, b). The 
efficacy of conventional treatment fades off due 
to mechanisms like increased drug efflux, enzyme 
inactivation, DNA mutations/alterations, reduced 
sensitivity of targets, etc. (Gillet and Gottesman 
2010). Imatinib mesylate has immense potential 
in treating colon cancer, but P-gp overexpression 
causes efflux of drug leading to reduced efficacy 

(Fig.  1.2). Negi et  al. (2015) reported develop-
ment of imatinib mesylate-loaded liposomes 
decorated with hyaluronan for overcoming the 
multidrug resistance observed in colon cancer 
(Negi et al. 2015).

Targeted therapy achieved by nanoformula-
tions is a boon for healthcare as it improves over-
all efficacy of therapy and reduces untoward 
effects on normal cells (Torchilin 2000). Targeting 
can be passive or active. In case of passive target-
ing, particle size and surface chemistry play an 
important role. Maeda and Matsumura demon-
strated enhanced permeability and retention 
(EPR) phenomenon in murine solid tumours. 
Tumours are usually associated with leaky vascu-

Table 1.1 Marketed nanoformulations used in healthcare, cosmetics and theranostics

Marketed name Nanoformulation Drug Indication
Rapamune
(Wyeth Pharmaceuticals)

Nanocrystalline drug Sirolimus Immunosuppressant to 
prevent organ rejection

DepoCyt®
(Pacira Pharmaceuticals)

Liposomes Cytarabine Malignant lymphomatous 
meningitis

Myocet®
(Teva Pharma)

Liposomes Doxorubicin Metastatic breast cancer

Emend®
(Merck)

Nanocrystal dispersion Aprepitant Emesis

Eligard®
(Tolmar)

PLGH nanoparticles 
(DL-lactide/glycolide)

Leuprolide acetate Advanced prostate cancer

Opaxio®
(Cell Therapeutics, Inc.)

Polyglutamate solid 
nanoparticles

Paclitaxel Glioblastoma

Abraxane®
(Celgene)

Serum albumin 
nanoparticles

Paclitaxel Metastatic breast cancer

Dermosome (Croda) Liposomes Soy lecithin phospholipids Skin moisturizer
Lumessence Eye Cream 
(Aubrey Organics)

Liposomes Phospholipids, wheat and 
oat proteins

Wrinkles and fine lines 
removal

Identik Masque Floral 
Repair
(Identik)

Niosomes Punica granatum seed 
extract

Hair damage prevention

Allure Parfum Bottle
(Chanel)

Solid lipid 
nanoparticles

Mandarin orange, rose de 
mai and vanilla

Perfume

Swiss Cellular White 
Illuminating Eye Essence
(La prairie)

Nanostructured lipid 
carriers

Whitening and DNA repair 
complex

Under-eye dark patches and 
pigmentation

Tony Moly Nano Gold 
BB Cream SPF 50 PA+++
(Tony Moly)

Nanoparticles Gold Skin whitening, UV 
protection and anti-wrinkle

Ferumoxytol, Feraheme®
(AMAG Pharmaceuticals)

Nanoparticles Superparamagnetic iron 
oxide

Imaging

Feridex
(Eiken Chemical Co., Ltd)

Nanoparticles Superparamagnetic iron 
oxide with dextran coating

MRI imaging

Netspot
(Medscape)

Lyophilized powder Gallium
Ga-68 dotatate

Radioactive diagnostic agent 
used in PET/CT scan

L. Siddiqui et al.
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Fig. 1.1 Applications of nanoformulations in various fields

Fig. 1.2 Role of nanoformulations in drug resistance. (a) 
P-glycoprotein (P-gp) acts as efflux pump which forces 
the drug out of cell leading to reduced drug concentration 
and drug resistance. (b) Nanoparticles mask the drug from 

P-gp, thus preventing drug efflux and leading to improved 
efficacy of therapy. (c) Various P-gp modulators can also 
be incorporated along with drug in nanoformulations to 
prevent drug efflux
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lature and poor lymphatic drainage; thus, a 
70-fold increase in permeation and accumulation 
of nanocarriers in the microenvironment of 
tumour having size between 10 and 400 nm was 
observed (Matsumura and Maeda 1986; Maeda 
and Matsumura 1989). Passive targeting of drugs 
to reticuloendothelial (RES) system can be effec-
tively achieved by increasing negative charge or 
hydrophobicity of nanocarriers, as it leads to 
opsonisation, thus increased clearance by macro-
phages (Alexis et  al. 2008a). Active targeting 
employs various overexpressed receptors, pro-
teins and enzymes at the targeted site. Monoclonal 
antibodies or ligands are decorated on the surface 
of the nanocarriers that binds to the targeted cells. 
This approach offers advantages like increased 
drug uptake, improved circulation time, increased 
drug efficiency and reduced untoward effect on 
normal cells (Siddiqui et  al. 2018; Yasukawa 
et al. 2000).

Another highlight of nanoformulations is ther-
anostics, where single nanocarrier exerts thera-
peutic effect while acting as diagnostic agents. It 
includes functionalization of drug-loaded nano-
carriers with MRI contrast agents, fluorescence 
materials and agents capable of nuclear imaging, 
so that diagnosis can be carried out alongside 
therapy (Kelkar and Reineke 2011). Thus, nano-
technology is a promising strategy to overcome 
the hurdles and shortcomings of conventional 
therapy.

1.2  Nanoformulations as Drug 
Carrier

Nanoparticles have been successfully used as 
drug delivery systems. Nanoparticles are drug 
carrier of choice because of their targeting abili-
ties. Nanoparticles are able to target the active 
pharmaceutical ingredient to the target site by 
both passive and active mechanism.

Passive targeting takes place due to EPR 
effect, where nanoparticles due to their optimum 
size enter the diseased cells which have loose 
vasculature. Nanoparticles are then retained 
inside the cells. Nanoparticles then release their 

drug payload resulting in drug action at the target 
site (Patel and Patel 2019).

Targeting ability of drug-carrying nanoparti-
cles can be further increased by binding a ligand 
to the surface of the nanoparticles. The ligand 
possesses a specific affinity towards the receptors 
overexpressed by the diseased tissues (but not by 
normal cells). Due to this affinity of the surface 
ligand, nanoparticles are navigated to the target 
site where they release the drugs to result in tar-
geted therapy (Friedman et al. 2013).

Example, Abraxane are commercialized 
nanoparticles made up of albumin and used as 
drug carrier for the anticancer drug paclitaxel.

1.2.1  Nanoformulations in Major 
Diseases

Nanoformulations have proven to be a boon in 
treating various life-threatening diseases. 
Nanocarriers can overcome the drawbacks of 
conventional therapy including untoward effects 
on normal cells, high dose size and dosing fre-
quency, reduced patient compliance, longevity of 
treatment, non-selective targeting, lack of per-
sonalized medication, etc. (Barst et al. 1996).

Treatment and management of dreadful dis-
ease like cancer went up a notch on introduction 
of nanocarriers (Alexis et  al. 2008b). Cancer is 
supposedly the most extensively researched area, 
definitely because of its deadly and difficult-to- 
treat nature. Since oncologists are always looking 
for newer and more effective anticancer strate-
gies, it is inevitable for them to explore nanopar-
ticles for the purpose. They present advantages 
including tumour targeted therapy, reduced 
adverse effect on normal cells, controlled and 
sustained release at tumour site, individualized 
medication, advanced therapy monitoring, etc. 
(Misra et al. 2010).

In one study, nanoliposomes loaded with two 
drugs were synthesized and surface functional-
ized for targeted anti-resistant treatment of mela-
noma. The nanoformulation displayed successful 
overcoming of resistance in aggressive mela-
noma cells, thus displaying the potential of nano-
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formulations in targeted treatment of resistant 
and deadly cancers (Mishra et al. 2019).

Employing nanocarriers have not only 
improved the target specificity of anticancer 
agents like doxorubicin (Doxil), erlotinib 
(Tarceva) and irinotecan (Onivyde) but also 
reduced toxicity on normal cells along with dose 
reduction (Gmeiner and Ghosh 2014). 
Researchers have developed a combination ther-
apy where radiotherapy was combined with drug- 
loaded nanocarriers for treating cancer. 
Combination therapy of lipid nanoparticles 
loaded with cyclopamine was administered with 
polymeric micelles labelled with lutetium-177 
which led to marked reduction in tumour volume 
when compared with monotherapy (Mi et  al. 
2016).

Initially research on nanocarriers focused on 
cancer therapy, but now it has spanned its wings 
to curb other diseases too. Magnetic imaging of 
macrophages in atherosclerosis has been made 
possible with the introduction of paramagnetic 
iron nanoparticles (Iverson et  al. 2008). 
Researcher have also achieved liver targeting of 
atorvastatin with reduced hepatotoxicity by 
active targeting of drug through glycyrrhetinic 
acid-modified chitosan nanoparticles (Rohilla 
et al. 2016). Similarly pharmacokinetic and phar-
macodynamics properties of anti-tubercular 
drugs have been modified by nanomedicines for 
overall improvement of safety and efficacy of 
treatment. Studies showed marked reduction in 
dosing frequency from 45 days to merely 15 days 
when aerosolized alginate nanoparticles loaded 
with isoniazid, rifampicin and pyrazinamide 
were administered through inhalation (Zahoor 
et al. 2005).

Brain targeting was once a far-fetched goal of 
researchers due to the presence of blood-brain 
barrier, which acts as ironclad gates between the 
brain and systemic circulation. But with advance-
ment of nanoformulations, various molecules 
including drugs have been able to reach the envi-
ronment of brain (Kanwar et al. 2012). Treatment 
and symptomatic relief of neurodegenerative dis-
eases like Parkinsonism and Alzheimer’s are now 
possible. In one such study, transferrin antibody 
OX26 was attached to the surface of tempol- 

loaded poly-(lactide-co-glycolide) nanoparticles 
for active delivery of reactive oxygen species 
scavenger for the prevention of neurodegenera-
tion (Carroll et al. 2010). Intranasal administra-
tion of didanosine-loaded chitosan nanoparticles 
showed marked improvement in drug concentra-
tion in brain tissues and thus can be used to com-
bat retroviruses in the brain as observed in case of 
AIDS (Al-Ghananeem et al. 2010).

1.2.2  Bioimaging 
with Nanoformulations

Nanoparticles are also used for the imaging of 
biological tissues (known as bioimaging). 
Significance of bioimaging lies in the diagnosis 
of diseases and monitoring of therapy. 
Nanoparticles can be used for early detection of 
diseases as dangerous as breast cancer. This 
application of nanoparticles can be owed to their 
better contrasting properties. Nanoparticles are 
preferred as imaging agents also because they 
have longer retention time in  vivo and can be 
modified to target a specific tissue as well as to 
enhance their imaging abilities (Singh and Nalwa 
2011).

Recently, Chang et al. prepared nanoparticles 
of graphene oxide for dual modal imaging. These 
nanoparticles were less toxic and accumulated in 
tumour by EPR effect (Chang et  al. 2020). 
Another recent report documents the synthesis of 
liposomes coated with three different polyfluo-
renes to obtain blue, green and red fluorescent 
particles. Experiments with mammalian cells 
demonstrated the ability of nanoparticles to high-
light and visualize cells with different colours, 
thus proving the potential of these nanoparticles 
in imaging (Rubio-Camacho et al. 2019).

1.2.3  Nanoformulations 
in Theranostics

Strategic combination of therapy with diagnostic 
aids is termed as theranostics. Various nanosized 
formulations have been developed in recent times 
that serve the purpose of both therapy and diag-

1 Nanoformulations: Opportunities and Challenges



8

nosis in single unit dose (Kelkar and Reineke 
2011). Theranostics employs techniques at 
molecular and genetic level catering specific 
needs of the individual. It curbs the long practice 
of one medicine for all. It helps in identifying the 
specific subgroup of diseases encountered in an 
individual and helps to identify genetic makeup 
behind the same, thus ensuring optimum safety 
and efficacy of the treatment along with monitor-
ing of the progression of therapy in combating 
diseases (Lim et  al. 2014). The most common 
example of theranostics is the use of iodine-131 
therapy for the diagnosis and treatment of thyroid 
cancer. It is a well-established treatment accepted 
worldwide (Feine et al. 1996). Positron emission 
tomography (PET) scan employing the use of 
positron emitter Ga-68 octreotate has gained 
immense popularity in recent years for the treat-
ment and diagnosis of various somatostatin- 
expressing tumours like neuroendocrine tumours 
(Hofman et al. 2012).

Metal nanoparticles having inherent antican-
cer activity have become a choice of nanotool in 
theranostics. Due to their unique physical and 
chemical properties like photoluminescence or 
supermagnetism, they support various imaging 
techniques, and due to their potential of produc-
ing superoxides in  vivo, they pose cytotoxic 
effects on cancer cells. And due to highly reactive 
surfaces, active targeting to cancer cells of metal 
nanoparticles like iron, gold, zinc oxide, etc. can 
be easily achieved (Sharma et  al. 2015). 
Luminescent nanocrystals made up of semicon-
ductors having size range of 5–50 nm are known 
as quantum dots. Their high surface-to-volume 
ratio makes them an excellent theranostic tool 
(Ho and Leong 2010).

1.2.4  Nanoformulations 
in Cosmetics

Nanotechnology not only plays an important role 
in healthcare, but recently nanonization has 
expanded its aegis in the field of cosmetics also. 
Researchers and manufacturers utilize nanosized 
excipients and ingredients to achieve improved 
dermal penetration, UV protection, texture and 

products having long-lasting effects (Raj et  al. 
2012). Liposomes consisting of phosphatidyl-
choline, phospholipids and cholesterol are used 
in various formulations like lipsticks, deodorant, 
cold creams, moisturizing cream, anti-ageing 
creams and sunscreen (Kaul et al. 2018). Another 
such product based on nanocarriers encapsulat-
ing vitamins A, C and K was NanoSerum 
launched in Brazil by O Boticário as anti-ageing 
and skin whitening serum (Melo et  al. 2015). 
Gold and silver nanoparticles are also used as 
nanopigments in lipsticks. Nanosized gold has 
red colour and nanosilver has yellow colour; 
thus, they are used as colouring pigments in cos-
metics in place of synthetic dyes as they are safe 
and non-toxic. Similarly titanium dioxide 
nanoparticles are used in skin whitening products 
as they disperse uniformly giving natural fair 
look (Nanda et al. 2016).

1.3  Major Challenges 
of Nanoformulation

It is quite uncommon that something offers only 
outstanding advantages and has no limitations or 
unwanted side effects. Nanoformulations are no 
exception. They have greatly and positively 
impacted health industry in the last couple of 
decades; however, even after a remarkable prog-
ress, they still face a few challenges.

Maniam et al. have broadly classified the chal-
lenges of nanoformulations in three broad cate-
gories, namely, scale-up production, biological 
barriers and safety concerns (Maniam et  al. 
2018).

The successful use of nanoformulations 
demands their synthesis at large scale so that a 
bigger section of health industry may get bene-
fits. Although several new technologies for the 
synthesis have been developed, their scale-up 
still remains a challenge in most of the cases. 
Scaling up requires highly trained labour and 
expensive chemicals. Running costs increase 
drastically, which may affect the risk-to-benefit 
ratio of the nanoformulations (Tighe et al. 2013).

Safety concerns associated with the nanofor-
mulations are the biggest challenge for the scien-
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tists who are aiming at successful use of 
nanocarriers for better management of diseases 
with nanoformulations. Nanosize, which on one 
hand has emerged as a boon for therapeutic sec-
tor, also poses safety challenges due to non- 
specific interactions with the body cells.

Another challenge faced by nanoformulations 
is the desired residence time in the systemic cir-
culation. Macrophages recognize nanoforms in 
circulation as foreign particles and rapidly 
remove them from the bloodstream. This prob-
lem however can be managed to some extent by 
giving a hydrophilic surface to the nanoformula-
tion (Maniam et al. 2018).

1.4  Regulatory Hurdles 
for Nanoformulation

Even if some nanoformulation successfully over-
comes the above-mentioned challenges, stringent 
regulatory check may create the bottleneck 
towards marketing. In US market, currently there 
are eight nanoformulations (liposomes and 
nanoparticles) approved by FDA. Despite the fact 
that they are doing a great business, there are no 
generic equivalents present of any of them. 
Reason for this is regulatory requirements.

The two important requirements of FDA for 
the approval of generic nanoformulations are (i) 
demonstrating bioequivalence and (ii) fulfilling 
FDA requirements for parenteral administration.

Demonstrating bioequivalence for other routes 
of administration is comparatively easier and can 
be shown by plasma concentration data. However, 
for parenteral administration, tissue distribution 
needs to be demonstrated. Also, data in healthy 
volunteers is not acceptable by FDA as it may 
differ from actual diseased tissues; and invasive 
procedures in diseased volunteers are restricted 
by ethical reasons (Burgess et al. 2010). Before 
introducing products in the market, stringent 
clinical trials are carried out on each product to 
establish not only its efficacy but its safety too 
(Table 1.2).

In addition to short-term studies to analyse the 
immediate effect, long-term studies are also 
needed to assess the effects of degraded nanopar-

ticles on the body. The length of the study 
required depends upon the rate of degradation 
and excretion of the material from the body. This 
long study period adds to the cost of the product, 
affecting its cost efficiency (Skotland et al. 2014).

1.5  Toxicity: The Major Concern

Along with a commendable growth and vast 
application of nanomaterials, toxicity still 
remains a major concern that scientists and 
healthcare professionals are dealing with. Though 
enough in vitro data is collected for every nano-
material developed, the correlation of in  vitro 
data with in vivo is challenging. This adversely 
affects the commercial potential of the nanofor-
mulations (Hofmann-Amtenbrink et al. 2015).

The reason of worthy applications of nanofor-
mulations is their nanosize; however, the reason 
of their toxicity is also their nanosize.

Due to their nanosize, they are preferentially 
taken up by the reticuloendothelial system (RES). 
Thus, accumulation and toxicity of nanoparticles 
in the liver and kidney remain a cause of concern. 
Another reason of toxicity can be immunological 
reaction of body towards nanoformulations 
(Szebeni 2014).

The issue of toxicity is however being tried to 
be addressed by different approaches such as 
choosing more biocompatible material. For 
example, lipids are safer than metals, and thus 
lipid nanoparticles are supposed to be less toxic 
than metallic nanoparticles. Uptake by RES can 
be minimized by giving the nanoparticles a 
hydrophilic surface by coating with some hydro-
philic polymer such as polyethylene glycol 
(PEG) or hyaluronic acid (HA).

Another approach that can be used is active 
targeting which enables accumulation of nano-
formulation at the target site and minimum inter-
action with normal body cells (Mishra et  al. 
2019). Toxicity due to accumulation of nanopar-
ticles is not only a cause of concern on adminis-
tration, but long-term exposure to the skin or 
accidental inhalation of nanoparticles during 
manufacturing, evaluation, packaging, storage 
and transportation by personnel is also plausible. 
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Metallic nanoparticles or nanocarriers loaded 
with chemotherapeutic agents or 
 immunotherapeutics can be disastrous when not 
handled with care.

So to keep nanoformulations in India under 
strict vigilance, guidelines on “Evaluation of 
Nanopharmaceuticals in India” have been 
released in October 2019. These guidelines have 
been jointly documented by the Department of 
Biotechnology (DBT), Ministry of Science and 
Technology, Ministry of Health and Family 
Welfare, Indian Council of Medical Research 
(ICMR) and Central Drugs Standard Control 
Organization (CDSCO) to streamline the quality, 
safety, efficacy and regulatory aspects of nano-
formulations in India.

Revolution in combating toxicity issues of 
nanoformulations has also been brought about by 
environmentally sustainable form of nanotech-
nology addressed by various terms like “green 
nanotechnology” or “green nanomedicine”. This 
field is basically an amalgamation of wonders of 
nanotechnology with the environment-friendly 
attributes of green chemistry. The idea is to use 
and promote methods and materials that support 
sustenance of nature (Rawat et  al. 2015). 
Abolishing the use of harmful organic solvents 
and synthetic polymers, promoting one-pot syn-
thesis and fabrication of polymeric nanocompos-
ites, nanometals, etc. are some of the means by 
which nanoformulations can be made environ-

ment friendly throughout their lifecycle (Nath 
and Banerjee 2013).

Basically, toxicity of nanoformulations is a 
complex aspect governed by several factors. 
Moreover, risk-to-benefit ratio should be consid-
ered to make a wise decision whether nanoparti-
cles are to be used or not.

1.6  Conclusion

Nanoformulations deserve all the attention that 
they have gained in the last few decades. 
Extensive research is going on to make the best 
possible use of dynamic nanoparticles. From 
drug delivery to bioimaging, nanoparticles have 
proven their potential in the entire sphere of bio-
medical field. The properties of nanoparticles 
such as inherent ability of passive targeting to the 
ability of being desirably modified make them 
suitable to be used in a range of diseases. Even 
the diseases as deadly as cancer have been better 
managed with the help of various types of 
nanoparticles.

However, nanoparticles possess their share of 
limitations also. Due to their nanosize, non- 
specific interactions with cells and toxicity 
towards living cells always remain a cause of 
concern for scientists. Regulatory hurdles are 
another set of challenges that nanoparticles face. 
Due to risk of toxicity, regulatory bodies impose 

Table 1.2 Nanoformulations under various clinical trials for application in healthcare, cosmetics and theranostics

Nanoformulation Drug Indication
Clinical trial 
(phase)

Promitil pegylated 
liposomes

Mitomycin-C Cancer I

Sonazid liposomes F- butane Contrast material I/IV
Cerulean nanoparticles Camptothecin Colon cancer and other 

solid tumours
II

RadProtect
(Iron and PEG micelles)

Amifostine Acute radiation syndrome I

Polymer-drug conjugate Paclitaxel and polyglutamic acide Non-small cell lung cancer III
Gold Colloids Recombinant human tumour 

necrosis factor (rhTNF)
Solid tumours I

Silica nanoparticles with 
PEG coating

NIR fluorophore and radiolabelled 
124I

Imaging of tumours I

Nano gold – Recovering skin damaged 
by chemicals

0
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strict regulations on approval and use of 
nanoparticles.

Nonetheless, nanoparticles have ushered a 
new era of therapeutics and are taking the treat-
ment strategies towards more positive outcomes. 
However, insights into the details are needed to 
get a better picture of the status of nanoparticles 
in the field of therapeutics.
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Abstract

Salient features like strapping targeted drug 
delivery, improvisation in efficacy and safety 
profiles, extraordinary distinctiveness in phys-
icochemical properties, etc. made nanophar-
maceuticals immensely popular among 
formulators over the past few years. 
Nanoformulations, which are legacy of appli-
cations of nanotechnology, concern the use of 
specifically engineered materials to fabricate 
new therapeutic and diagnostic techniques. 
Exceptional physicochemical properties make 
nanoformulations more powerful in combat-
ing serious concerns that were associated with 
conventional formulation systems. Improved 
nanocarriers like nanoliposomes, nanoparti-
cles, dendrimers, quantum dots, nanoemul-
sions and nanosuspensions came up with great 
control over controlled drug delivery, thus 
consistently emerging as most promising 
technology in this era. Nanotechnology pres-
ents a wide range of quality from diagnostic 
applications in early detection of diseases 

such as cancer to prolonged lowering of 
blood  glucose levels in hyperglycaemia. 
Additionally, nanoformulation system has 
also gained success in the management of dis-
eases by incorporating both imaging and ther-
apeutic competence. A comprehensive 
assessment of each nanoformulation is nec-
essary to enhance our current gamut in 
nanopharmaceuticals. With this aim, this 
chapter delivers a cursory detail on major 
nanopharmaceutical formulation systems and 
their roles in various medical conditions.

Keywords

Nanoparticles · Nanoemulsions · Cancer · 
Diabetes · Nanosuspensions · Quantum dots · 
Arthritis · Dendrimers · Nanoliposomes

2.1  Introduction

In this modern era, rapidity to achieve goals, 
unhealthy lifestyle and infested food became a 
part of our life. Apart from these three, there are 
enormous concealed factors that play a signifi-
cant role in evolving innumerable critical medi-
cal conditions. Out of 57 million deaths across 
the world in 2017, more than 50% occurred due 
to severe prevailing diseases (Kruk et al. 2018). 
Diseases like ischaemic heart disease, heart 
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stroke and cancer were the leaders that accounted 
for approximately 16 million deaths. In addition, 
these diseases retain their top position in the list 
since the last two decades (Prabhakaran et  al. 
2018). According to the latest reports of the 
World Health Organization (WHO), chronic 
obstructive pulmonary disease claimed more 
than 2.9 million lives in 2018, whereas lung can-
cer caused 2 million deaths (WHO 2018). On one 
side, diabetes prevalence increased from 20% 
(1980) to 60% (2016), and on another side, death 
ratio due to dementia grew rapidly (more than 
50%) within just 10 years.

The cause of death statistics consistently 
assists healthcare authorities to examine and con-
centrate on taking serious measures. In order to 
combat these life-taking critical medical condi-
tions, pharmaceutical sector has always played a 
significant role. In the voyage of unremitting 
progress and development, pharmaceutical sector 
has come up with diversified array of potential 
tools and formulation systems, which is well- 
equipped to have strong conflict with these dis-
eases. This chapter aims to explore the various 
roles of impending novel formulations developed 
over the past few years and also exemplifies their 
promising modality towards a brighter future.

Over pastone decade, because of potential 
attributes, Nanotechnology has gained immense 
attraction in pharmaceutical arena. The word 
“nano” which means one billionth of a metre has 
revolutionized the pharmaceutical arena in sev-
eral aspects. Over the past few years, nanotech-
nology has also gained significant interest in 
reconnoitring the concealed boulevards of medi-
cal sciences. Ranging from imaging, sensing, 
gene delivery to implanting artificial structures, 
nanotechnology flourished everywhere (Nasimi 
and Haidari 2013). Along with this, the several 
new chemical entities are nanosystems of poly-
mers, metals or ceramics, which are proficient 
enough to contest with critical medical condi-
tions like cancer (Zhao et al. 2018).

Applications of nanotechnology in therapeutic 
management, monitoring, finding and getting 
control over diseases are fundamentally denoted 
as “nanomedicine system”. Applications of nano-
technology in pharmaceutical seem to be an epit-

ome of recent technology, but actually it comes 
from the past decades back. Liposomes, today’s 
chief pharmaceutical player, come from family 
of lipid vesicles, introduced in 1965 (Bangham 
et al. 1965); macromolecules having controlled- 
release polymer system were first introduced in 
1976 (Langer and Folkman 1976); the first quan-
tum dot bioconjugate was mentioned in 1994 
(Bruchez et  al. 1998; Chan and Nie 1998). 
Several novel targeted nanoparticle-based 
approaches have emerged, which are signifi-
cantly contributing in early diagnosis of medical 
conditions like atherosclerosis and cardiovascu-
lar pathology at cellular and molecular level, 
which represents upcoming endeavours of ther-
anostics (Nakhlband et al. 2018).

Nanotechnology-based potential markers and 
accurate devices significantly improved patient 
management, compliance, overall quality life and 
reduction in mortality rates due to medical condi-
tions like Alzheimer’s disease and cancer. The 
distinctive characteristics and efficacy of nano-
formulations provide various useful attributes 
like size similarity with biomolecules like pro-
teins and polynucleic acids.

2.1.1  Nanopharmaceuticals: 
An Emerging Potential

On the basis of significant advancement in 
nanoscale technology, the National Institute of 
Health (NIH) instigated a federal government 
programme in 2000 named “National 
Nanotechnology Initiative” (NNI). This pro-
gramme is launched with the motive to acceler-
ate research and development on grounds of 
nanoscience. Further, centralization of this pro-
gramme facilitated consistent development of 
nanopharmaceuticals, which had placed a great 
impression on health science. Clubbing and 
implementing nanotechnology with medicine is 
the key intention behind this perception. 
Pharmaceutical scientists and formulators suc-
cessfully acquired nanoscience technology with 
the help of which they succeed in developing 
various nanopharmaceuticals. Transforming 
conventional dosage forms into novel new nano-
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sized design comes into trend and also emerged 
as potential partner of pharmaceutical research. 
Colloidal systems transformed into nanosys-
tems, colloidal drug delivery systems emerged 
as nano-drug delivery systems and much more 
(Babu et al. 2014).

Approximately more than 50 years ago, col-
loidal systems were developed and utilized for 
biomedical research, and attempts for their appli-
cability in drug delivery were started 40  years 
ago (Bangham et al. 1965; Marty et al. 1978). For 
example, encapsulation of anthracyclines into 
liposomes was done in the 1970s (Forssen and 
Tökès 1981); further, in the 1980s, three US-based 
companies (Vestar in Pasadena, CA, USA; The 
Liposome Company in Princeton, NJ, USA; and 
Liposome Technology Inc., in Menlo Park, CA, 
USA) were in firm competition with each other 
for production of liposome anthracycline formu-
lations. Nanosized liposome formulation got its 
first breakthrough in 1995 after USFDA approval 
of Doxil®, the very first approved nanoformula-
tions (Barenholz 2012). From then on, nanophar-
maceuticals are continuously evolving, and there 
are also two basic criteria that have been set for 
considering upcoming formulations as “nano”: 
first, the dosage form must be fabricated with the 
help of nano-engineering technology; second, 
nanomaterial utilized in formulation of dosage 
form must either have therapeutic potential or 

convene superfluous and distinctive properties to 
the active therapeutic agent.

2.2  Nanoemulsions (NEs) 
as a Multifunctional Tool 
in Various Medical 
Conditions

NEs are kinetically stable disperse systems hav-
ing a mean droplet size in the range of 50–200 nm 
(Fig. 2.1). Often they are also termed as ultrafine 
emulsions or mini-emulsions. The significant 
feature that differentiates NEs from microemul-
sion is that NEs are thermodynamically unstable 
since Gibbs free energy (∆G) change is more 
than zero upon formation of NEs (Gupta et  al. 
2016). More than 40% of catastrophes in the 
series of formulation and development of thera-
peutic agents occur due to pitiable biopharma-
ceutical properties and poor solubility or we can 
say low permeability (Kotta et al. 2012).

Along with high kinetic stability, small drop-
let size, optical transparency and superior practi-
cal applications made NEs popular among 
formulation scientists. In addition, there are sev-
eral other features like enhanced solubilization 
capacity, decreased intersubject variations on 
grounds of gastrointestinal fluid volume and lon-
ger shelf life, safety in terms of toxicity and ease 

Fig. 2.1 A schematic 
diagram of 
nanoemulsion (oil in 
water) along with its 
multifunctional 
capabilities
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in large-scale production which presented NEs as 
a potential tool in addressing bioavailability 
issues associated with poorly aqueous soluble 
therapeutic agents.

2.2.1  NEs in Cancer Therapy

Medications (chemotherapy agents) used in the 
treatment of cancer suffer from the drawback of 
unsuitability of long-term usage because of asso-
ciated side effects such as carnage of red blood 
cells, hair follicles, gut epithelia, lymphatic cells 
and bone marrow (Mahto 2017). On the other 
hand, potential therapeutic agents suffer from 
low solubility issues. This creates a two-sided 
jeopardy situation for formulators while fabricat-
ing drug delivery systems which could specifi-
cally target cancer cells. During the era of 
combating various issues associated with drug 
development process, NEs came up as a potential 
tool in targeting delivery of drugs to specific 
sites. NEs provide an adjunct feature of loading 
the drug in its core, which prevents it from get-
ting degraded, and eventual increment in the cir-
culation time. Enhanced circulation time affords 
NEs high permeability and increased retention 
(EPR effect), due to which NEs can stay up to 
longer periods of time at malfunctioning vascula-
tures like tumours (Jaiswal et al. 2015). In another 
study, Shanmugapriya and team formulated 
astaxanthin and alpha-tocopherol with sodium 
caseinate-loaded NEs and exploited in vitro their 
antitumour potential. Results revealed reduced 
apoptosis morphology in cancer cells that inhib-
its cell death (Shanmugapriya et al. 2019).

NEs consist of lipids as their basic compo-
nent; these lipids come from various natural 
sources like soya bean oil, egg yolk phospholip-
ids, etc. and have rich fatty acid content such as 
omega-3 and omega-6 and essential vitamins like 
vitamins E and K, which eventually makes NEs 
as potential carriers for targeted delivery of sev-
eral chemotherapeutic agents.

2.2.1.1  Nanoemulsion-Based Drug 
Delivery to Cancer Cells: 
The Active and Passive 
Targeting

Several exploratory findings revealed that even 
large structure-based proteins and peptides can 
also be successfully delivered at both targets i.e. 
systemic as well locally with the help of NEs. 
Findings of these reports fruitfully assisted in the 
development of cellular and humoral antigen- 
specific immune responsive based vaccines. 
Further, these vaccines were successfully deliv-
ered to immunostimulatory CpG along with gas-
tric cancer-based antigen MG7. Results revealed 
marked improvement in controlling tumour 
growth in mice treated with NE-based vaccine 
loaded with MG7 and cpG and that cancer was 
generated in mice by MG7-expressing cancer 
cell; this exploratory study proved that NE can be 
fruitfully utilized in vaccine delivery. In another 
study, Ge et al. (2009) explored the potential of 
NEs in targeting melanoma in the form of vac-
cine; firstly they fabricated heat-shock protein 70 
and staphylococcal enterotoxin A in capsules and 
then targeted melanoma cells. The vaccine trig-
gered inhibition of tumour-specific immunity 
against melanoma-associated antigens in mice. 
Animals were consistently administered with sub-
cutaneous NE-based vaccine of heat-shock pro-
tein 70 and staphylococcal enterotoxin A, which 
perfectly reduced tumour growth (Ge et al. 2009).

The absence of distinct lymphatic system 
allows tumours to remain for a longer period of 
time in contrast to normal tissues (Binnewies 
et al. 2018). The rationale behind is the compres-
sion of lymphatic vessels by large-sized tumours, 
which results in its collapse and the complete dis-
charge of lymph. This process obstructs the 
effectual allowance of macromolecules collected 
in solid tumour tissues. This amalgamation of 
increased vascular permeability and deprived 
lymphatic damage is collectively known as 
enhanced permeability and retention (EPR) 
effect. This EPR effect emerged as a potential 
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tool in formulation and development of antican-
cer drug delivery systems along with significant 
assistance in molecular imaging, micelles and 
protein-polymer conjugates (Kim and Park 
2017a). Passive targeting works by using this 
EPR effect.

In active targeting by NE formulations, objec-
tive ligands were loaded onto NEs which target 
tumoured organ, tissue or cells (Muhamad et al. 
2018). The major contrasting advantage of active 
targeting is that it particularly reaches to a spe-
cific site and delivers drug after binding with can-
cer cell receptors. Another benefit is that NEs 
offer a wide variety of ligands (targeting and 
imaging both) to be attached to them (Din et al. 
2017). NEs loaded with targeting ligands specifi-
cally bind to cells through ligand-receptor inter-
action and release drugs inside the cells. Active 
targeting is more in demand in cancer therapy 
because it prevents chances of damage to healthy 
tissues from harmful drugs.

2.2.1.2  Multifunctionalization 
of Nanoemulsions

NEs bear multiple capabilities of carrying and 
assimilating various agents used in targeting, 
imaging and therapeutic action, and this feature 
is more favourable for multifunctionalization 
which results in a proficient treatment option for 
various medical conditions. Multifunctionalization 
of NE provides ease of delivering more than two 
therapeutic agents in a single shot, e.g. gene 
silencing and drug delivery. Further, imaging 
agents can also be combined with drugs to have 
more specific targeting. In comparison with con-
ventional nano- or microparticles, multifunc-
tional NEs can assimilate various important 
properties within their core or surface in order to 
exhibit the utmost desired therapeutic effect 
(Fig.  2.1). NEs have also gained popularity by 
delivering the drug through stimuli-responsive 
elements on target and timed basis. A summary 
of reported multifunctional capabilities of NE 
system is presented in Table 2.1.

2.2.2  Nanoemulsions 
as an Essential Tool 
in the Enhancement of Oral 
Bioavailability of Poorly 
Aqueous Soluble 
Anti-diabetics

Diabetes is a global prevailing metabolic disorder 
progressing with rocketing speed worldwide. In 
order to combat this serious concern, more than 
40 active therapeutic agents have been discerned 
so far, out of which more than 90% suffer from 
poor solubility issues and poor bioavailability. 
Further, to overcome solubility concerns, various 
techniques have been explored like nanoparticle, 
liposome and solid dispersions, melt granulation, 
hot melt extrusion, etc., out of which lipid-based 
formulations especially NE system have gained 
immense popularity among formulation scien-
tists. The rationale behind NEs being the right 
choice is that, in contrast to all other techniques, it 
presents numerous advantages like greater solubi-
lization capacity, instant onset of action, minimal 
intersubject variability, longer shelf life, ease of 
large-scale production and freedom of usage of 
large number of excipients (Jaiswal et al. 2015).

Over the past few several years, anti-diabetic 
molecules suffering from poor solubility issues 
have been exploited by formulating them in NE 
system. In an exploratory finding by Akhtar et al., 
prandial glucose regulator repaglinide was taken 
as target molecule and used to enhance its solu-
bility and bioavailability. Repaglinide was loaded 
into NE fabricated with the help of Sefsol-218, 
Tween 80 and Transcutol. Results of the study 
showed marked improvement in in vitro release, 
i.e. > 98.22%, and marked enhancement in hypo-
glycaemic activity (Akhtar et  al. 2016). In a 
recent study, Espinoza and team explored the 
potential of pioglitazone in skin inflammatory 
diseases by fabricating them in the form of NE; 
results showed substantial increment in anti- 
inflammatory activity by decreasing the expres-
sion of inflammatory cytokines IL-6, IL-1β and 
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TNF-α. The suggested study proved pioglitazone 
as a potential alternative in treatment of inflam-
matory skin diseases such as rosacea, atopic der-
matitis or psoriasis (Espinoza et al. 2019).

2.2.3  Self-Nanoemulsifying Drug 
Delivery Systems (SNEDDS): 
An Emerging Potential 
in Combating Various Medical 
Conditions

In combating various formulation issues espe-
cially poor aqueous solubility, along with NEs, 
self-nanoemulsifying drug delivery systems 
(SNEDDS) have appeared as another potential 
lipid-based drug delivery system. SNEDDS are 
basically isotropic mixtures of oil, surfactant and 
cosurfactant which upon agitation form ultrafine 
NE (droplet <100 nm) (Shahba et al. 2012). Some 
silent features of SNEDDS make them markedly 
distinguished from other formulation options:

 1. Decreased droplet size and increased surface 
area make SNEDDS easily acceptable by 
in  vivo environment, which can be further 
integrated into micellar form which easily 
passes through the intestinal lumen.

 2. The capability of accelerating lipid fluidity of 
enterocytes and membranes and reduction in 
efflux pumps makes SNEDDS a good choice 
in improvising oral bioavailability.

 3. Reduction in cytopchrome-P450 metabolism 
in gut enterocytes.

 4. Protection against first-pass metabolism, 
thereby increasing half-life.

 5. Enhanced lymphatic transport.
 6. Ease of large-scale production, increased 

patient compliance, long-term stability, easy 
conversion to solid dosage form and dose 
reduction.

SNEDDS is actually an advanced version of its 
precursor, i.e. self-microemulsifying drug deliv-
ery system (SMEDDS), consisting smaller sized 
globule. After the commercial success of 
SMEDDS in the form of “Sandimmune Neoral”, 
various SNEDDS products are now ready to hit 

the market soon. Easy conversion of liquid 
SNEDDS into solid form by various techniques 
like spray-drying, melt granulation and adsorp-
tion makes SNEDDS more patient compliable. 
Accordingly over the past few years, various 
exploratory findings have been reported present-
ing SNEDDS in various dosage forms, a sum-
mary of which is presented in Table 2.1.

2.3  Nanoparticles as Promising 
Carrier over the Past One 
Decade

Nanotechnology is a new technology that is 
knocking at the door. It has wider applications 
and is the central focus for many technologies to 
converge and open a large number of applica-
tions. It deals with things smaller than 100 nano-
metres in size. Nanos means dwarf. This 
technology is concerned with material science 
and its applications at the nanometre scale (one 
billionth of a metre). A nanoparticle is a micro-
scopic particle whose size is measured in nano-
metres. It is defined as a particle with at least one 
dimension less than 100  nm. Nanoparticles are 
often referred to as clusters. Nanospheres, 
nanorods and nanocups are few shapes that have 
been developed.

The properties of many conventional materi-
als change when formed from nanoparticles. This 
is typical because nanoparticles have a greater 
surface area per weight than larger particles 
which causes them to be more reactive to some 
other molecules.

Nanotechnology has attained a promising role 
in the area of drug delivery as drug carriers and in 
early diagnosis of disease. Liposomal and 
nanoparticle formulation technologies are com-
ing up in a big way in drug market. Nanoparticles 
consist of three layers: the surface layer, the shell 
layer and the core. The surface layer usually con-
sists of a variety of molecules such as metal ion, 
surfactants and polymers. Nanoparticles may 
contain a single material or may be consisted of a 
combination of several materials. Nanoparticles 
can exist as suspensions, colloids or dispersed 
aerosols depending on their chemical and elec-
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tromagnetic properties. Nanoparticles can be 
tailor- made for their size and surface properties 
for entrapment of drugs. The nanostructures have 
the ability to enter cells that typically internalize 
materials below 100  nm. When incorporated 
materials are produced from nanoparticles in the 
1–100 nm size range instead of bigger micropar-
ticles, they have a large surface area for the same 
volume, smaller pore size, improved solubility 
and different structural properties. This can 
improve both the diffusion and degradation prop-
erties of loaded drug.

Nanoparticles prepared using biodegradable 
polymers such as gelatin, other proteins and 
polysaccharides function as effective drug deliv-
ery devices for the controlled delivery of drugs. 
The nano approach also reduces the side effects 
and improves the efficacy of the drug along with 
improved patient compliance and convenience 
(Gupta and Nguyen 2014; Shinde et al. 2019).

Initially, the nanoparticles were developed as 
carriers for vaccines and anticancer drug target-
ing. Simultaneously investigations were con-
ducted for CNS and ophthalmic and oral drug 
delivery. Some of the applications of NPs have 
been detailed here.

2.3.1  Targeting Tuberculosis 
with Nanoparticles

Tuberculosis (TB) is caused by bacteria 
(Mycobacterium tuberculosis) that mostly affect 
the lungs. TB is an airborne disease. When peo-
ple with lung TB cough, sneeze or spit, they drive 
the TB germs into the air. And simply a few 
germs can cause infection. The WHO confers 
that about one-quarter of the world’s population 
has latent TB. Latent TB implies that people have 
been infected by TB bacteria but cannot transmit 
the disease. When a person suffers from active 
TB disease, the symptoms (such as cough, fever, 
night sweats or weight loss) may be feeble for 
many months and can be ignored by the patient. 
This can lead to delays in seeking care and results 
in transmission of the bacteria to others.

The foremost problems linked with treatment 
of TB are long duration of treatment and continu-

ous and recurrent multiple drug dosing that 
results in poor compliance of patients to drug 
therapy. This finally contributes to the recurrence 
of the disease and the development of multidrug- 
resistant (MDR) tuberculosis (Gladwin et  al. 
1998). This reinforces the need to develop new 
and effective anti-TB drug delivery system to 
overcome the problem of drug resistance, shorten 
the treatment course and promote better compli-
ance (Nasiruddin et al. 2017). The nanoparticles 
of three major anti-TB drugs were prepared by 
the solvent evaporation technique using PLG for 
oral administration. It was verified that drug lev-
els were maintained above the least inhibitory 
concentration (MIC90) in mice after a single oral 
administration of drug-loaded PLG NPs for 6 to 
9 days in the plasma as compared to free drugs 
that were vacated from plasma within 12–24 hours 
following the oral administration (Pandey et  al. 
2004). Lectin-conjugated PLG nanoparticles of 
these drugs also presented promising results on 
oral administration. Pandey et  al. (2005) also 
studied the injectable routes of drug delivery of 
these drugs in nanoform. A single subcutaneous 
injection of PLG nanoparticles loaded with RMP, 
INH and PZA resulted in sustained therapeutic 
drug levels in plasma for 32 days and in the lungs 
or spleen for 36  days. In another study, the 
researcher studied the coinfection of monocyte- 
derived macrophages (MDMs) with HIV and 
avirulent M. tuberculosis strain (H37Rv) in the 
presence of gallium nanoparticles. Results 
depicted significant growth inhibition of both 
HIV and M. tuberculosis within MDMs for up to 
15 days after loading the cells with gallium 
nanoparticles (Choi et al. 2019).

2.3.2  Nanoparticles in Cancer 
Therapy: The State of the Art

Cancer is one of the leading causes of death 
worldwide. In spite of voluminous research and 
innovations, the current treatment is limited to 
surgery, radiotherapy and chemotherapy. The let-
down of this treatment is linked with associated 
adverse effects like drug resistance and toxicity 
issues. Copious investigations have shown that 
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both tissue and cell distribution profiles of anti-
cancer drugs can be controlled by their entrap-
ment in nanoparticles. The advancement in novel 
nanomaterials and nanocarriers has resulted in 
value-added drug delivery in cancer.

The foremost objective in employing nanocar-
riers is to protect the drug from rapid degradation 
after systemic delivery and letting it reach the tar-
geted tumour site at desired therapeutic concen-
trations. This would also avoid the entry of drugs 
to other normal cell sites, thus reducing the side 
effects. The prudent design of NPs performs a 
critical role in drug action as the various charac-
ters of nanoparticles guide the pharmacokinetics, 
internalization and safety of the drugs.

Gradisher and team studied the albumin- 
bound paclitaxel nanoparticles for the treatment 
of breast cancer. Similar studies were carried out 
with albumin nanoparticles loaded with osteo-
nectin for breast, prostate and lung cancer 
(Gradishar et al. 2005). Sultana and co-workers 
prepared and evaluated poly(isohexyl cyanoacry-
late) nanoparticles with doxorubicin for hepato-
cellular carcinoma (Sultana et al. 2012). Gelatin 
nanoparticles have been extensively used for the 
delivery of anticancer drugs including cytara-
bine, methotrexate, camptothecin, curcumin, res-
veratrol, paclitaxel, cisplatin and noscapine with 
the objective of improving the cancer therapy by 
targeted delivery of drugs (Aslan et al. 2013). In 
another study, Yan and team explored combined 
monomodal photodynamic therapy (PDT) or 
photothermal therapy (PTT) approach by making 
upconversion-polymer hybrid nanoparticles with 
surface-loaded chlorin e6 photosensitizer as basis 
for antitumour activation. Results showed that 
the combination enhanced primary tumour elimi-
nation and presented antitumor immunity against 
disseminated tumours. The authors also found 
that synergistic phototherapy can elicit robust 
systemic and humoral antitumor immune 
responses. When combined with immune check-
point blockades, it inhibited tumour relapse and 
metastasis as well as prolonged the survival of 
tumour-bearing mice in two types of tumour 
metastasis models (Yan et al. 2019).

2.3.3  Nanoparticles in Ocular 
Delivery: The Story Behind

Countless efforts have been made to improve 
and enhance the ocular delivery of drugs. The 
corneal barrier and poor retention time of the 
drug in the ocular cavity lead to bioavailability 
issues. These can be overcome by employing 
nanotechnology approaches. The drug-loaded 
nanoparticles increase the residence time, 
decrease the toxicity and enhance the penetra-
tion of the drug to deeper tissues. Lipid-based 
nanoparticles are the most appropriate and bio-
compatible for ocular delivery. They also pro-
duce bioadhesion that increases the residence 
time of the drug in the cavity. Gene delivery to 
the retina is being made possible by making use 
of lipid nanoparticles. Antibiotics (tobramycin, 
chloramphenicol, levofloxacin), antifungal 
agents (itraconazole, ketoconazole) and antiviral 
agents (acyclovir) when loaded in lipid nanopar-
ticles showed improved action. Some anti-
inflammatory drugs, mostly NSAIDs such as 
diclofenac, ibuprofen, flurbiprofen and indo-
methacin, when entrapped in lipid nanoparticles 
exhibited better performance. Antioxidants 
baicalin, quercetin and epigallocatechin have 
been observed for ocular therapy through lipid 
nanoparticles. These antioxidants in LN were 
proven to be biocompatible with corneal cells 
and also showed upgraded corneal permeation. 
Timolol, pilocarpine and methazolamide in LN 
presented promising results in glaucoma therapy. 
Calendula officinalis extract loaded in nanopar-
ticles was found to have noteworthy corneal 
wound-healing effect (Zhou et  al. 2013). In 
another study, a researcher formulated timolol 
maleate-loaded polymeric nanoparticles of flax-
seed gum and chitosan and examined their 
potential in ocular delivery in rabbits. Results 
depicted enhanced corneal penetration of drug in 
contrast to marketed eye drops; along with this, 
formulated nanoparticles also reduced the intra-
ocular pressure in rabbits for prolonged period 
when compared to conventional eye drops 
(Mittal and Kaur 2019).
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2.3.4  Nanoparticles in Targeting 
the Central Nervous System 
(CNS)

CNS disorders have always been a gigantic chal-
lenge for scientists and researchers. The 
 blood- brain barrier (BBB) is the key hindrance in 
the delivery of drugs to the CNS because of its 
selectively permeable and lipoidal nature and 
restricted pore size (Pardridge 2012).

Alzheimer’s and Parkinson’s diseases are 
among the two most common neurodegenerative 
diseases. Nanoparticles coated with different 
polymers are competent to overcome the BBB 
issues and improve the efficacy of drugs in CNS 
disorders (Silva 2008). Kuplennik and team fab-
ricated nanoparticles from highly hydrophobic 
poly(ethylene glycol)-b-poly(ε-caprolactone) 
(PEG-b-PCL) block copolymer functionalized 
with an amine moiety in the edge of the PEG 
block by a simple nanoprecipitation method, 
loaded with folate. Developed PEG blocks fur-
ther conjugated the targeting ligand FRα. Results 
depicted that conjugation of FRα-FA complex to 
the NP surface promotes higher accumulation in 
the brain, highlighting the promise of FRα-FA- 
modified NPs to serve as a platform for the tar-

geting of active molecules to the CNS from the 
systemic circulation (Kuplennik et al. 2019).

NPs allows the delivery of various drugs to the 
CNS, particularly to the brain. Such drugs include 
anticancer agents (taxol), analgesics, anti- 
Alzheimer’s drugs, anti-Parkinson’s agents 
(levodopa), protease inhibitors and anti-epileptic 
drug molecules (Fig. 2.2).

2.3.5  Nanoparticles in Wound 
Healing

Wound healing is a forced response to various 
types of stimuli that affects the skin or any organ. 
In the case of tissue or skin injury, a sequential 
process of events occurs which eventually results 
in the rebuilding of normal tissue (Pastar et  al. 
2014). Wound healing is a typical process com-
prising haemostasis, inflammation, proliferation 
and remodelling. A schematic presentation of 
these activities is presented in Fig. 2.3.

The wound care management is a strong area 
of research and seeks attention of researchers. It 
depends on effective dressing material. There 
are definite factors that impede the wound heal-
ing process: poor blood supply, diminished 

Fig. 2.2 Strategies of 
drug delivery to the 
brain
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venous drainage, wound dehiscence, presence 
of foreign bodies and reduced macrophage 
action. The commonly used wound healing 
materials aim to increase the blood clotting, 
absorb the exudates and hasten the healing pro-
cess and also moisten the wound environment. 
These wound healing materials also incorporate 
bioactive agents to fasten the process. 
Nanoparticles present superlative approach in 
enhancing the wound-healing process. NPs 
allow for the external delivery of  substances that 
are produced at the site of injury, for instance, 
NO (nitrous oxide). In slow healing, the release 
of NO is lowered. So to improve that, nanopar-
ticles are employed.

A wide range of studies is dedicated to the use 
of nanosilver for wound healing. Metal nanopar-
ticles such as aurum (Au), palladium (Pd) and 
platinum (Pt) are considered to function as anti-
oxidants due to their strong catalytic activity 
(Fig.  2.4). There is some research aimed at the 
use of zinc oxide (ZnO) for regeneration and 
wound healing. Selenium in nanoform is another 

promising regenerative medicine (Rajendran 
et al. 2018).

2.3.6  Nanoparticles for Oral Gene 
Delivery

Oral delivery of drugs is often very challenging 
owing to the presence of acidic pH in the stomach 
and the enzymes such as pepsin that causes the 
degradation of proteins. This results in poor bio-
availability of the drug. Nucleic acids are also 
used as drugs either as a vaccine or in gene ther-
apy form. Oral gene delivery faces similar bio-
availability issues. Nanoparticles are the solution 
to these problems. The nanoparticles may par-
tially protect the loaded drug and improve cellu-
lar uptake by endocytosis. A number of polymers 
or lipids have been employed for the preparation 
of these nanoparticles. Leong and team reported 
the preparation of chitosan-DNA nanoparticles 
by coacervation technique (Leong et  al. 1998). 
Kaul and Aimiji were the first to develop type B 

Fig. 2.3 Sequential events in normal wound healing process
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gelatin nanoparticles as non-condensing gene 
delivery system for oral gene therapy (Kaul and 
Amiji 2002).

Nanoparticles have an expanded role in the 
delivery of antimicrobial and anti-leishmaniasis 
drugs also. Owing to the limitation of chapter 
length, these are not detailed here.

2.4  Nanosuspension 
in Pharmaceuticals

Nanotechnology-based approaches can be 
applied to resolve the solubility issues related to 
numerous chemical entities in aqueous as well as 
lipid media. Nanosuspensions are submicron col-
loidal dispersions of nanosized particles stabi-
lized by using surfactants. The liquid media 
could be aqueous or non-aqueous. The particle 
size in nanosuspensions is less than a micron 
ranging between 200 and 600 nm. The nanosus-
pensions by virtue of nanosized particles enjoy 
the attributes of large surface area that improves 
the solubility of the drug in the media and subse-
quently enhances the bioavailability of the drug. 
The reduced particle size renders the possibility 
of IV administration of poorly water-soluble 
drugs without blocking the blood capillaries. 

This formulation features high drug loading 
capacity, low cost and reduced side effects. 
Nanosuspensions formulated by employing ste-
ric polymers like polyethylene glycol (PEG) have 
enticed great attention. They have been found to 
have particles in the size range of 10–100  nm. 
These nanoparticles are able to accumulate in tar-
geted areas such as cancer tissues with least 
destruction to normal healthy cells (Patel and 
Agrawal 2011).

The pluses of nanosuspensions are:

• The dose of the drug can be reduced.
• Solubility and bioavailability can be improved.
• Low-cost factor.
• High drug loading is possible.
• Drug targeting is feasible.
• Stability, both physical and chemical, of the 

drug is enhanced.

Nanosuspensions are generally prepared by 
two approaches, that is, bottom-up technology 
and top-down technology. In bottom-up method, 
the drug powder is made into nanoparticle by 
techniques like precipitation, melt emulsification 
and microemulsion, while in top-down method, 
larger particles are disintegrated into nanoparti-
cles by using milling and homogenization 

Fig. 2.4 Various approaches for wound healing
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 techniques (Deoli 2012). The two methods are 
summarized in Fig. 2.5.

2.4.1  Nanosuspensions 
in Bioavailability 
Enhancement of Poorly 
Soluble Drugs

The Biopharmaceutics Classification System 
(BCS) categorizes the drug into four classes on 
the basis of solubility and permeability charac-
teristics. According to BCS, class I comprises 
molecules with high solubility and high perme-
ability; class II includes molecules with low 
solubility and high permeability; class III 
includes drugs with high solubility and low per-
meability; and class IV includes drug molecules 
with low solubility and low permeability.

As per the above categorization, class I drugs 
are free from any bioavailability issues, while the 
other classes present a problem in oral absorp-
tion. Finally, the bioavailability snags develop 
with drug molecules. To resolve these problems, 
various approaches are adopted based on the 

properties of drug excipients used. These 
approaches are precisely presented as:

Conventional techniques
• Modification of media of drug like change in 

solvent, co-solvent, mixture of solvents, pH 
and used surfactants

• Making of complexes with cyclodextrin and 
lipid formulation

• Solid-state modification, for example, solid 
dispersions and solid melts, and size reduction 
like micronization and particle engineering

• Salt formation

Novel techniques
• Nanotechnology drug delivery methods: 

nanoparticles, nanosponges, nanocrystals, 
vesicles, etc.
The conventional techniques have limited util-

ity to drugs. Vesicular systems suffers from a big 
disadvatage and i.e their compatibility with lim-
tied number of drug molecules (Leone and 
Cavalli 2015; Chingunpituk 2007). The develop-
ment of nanosuspension has evolved as a novel 

Fig. 2.5 The two popular approaches for formulation of nanosuspensions
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technique for delivering poorly soluble drugs 
owing to their nanosize subsequently solving the 
bioavailability issues (Fig. 2.6) (Goel et al. 2019).

Studies have shown that nanotechnology can be 
used for drugs which are insoluble in both water 
and organic solvents. Hydrophobic drugs such as 
naproxen, omeprazole, nimesulide, amphotericin 
B, omeprazole, nifedipine and baicalin (Jin et al. 
2019) are formulated as nanosuspensions.

2.4.2  Nanosuspensions 
in Pulmonary Administration

The pulmonary route is a non-invasive way of 
administering the drug for both local and sys-
temic action. This route has benefit of high per-
meability and vascularity as compared to oral 
route. The pulmonary route presents direct deliv-
ery of the drug to the site of action that minimizes 
the drug dose and the side effects. Conventional 
pulmonary delivery systems provide only rapid 
drug release, have poor residence time and lack 
selectivity. Nanosuspensions can solve problems 
of poor drug solubility in pulmonary secretions 
and lack of selectivity through direct delivery to 
target pulmonary cells.

Nanosuspensions increase the adhesiveness 
and hence the staying time of drug at the site. 
They also avoid the undesirable presence of drug 
in the oral cavity. Thus, nanosuspensions pre-

clude the issues of bioavailability and optimize 
drug delivery (Patil and Sarasija 2012).

Nanosuspensions can be easily nebulized for 
lung delivery. Muller and team studied the admin-
istration of budesonide nanoparticles for asth-
matic conditions through ultrasonic nebulizer 
that resulted in improved bioavailability parame-
ters (Muller et al. 2000). Qelliny and co-workers 
also exploited budesonide potential in colon tar-
geting by formulating it into Eudragit S 
100- tailored nanoparticles in colitis-induced rat 
model. Disease activity score, macroscopic 
examination, blood glucose level and histopatho-
logical assessment showed marked improve-
ments over free drug suspension. Obtained results 
demonstrate that the budesonide-loaded Eudragit 
S 100 nanocapsules are an effective colon- 
targeting nanosystem for the treatment of inflam-
matory bowel disease (Qelliny et al. 2019).

The failure of conventional TB therapy had 
been a serious concern for ages. A novel antitu-
bercular drug delivery system aims at the direct 
delivery of drugs to the lungs. Antitubercular 
drugs have been successfully entrapped and 
delivered in biodegradable and biocompatible 
polymers. Zahoor and team have reported inhal-
able alginate nanoparticles as antitubercular drug 
carriers against experimentally induced tubercu-
losis in guinea pigs. The outcomes revealed sig-
nificantly improved bioavailability of the drug as 
compared to oral route (Zahoor et al. 2005).

Fig. 2.6 Mechanism of bioavailability enhancement by nanosuspension
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2.4.3  Nanosuspensions in Drug 
Targeting

Nanosuspensions have the potential of targeting 
and accumulating in tumour cells. This is attrib-
uted to their size and other surficial properties. 
The nanosuspensions can be designed for active 
and passive targeting by employing various coat-
ing materials. PEGylated nanoparticles with size 
range of 10–100  nm in the suspension prevent 
engulfing by macrophages and enable long-term 
circulation upon IV administration (Rai et  al. 
2019). Kayser prepared mucoadhesive suspen-
sion of buparvaquone for targeting 
Cryptosporidium parvum through oral route 
(Kayser 2001).

Similarly, pulmonary aspergillosis was tar-
geted by amphotericin B, in the form of pulmo-
nary nanosuspensions (Kohno et al. 1997). Gao 
and team also reported about the IV injection of 
curcumin nanosuspension for the effective treat-
ment of cancer (Gao et al. 2011).

2.4.4  Applications 
of Nanosuspension 
in the Management 
of Diabetes

Diabetes mellitus is one of the most prevalent 
disorders globally. It is classified as type I and 
type II diabetes. The former occurs when the pan-
creas fails to prepare insulin leading to hypergly-
caemia. This condition requires daily 
administration of insulin. About 90% of diabetics 
are type II patients who need administration of 
glibenclamide-like drugs that suffer from bio-
availability issues. Panda and team reported the 
metformin-loaded PLGA nanosuspensions for 
the treatment of type II diabetes. Poloxamer 188 
was used as a versatile excipient in the prepara-
tion of nanocrystals for enhancing the bioavail-
ability of metformin (Panda et  al. 2018). Wang 
and co-workers have studied the efficiency of 
berberine in nanosuspension in streptozocin- 
induced diabetes in mice; results depicted that 
berberine NS produced better hypoglycaemic 
effect (Wang et  al. 2015). Curcumin-NS pre-

sented much higher cytotoxicity to Hela and 
MCF-7 cell lines in vitro and showed less irrita-
bility and lower erythrocytic haemolysis com-
pared to the reported curcumin solution, 
suggesting that the aqueous nanosuspension is a 
good choice for intravenous administration of 
poorly soluble curcumin (Gao et al. 2011).

2.5  Dendrimers: Utilizing 
Multivalent Moieties

Dendrimers are nanosized, outwardly uniform 
particles with properly distinct standardized and 
monostrewed assembly consisting of branched 
structures (Bosman et  al. 1999). These subdi-
vided branched structures were discovered by 
Fritz Vogtle in 1978 for the very first time, fol-
lowed by modification through Donald Tomalia 
and team during the 1980s. The structure of den-
drimers consists of monodispersed molecules 
fabricated around an atom, which gives them a 
thematic look, and they are not a compound 
(Fig.  2.7). Additionally, their tailoring needs 
careful construction, so that they can be function-
alized for further modification in physicochemi-
cal or natural properties (Abbasi et al. 2014). As 
per reports from Janaszewska and team, den-
drimers require chemical modifications so that 
their intrinsic cytotoxicity can be dazed. Their 
complexation with various bioactive molecules 
can be perfectly optimized while being delivery- 
specific and safe for both the cell and the cargo 
(Janaszewska et al. 2019).

2.5.1  Dendrimer-Based Antivirals

Over the past few years, linking of dendrimers 
with various biomolecules has been tested on 
antiviral grounds, out of which linking of den-
drimers with carbohydrates usually called “gly-
codendrimers” was most common (Reuter et al. 
1999). Glycodendrimers were comprehensively 
assessed on influenza virus. Reuter et al. were the 
first to investigate the utilization of sialic acid 
derivatized dendrimers explicitly as a novel 
“restorative methodology” for influenza. Their 
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outcomes showed that sialic corrosive connected 
by means of a musky spacer to various sorts of 
dendrimers was up to 5x104-overlay better at 
restraining hemagglutination than monomeric 
sialic corrosive. Straight polymers were less via-
ble than dendritic types of sialic corrosive yet 
more successful than free sialic corrosive. In 
another study by landers et al, authors reported 
about development of “Polyvalent, generation 
4  (G4) SA-conjugated polyamidoamine 
(PAMAM) dendrimer (G4- SA)”, which was 
evaluated for prevention of adhesion of 3 influ-
enza A  subtypes (H1N1, H2N2, and H3N2). 
Results of in  vivo studies depicted that, devel-
oped G4-SA totally prohibited infection by a 
H3N2 subtype in a murine influenza pneumonitis 
model (Landers et al. 2002).

Studies have also revealed that complex 
viruses like herpes simplex and HIV has binding 
efficiency with polyanionic compounds (Luganini 
et al. 2011). The rationale behind this tendency is 
supported by the fact that sulphated polysaccha-
rides are potential inhibitors of viral infection 
(Gong et al. 2002). In a study by Bernstein and 
team, dendrimers loaded with sulphonated and 

carboxylated polylysine have achieved immense 
success in blocking herpes simplex virus. Results 
also depicted that viral infection-induced animals 
(mice and guinea pigs), when administered with 
dendrimers, showed maximal intravaginal pro-
tection against viruses (Bernstein et  al. 2003). 
Further, it was also found that sulphonated den-
drimers obstructed late-stage multiplication of 
virus by inhibiting synthesis of virus DNA in the 
infected cells (Schinazi et  al. 2003). The study 
proved that anionically tailored dendrimers have 
potential to prevent the infection but also their 
further inhibition.

Peptide conjugation with dendrimers is also 
another interesting class of dendrimer series that 
have achieved success in delivery of drugs and 
bioactive compounds especially in antineoplas-
tic segment (Knauer et al. 2019). The fundamen-
tal rationale of peptide delivery relies upon the 
fact that bioactive molecules can be easily asso-
ciated or entangled inside peptide structure. 
Delivery of anticancer agent is based on penetra-
tion inside target cells, and this is difficult in 
case of peptide dendrimers because of their large 
structure. Yan et al. researched with a motive to 

Fig. 2.7 Basic structure of dendrimer
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explore chemical artefacts of peptide dendrimers 
and conjugated linear peptides which have the 
ability to penetrate cells with PAMAM den-
drimers. Further these conjugates were tagged 
with fluorescent dye and companioned with Tat-
peptide (GRKKRRQRRRPQ), which is a human 
immunodeficiency transcription derivative. It 
was found that cell internalization was subse-
quently proportional to the conjugation fre-
quency between Tat-peptide and 
PAMAM.  Cytotoxicity reports showed that 
PAMAM conjugate was less toxic than free den-
drimer (Yan et al. 2015).

2.5.2  Dendrimers in Cancer

As mentioned earlier in this chapter, dendrimers 
are monodispersed macromolecules having huge 
number of peripheral groups attached in a tree-
like fashion. This feature makes them an ideal 
candidate for delivery of numerous therapeutic 
agents, and also with these, further assessments 
can also be explored like polymer sizing, config-
uration and construction of bioactive-associated 
characteristics like lipid bilayer interaction, tox-
icity profiling, internalization, blood plasma 
retain time profile, biologic distributions and 
tumour studies. Over the past few years, den-
drimers have gained significant attention in thera-
peutic and diagnostic applications towards 
treatment of cancer, which includes progressive 
delivery of antineoplastic agents and neutron and 
photon capture therapy.

2.5.2.1  Dendrimer as Potential Tool 
in RNA-/DNA-Based Cancer 
Therapy

Dendrimers have acquired substantial popularity 
over the last 10 years in therapeutic management, 
diagnostic imaging and investigation of cancer, 
which is evidenced by the market success of 
Doxil® (Barenholz 2012). Following this, many 
explorations have emerged in using dendrimer 
for cancer therapy, like double-stranded RNA 
consisting of tiny inquisitive RNA which specifi-
cally interferes with expression of genes that 
restricts their conversion into proteins. These 

proteins are principally involved in cancer; if 
synthesis of these is prohibited by targeting spe-
cific protein, then prospective of conquering the 
medical condition increases (Xu et al. 2019).

siRNA consists of exonucleases, due to 
which they cannot be delivered directly, and 
requires an appropriate transporter, which could 
successfully contribute to its cellular uptake. 
siRNA and DNA both contain phosphate groups 
in their structure which can be easily coupled 
with charged dendrimers (positive); this coupled 
group is also called dendriplexes. In an umbrella-
like structure, dendriplexes are situated in endo-
somes, which emancipates siRNA and DNA; 
this release is accelerated by addition of proton 
to dendriplexes which eventually enhances its 
hydrodynamic ration, and finally siRNA/DNA 
shreds off from dendriplexes (Fig.  2.8) (Liu 
et al. 2014).

Monteagudom et  al. in their study utilized 
amino-terminated G1 PAMAM dendrimer as a 
carrier for targeting p42 MAPK in prostate can-
cer. Results depicted better stability and potential 
effects when from dendrimer in contrast to mar-
keted products Lipofectamine and HiPerFect 
(Monteagudom et  al. 2012). In another study, 
Huang and the team developed and explored G5 
PAMAM-dendrimer (EDAcore), in which its sur-
face was transformed into 3,5-diamino-triazines. 
This system was successfully complexed with 
siRNA complexes which furnished outstanding 
performance both in  vitro and in  vivo of the 
expression of MDM2 gene, which is a chief 
player in non-small cell lung cancer (Huang et al. 
2016). Marcinkowska and team developed and 
synthesised two PAMAM dendrimer- trastuzumab 
conjugates that carried docetaxel or paclitaxel, 
specifically targeted to cells which overexpressed 
HER-2. Results depicted that AMAM-drug-
trastuzumab conjugates in particular showed 
extremely high toxicity toward the HER-2-
positive SKBR-3 cells and very low toxicity 
towards to HER-2-negative MCF-7 cells. This 
confirmed the high selectivity of PAMAM-doc-
trastuzumab and PAMAM-ptx-trastuzumab con-
jugates for HER-2-positive cells, and 
demonstrated the utility of trastuzumab as a tar-
geting agent (Marcinkowska et al. 2019).
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2.5.2.2  Dendrimer Nanoarchitectures 
for Cancer Diagnosis

The precise identification of cancer is the very 
first and fundamental step towards effectual 
therapeutic management and further preventive 
measures for patients. The therapeutic manage-
ment of cancer is classified according to various 
types of cancer; hence, its precise diagnosis 
becomes highly imperative. Several dendrimer-
based therapeutic strategies have been explored 
so far which utilize cell type-reliant tumour-tar-
geting prospective, which not only identifies 
explicitly cancer in its early stage but also 
remains fruitful from an economic and senti-
ment point of view. Magnetic resonance imag-
ing (MRI) has already proven its utility in the 
field of cancer diagnosis (Caravan 2006), but the 
discovery of “dendrimer- based nanodevices” in 
MRI applications has significantly boosted this 
application.

The very first application of dendrimer in 
MRI-based cancer diagnosis was executed by 
Wiener et al. in the early 1990s. In their research, 
they tailored novel contrasting agent gadolinium 
chelates with PAMAM dendrimer. They found 
out that in contrast to plain gadolinium, den-
drimer complexed with gadolinium triggered 
longitudinal relaxation more promptly and pre-
cisely. While the dendrimer without complex-
ation has almost no effect on rates of relaxation, 
the rationale behind this is attributed to the fact 
that it is the high molecular weight of dendrimer 
that is responsible for significant alternations in 
the properties of gadolinium (Wiener et al. 1994).

In another study, a dendrimer-based contrast-
ing agent has been utilized to explore micro- 
MRI.  In this, DAB-AM64-(1B4M-Gd)64 
contrast agent was administered at 0.03  mmol 
dose, to detect colon carcinoma tumour cells in 
mouse. Results depicted that DAB-AM64-

Fig. 2.8 Schematic representation of siRNA loading and unloading by dendrimer
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(1B4M-Gd)64 showed better images with 
enhanced intensity (without any background 
noise) of tumour in contrast to another agent uti-
lizing dimeglumine-DTPA-Gd at a dosage of 
0.1 mmol (Kobayashi et al. 2001).

Along with MRI, there is another technique 
named boron neutron capture therapy (BNCT) 
which has been under progress for cancer 
 diagnosis and tumour imaging. BNCT works on 
lethal 10B(n,α)7Li capture reaction which takes 
place when 10B is irradiated with low-energy 
thermal neutrons in order to release high energy 
α-particles and 7Li nuclei. The significant feature 
of these particles is their confined path lengths in 
tissues (b10 mm) which restrict the toxicity to 
cells only (Moss 2014). Over the past few years, 
PAMAM dendrimers have been utilized for 
detection of intratumoural delivery of BNCT 
agents, and boron-loaded G5-PAMAM com-
plexed with anti-EGF receptor monoclonal anti-
bodies were utilized for targeting human gliomas, 
which acted in contradiction to overexpressed 
tumour cell receptors. Wu and co-workers in their 
study conjugated dendrimer with cetuximab and 
assessed its effect in  vitro and in  vivo on F98 
cells in contrast to free cetuximab. Results 
showed that after intratumoural injections in rats, 
there was 13.8 times increment in tumour boron 
content for the targeted dendrimer in comparison 
with unchanged boron-mediated G5-PAMAM 
(Wu et al. 2004).

2.5.2.3  Dendrimers as Nanocarriers 
for Nucleic Acid and Drug 
Delivery in Cancer Therapy

Therapeutic management based on nucleic acid 
has already gained significant interest among 
researchers because of their biological compati-
bility and preciseness in contrast to generic che-
motherapies. However, nucleic acids suffer from 
one drawback: because of their hydrophilic struc-
ture, it is very difficult for them to pass through 
cell membranes due to which they become sus-
ceptible to deprivation by enzymes in the blood 
vessels. Hence, there is a high demand for a 
potential delivery system that could not only pre-
vent nucleic acids from such degradation but also 
transport and deliver them safely at specified 

locations. In order to resolve this issue, two major 
carriers have evolved for delivery of nucleic acid: 
viral- and non-viral-based vectors. Nonetheless, 
viral vectors bear higher efficiency to deliver 
nucleic acids in naked form which leads to criti-
cal trepidations on grounds of adverse effects 
associated with immunology and oncology, 
which further restricts significant clinical mani-
festations. Non-viral vectors are made up of natu-
ral or synthetic which is free from all difficulties 
associated with viral vectors. Non-viral vectors 
are easily constructible and modifiable with vari-
ous targeting moieties for various organs.

Among all the non-viral vectors, dendrimer- 
based vectors have gained significant success, 
because of the following various idiosyncratic 
characteristics:

 1. Positive charge on dendrimers made them 
capable of attaching multiple nucleic acids 
(Chen et al. 2000).

 2. Conjugation of nucleic acids with dendrimers 
protects them from enzymatic degradation 
(Bielinska et al. 1996; Bielinska et al. 1997; 
Tang and Szoka 1997).

 3. The presence of tertiary amines in the struc-
ture of dendrimers simplifies the release of 
nucleic acid molecules with the help of “pro-
ton sponge” effect (Behr 1997).

 4. Dendrimers bear talented surface which is 
capable enough to modify various functional 
groups as well as other targeting moieties.

 5. Specific delivery of nucleic acids at a targeted 
location makes dendrimers superior over con-
ventional polymers on the grounds of biologi-
cal and chemical properties.

2.6  Quantum Dots (QDs): 
Potentials in Biomedical 
and Pharmaceutical 
Research

QD also is known as semiconductor nanocrys-
tal, which consists of two basic parts, i.e. “core” 
and “shell”, in which electrons in semiconduc-
tors invigorate to an excited state after receiv-
ing energy and emit radiations on returning to 
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the ground state (Fig.  2.9) (Valizadeh et  al. 
2012). Over the past few years, ODs have 
emerged as an impactful tool in biomedical 
research in the form of fluorescence imaging. 
The rationale behind QD’s popularity is attrib-
uted to their enormous utility as luminous prob-
ing tool and as carrier for biomedical solicitation 
(Bera et  al. 2010). QDs bear a wide range of 
applicability, but their size range especially 
between 1 and 10  nm allows them to glow 
remarkably upon excitation by various light 
sources especially lasers. Along with success of 
QDs in biomedical imaging (Wagner et  al. 
2019), QDs have also been utilized in clinical 
and translational research. Among which, one 
of the most significant applications of QDs is in 
drug delivery since they have the capability of 
explicating the pharmacokinetic and pharmaco-
dynamics characteristics of therapeutic agents, 
which proffers the opportunities of fabricating 
principles for further drug and carrier engineer-
ing. In the subsequent sections, we will try to 
explore various potentials of QDs in 
pharmaceuticals.

2.6.1  Quantum Dots in Drug 
Delivery

The ability of QDs to specifically target debili-
tated cells and preclude healthy cells made QDs a 
potential option in drug delivery. Along with this, 
QDs can be easily loaded as fluorescent labels 
into complicated architecture or we can say com-
plex drug delivery systems which proves them as 
impactful candidates in theranostic applications 
(Matea et al. 2017). Zhao et al. exploited hybrid 
silica nanocapsules in theranostic approach by 
loading them with ZnSe:Mn/ZnS core shell and 
anticancer drug paclitaxel; they utilized the set in 
chemotherapy and fluorescent imaging. The 
results of the study depicted solubility enhance-
ment of paclitaxel up to 600 times (Zhao et  al. 
2017). Tailoring of QDs with various elements 
and allotropes has also come up as a good option 
in drug delivery; in one of the recent studies, gra-
phene QDs were conjugated with neuroprotec-
tive peptide glycine-proline-glutamate and tested 
in APP/PS1 transgenic mice to combat against 
Alzheimer’s disease. Results furnished exciting 

Fig. 2.9 Structure of QDs

2 Nanoformulations in Human Health Conditions: The Paradigm Shift



34

outcomes, the set-up promoted inhibitory effect 
on the accumulation of amyloid-β fibrils and the 
population of newly generated neuronal precur-
sor cells substantially increased (Xiao et  al. 
2016). Some of the research findings also 
reported about applications of QDs in diabetes 
treatment; Bahshi et  al. reported about glucose 
concentration monitoring with the help of QDs. 
Catalysis of glucose dehydrogenase (GDH) takes 
place in the presence of glucose through the pro-
duction of NADH; in the study, Bahshi and co- 
workers fabricated methylene blue-loaded QDs 
with Hops Yellow Core Shell EviDots (CdSe/ZnS 
QDs) in order to track glucose oxidation by 
NAD+-dependent GDH. Results depicted detec-
tion limit of glucose of up to 1 × 10−5 M (Bahshi 
et al. 2009).

2.6.2  Quantum Dots as Biosensors

QDs have also made their strong position in the 
field of biodetection analysis since they have the 
capability of accelerating the sensitivity and its 
reliability. Li et  al. conducted fruitful research 
on exploring the potential of QDs in detection 
of levels of ceruloplasmin in human plasma. 
Ceruloplasmin is a very important enzymatic 
molecule of human blood since it consists more 
than 95% of total copper in individual’s plasma, 
and low levels of this component indicate seri-
ous health concerns like Wilson disease and 
Menkes disease. Li and co-workers fabricated 
QDs with lateral flow test strip which was uti-
lized to smidgen the quantity of ceruloplasmin. 
Results depicted that the developed system was 
proficient enough to measure 1 ng mL−1 nitrated 
ceruloplasmin just within 10  min (Li et  al. 
2010). In another study by Deng et  al., QDs 
were utilized as biosensor in miRNA conjec-
ture. In this exploration, QDs were utilized as 
splendid photostable names that preferred great 
discovery effectiveness for the biosensor. A tar-
get-recycled enhancement system dependent on 
sequence-specific barrette strand relocation pro-
cess without the help of chemicals was further-
more acquainted with the framework to expand 

affectability. The detecting stage could distin-
guish miRNAs in the focus scope of 2–200 fmol 
with a point of confinement of 200 amol. In 
addition, miRNA examination in different 
tumour cell concentrates was tantamount with 
quantitative real-time polymerase chain 
response. The potential down-to-earth utiliza-
tion of the technique was additionally examined 
by testing clinical tumour tests, and a dominant 
part of the examples (16 of 20) delivered a posi-
tive flag that showed incredible guarantee for 
straightforward and early disease conclusion 
(Deng et al. 2017). Similarly various researches 
are under progress which will soon make QDs a 
market success.

2.6.3  Quantum Dots in Cell 
Labelling

QDs possess a widespread absorption profile, due 
to which they can be excited at any wavelength 
which makes them an ideal candidate for long- 
term multicolour cell labelling. QD bears the 
advantage of being resistant towards photo-
bleaching in contrast to traditional organic dyes. 
One of the studies from the past depicted poten-
tial utilization of QDs in which actin filaments 
were targeted by utilizing phalloidin by exposing 
to streptavidin and biotinylated QDs in a double- 
packed layered system; charged QDs success-
fully labelled the nucleus (Bruchez et al. 1998). 
In another study, QDs were labelled with trans-
ferrin and delivered into HeLa cells and com-
pared with plain QDs; result depicted successful 
delivery of transferrin-labelled QDs. This study 
proved QDs as potential performer as fluoro-
phores inside the cells, which can be utilized as 
successful strategy for intracellular delivery 
(Chan and Nie 1998). From there on several 
exploratory findings reported about cellular 
labelling by QDs. Jaiswal and co-workers uti-
lized luminescent QDs to label live cells and 
determine their utility in long-term multicolour 
imaging. They developed two process systems, 
one for endocytic uptake of QDs and another for 
selective labelling of cell surface protein on the 
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conjugation of QDs with antibodies. Results fur-
nished positive outcomes in the form of consis-
tently labelled cells which retained for more than 
a week (Jaiswal et al. 2003).

2.6.4  Quantum Dots in Diagnostics

QDs are also known for their high photolumines-
cence (PL), extinction coefficients and 
 photostability characteristics which parade inter-
esting photosensitive and electrical behaviours. 
These properties have accelerated immense inter-
est among research persons working on relation-
ship between quantum computing and high 
sensitivity in vivo diagnostics, which give birth to 
numerous productive outcomes that revolutionized 
the world of medical and pharmaceutical science.

2.6.4.1  Immunolabelling
QDs are miniscule light-transmitting particles on 
the nanometre scale and signify another class of 
fluorescent marks for medical and pharmaceutical 
science. In contrast to traditional fluorophores, 
organic colours and fluorescent proteins, QDs 
have exceptional optical properties, presenting 
focal points for biomedical application. These are 
size-adjustable symmetric, limited discharge 
range, expansive assimilation range and high pro-
tection from photobleaching. In malignant growth 
diagnostics, fluorescent nanoparticles, for exam-
ple, QDs combined with malignancy explicit 
focusing on bearers are exceedingly encouraging 
operators for fluorescent labelling and assurance 
of resistant status of tumours, just as for picturing 
of fringe metastases (Gao et al. 2004).

2.6.4.2  Nucleic Acid Detection
Two-shading natural colours are typically uti-
lized for happenstance recognitions and single- 
pair fluorescence reverberation vitality transfer 
detection (spFRET) (Wabuyele et al. 2003); con-
versely their utilitarian restrictions, for example, 
the spectral crosstalk and non-uniform fluoro-
phore photograph fading rates, make resulting 
evaluation examination obfuscated. In alternate 
to this, QDs have expansive excitation and size- 

tunable photograph glow spectra with limited 
emanation data transfer capacity (fullwidth at 
half-limit of ~25–40  nm), remarkable photo-
chemical steadiness and relative high quantum 
yield (Bruchez et  al. 1998; Chan et  al. 1998; 
Patolsky et  al. 2003; Alivisatos 2004; Medintz 
et al. 2005). QDs have been utilized as fluores-
cent markers in the genomic examination, immu-
noassay, fluorescence imaging and medication 
delivery. Over the past recent few years, they 
have been utilized as a FRET benefactor in bio-
sensors to recognize DNA and protein (Zhang 
et al. 2005).

2.6.4.3  Toxicity Quantification
Every individual sort of QD has its own kind of 
physicochemical properties, which thusly decides 
its potential poisonous quality or scarcity in that 
department. When all is said and done, there are 
errors in the present literature with respect to the 
poisonous quality of QDs that can be credited to 
a few factors: the absence of toxicology-based 
examinations, the assortment of QD dose/intro-
duction fixations as mentioned in various litera-
ture and the generally shifting physicochemical 
properties of individual QDs (Akerman et  al. 
2002). Concentrates explicitly intended for toxi-
cologic evaluation (e.g. portion, term, recurrence 
of introduction, instruments of activity) are not 
many. Huge numbers of the examinations from 
which QD toxicity data is determined and that 
have been referred to in reference to QD poison-
ous quality were performed by nanotechnology 
specialists as opposed to toxicologists or wellbe-
ing researchers (Aldana et al. 2001).

Significantly, and a potential cradle of disar-
ray in evaluating QD toxicity, QD toxicity 
relies upon various variables from both indi-
vidual QD physicochemical properties and 
natural conditions: QD estimate, charge, focus, 
external covering bioactivity (topping mate-
rial, utilitarian gatherings) and oxidative, pho-
tolytic and mechanical solidness have each 
been demonstrated to decide factors in QD tox-
icity (Beaurepaire et  al. 2004). For instance, 
some QDs have been observed to be cytotoxic 
simply after oxidative or potentially photolytic 
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debasement of their centre coatings. Lastly, in 
light of the fact that QD dose/introduction 
focuses revealed in the literature differ in their 
units of estimation (e.g. milligrams per millili-
tre, molarity, milligrams per kilogram body 
weight, number of QDs per cell), relating mea-
surement crosswise over current investigations 
is testing.

2.7  Liposomes: Leading 
to Nanopharmaceuticals

Nanoliposomes (NPs) are modified artefacts of 
liposomes, having lipid vesicles of nanosized 
range (Abreu et al. 2011). NPs bear similar phys-
ical, structural and thermodynamic characteris-
tics similar to liposomes except one factor, that 
is, stability. The bilayer lipid vesicle system in 
NPs imparts them long-term stability which con-
serves their nano-metric size range during stor-
age and application (Mozafari 2010). Over the 
past few years, NPs have gained immense popu-
larity in targeted therapy, which can be achieved 
via both mechanisms, i.e. active and passive. NPs 
provide freedom of fabricating or conjugating 
them with various bioactive/carrier systems to 
one or more targeting ligands like tissue or cell- 
explicit molecules in order to acquire active tar-
geting (Sun et  al. 2019). On the other hand, 
passive targeting is executed by complexation of 
NPs with bioactive carriers and release of bioac-
tive agents from complex in vivo sites explicitly 
(Riaz et  al. 2018). NPs have shown significant 
success in various medical conditions, especially 
in diabetes.

Prevalence of diabetes especially type II needs 
no more introduction now. Its increasing inci-
dences worldwide are demanding novel and 
potential approaches for its better and stable ther-
apeutic management. In contrast to conventional 
therapy, several novel approaches have been 
introduced so far in order to combat type II dia-
betes, among which NP formulation systems 
have satisfied formulation scientists up to a con-
siderable limit. In one of the famous and recent 
studies, Yücel and co-workers established the 

forte of NPs in enhancing the potential of popular 
anti-diabetic molecule resveratrol (RSV). In the 
study, researchers had developed two different 
RSV-loaded NP systems and assessed them for 
anti-diabetic performance and oxidative stress. 
Results showed that novel NP system has signifi-
cantly reduced blood glucose level in diabetic 
cell groups along with extended antioxidant 
activity against oxidative stress in contrast to 
pure RSV solution (Yücel et al. 2018).

2.8  Challenges 
for Nanoformulations

Augmentation in the efficacy of active thera-
peutic moieties and their ameliorated uptake is 
the chief factor behind evolution of nanoformu-
lation system of drugs. In addition, try-outs on 
nanoformulations of drugs are consistently 
under progress with a motive to overcome con-
cerns associated with conventional formulation 
system like stability of the developed formula-
tion; improvisation in drug delivery; prevention 
of drugs from pre-expected degradation; and 
satisfactorily meeting FDA quality, standards 
and regulations. But the fulfilment of these cri-
teria is not so easy for pharmaceutical research 
and industries formulating nanoformulations. 
The significant rationale behind this difficulty 
is the high propensity of nanoformulations 
towards self-aggregation especially at lower 
concentrations, eventually leading to deprived 
stability of final formulation (Barenholz et  al. 
1993; Barenholz 2012) and crucial variations in 
entrapment efficiency of drugs which are prob-
ably due to high polydispersity indexing 
(Tiyaboonchai 2003; Kharia et al. 2012). This 
speculation is supported by some research find-
ings conducted in the past. For example, 
Berenholz and team fabricated doxorubicin in 
nanoformulation to improvise its efficacy, but 
unfortunately outcomes weren’t fruitful. 
Doxorubicin underwent self- aggregation 
because of elevated ionic efficiency which 
enlarged its size and ultimately affected its sta-
bility (Barenholz 2007; Gabizon and Barenholz 
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2010) and solubility in biological solutions 
(Liu et al. 2008).

Similarly one of the remarkable formulation 
“nanocapsules” works on mechanism of “swell-
ing” in order to deliver drug at targeted site, but 
this mechanism turned upside down for formula-
tors since the intended swelling increases the size 
of formulation, which understandably affects the 
bioavailability and solubility (Choi et al. 2006) of 
the drug. However, trials are still being carried 
out to resolve this issue, e.g. in one of the recent 
researches, fruitful outcomes have come up, in 
which a pH-sensitive coating agent is utilized to 
control the swelling mechanism up to an  optimum 
limit (Iyisan and Landfester 2019). With these 
obstacles, it is very difficult for pharmaceutical 
research and industries to successfully meet FDA 
standards and GMP criteria, and eventually this 
aspect makes nanoformulations ineligible for 
large-scale production.

2.9  Conclusion and Future 
Prospects

Undoubtedly, NNI initiation has done and will 
continue to put significant influence in the prog-
ress of novel therapeutic, diagnostic and/or ther-
anostic methodologies. The amazing 
amalgamation between nanoscience, nanotech-
nology and pharmaceuticals unlocked several 
new horizons, which set new platforms for dis-
covery and development of novel formulation 
systems. Upcoming researchers will get new 
opportunities for effective utilization of distinc-
tive characteristics of nanosized materials in 
pharmaceuticals, which can combat critical and 
prevailing medical conditions with more impact. 
In addition, the focus must also be given on 
exploring new ways for manufacturing of nano-
pharmaceuticals at large scale along with satis-
factory compliance with FDA standards and 
regulations, so that applicability of engineered 
nanopharmaceuticals can be taken to the next 
level and their fruitful applications can be made 
to produce nanomedicines with extraordinary 
benefits for clinical outcomes.
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Abstract

Nano-drug delivery carriers have fascinated 
researchers worldwide for the last two to three 
decades. The nanoformulations are preferred 
over conventional dosage forms as they pro-
vide improved drug solubility, bioavailability, 
drug stability under adverse external or physi-
ological conditions, controlled drug release 
for prolonged action and target specificity 
using ligand binding and many more. Multiple 
essential aspects must be carefully studied and 
implemented for the development of efficient 
drug delivery vehicles. These aspects include 
rationale of nanoparticle preparation; use of 
polymeric or lipid nanoparticle; selection of 
polymer, lipid and excipients; method of prep-
aration; screening of critical formulation or 
process parameters that affect the critical 

quality attributes; optimization of process to 
obtain the desired formulation characteristics; 
characterization of nanoparticles; strategy to 
improve the low entrapment efficiency and 
stability, etc. This chapter comprehensively 
summarizes all these aspects of nanoformula-
tion development and proposes solutions for 
these challenges. Although a variety of nano-
formulations have been described in literature, 
this chapter is restricted to discuss in detail the 
liposomes and polymeric and lipid 
nanoparticles.
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3.1  Introduction

Nanotechnology, a multifaceted development in 
science, has emerged as a breakthrough provid-
ing superiority over conventional technology due 
to robustness, accuracy and higher efficiency 
over the conventional approaches. Specifically, in 
medical science, researchers have explored sev-
eral applications of nanotechnology including 
diagnostics, medical devices, imaging systems, 
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drug delivery, etc. For the past few decades, 
extensive research conducted worldwide has 
directed us to learn the broader and multiple 
applications of nanotechnology in drug delivery. 
The delivery system, with improved pharmaceu-
tical aspects, encapsulating the drug within the 
nanostructured matrix ranging from 50 to 
500 nm, is generally considered as a nano-drug 
delivery carrier. Nano-drug delivery system com-
mendably overcomes the limitation of conven-
tional dosage forms (tablets, capsules, powders, 
gels, etc.) such as low solubility, low bioavail-
ability, frequent dosing, high dose, low stability, 
toxicity, low permeation across the skin and 
many more (Jain et al. 2014a, b, c; Kaler et al. 
2014; Uchechi et al. 2014; Agrawal et al. 2017a, 
b).

Mostly, the nanoparticle matrix is either poly-
meric or lipid-based (solid lipid nanoparticle, 
nanostructured lipid carrier), and the optimiza-
tion process of nanoparticles involves the consid-
eration of several critical issues. Interestingly, the 
rationale of nanoformulation; the selection of 
polymer, lipid and excipients; solvent system; 
and method of preparation further depend upon 
the drug’s physicochemical properties, applica-
tion purpose and route of administration. 
Moreover, the optimization of nanoformulations 
with desired characteristics, improvement of 
drug encapsulation within the matrix and produc-
tion of stable formulation are the most challeng-
ing tasks while preparing the nano-drug delivery 
system. This chapter covers all such aspects pre-
cisely and elaborates on the importance of each 
step during the preparation of nanoformulations.

3.2  Rationale 
of Nanoformulations

Nanoformulations possess several advantages 
over the conventional delivery systems and thus 
were found to have several applications depend-
ing upon the need. Examples of various nanopar-

ticles developed in contemporary research with 
various objectives/rationales are listed in 
Table 3.1. A list of marketed nanoformulation has 
also been provided in Table 3.2.

The rational of developing nanoformulations 
has been illustrated in Fig. 3.1 and described in 
the following sections.

3.2.1  Increase the Solubility 
of Poorly Soluble Drugs

Several studies based on nanotechnology 
approaches to improve the solubility and thus the 
absorption and bioavailability of drugs, which 
ultimately reduces the required dose, have been 
reported (Jain et  al. 2013a, b; Rai et  al. 2016). 
Approximately, 40% of the available drugs in the 
market are either weak acid or weak base and 
mostly suffer from low solubility in water or 
physiological fluids (Lipinski 2002). Even 
though the lipophilic drugs show higher diffu-
sion coefficient and absorbance from the gut, the 
drug with low water solubility (lipophilic) pos-
sesses low bioavailability (dissolution is an 
essential criterion for absorption, and only solu-
bilized or molecularly dispersed drug can diffuse 
across the biological membranes; thus, insoluble 
drugs impede the diffusion of drug across the 
biological membrane). The nanoparticles have 
proven to improve the water solubility of the 
entrapped drug by enhancing the surface area-to-
volume ratio and thereby offer the higher surface 
area for dissolution in  vitro or in  vivo. Thus, 
improving the dissolution rate ultimately 
improves diffusion and bioavailability (Chen 
et  al. 2011). Apart from that, a drug with low 
water solubility requires a higher dose to meet 
the therapeutic need and concentration in blood. 
The nanoparticle efficiently reduces the dose by 
improving solubility, permeation and bioavail-
ability (Hu et al. 2004).

The dissolution phenomenon can be easily 
understood by Noyes-Whitney equation:

 

dC

dt
=

×Diffusion coefficient of thedrug in solution Surfacearea

thiicknessof diffusion layer s× −( )C C
 

(3.1)
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Table 3.1 A summary of different applications of nanoparticles to overcome the challenges of drug delivery

Drug Nanoformulation and objective References
Nanoparticle for improving the solubility and bioavailability
Cyclosporine Solid lipid nanoparticles of cyclosporine developed successfully and 

demonstrated improved water solubility and oral bioavailability
El-Shabouri 
(2002), Potta 
et al. (2010)

Raloxifene Raloxifene loaded HPMC nanoparticles was optimized to improve the 
water solubility

Suthar et al. 
(2011)

Risperidone Spray-dried polymeric nanoparticles of risperidone is fabricated which 
claimed to improve the solubility of drug and its bioavailability

Nair et al. 
(2019)

Vinpocetine Solid lipid nanoparticles of vinpocetine is developed and exhibited 
improved oral bioavailability

Luo et al. 
(2006)

Insulin Dextran sulphate/chitosan nanoparticle enriched with insulin shown to 
improve oral bioavailability due to improved stability

Sarmento et al. 
(2007)

Curcumin Oral bioavailability of curcumin was improved multiple-fold when 
encapsulated in the biodegradable polymeric nanoparticles

Shaikh et al. 
(2009)

Doxorubicin The doxorubicin was efficiently encapsulated in the dendrimers to increase 
its oral bioavailability

Ke et al. (2008)

Nanoparticle reduces the toxicity of drugs
Temozolomide The cardiac toxicity and nephrotoxicity of temozolomide is significantly 

minimized when loaded in the solid lipid nanoparticles. Moreover, the dose 
was also reduced

Huang et al. 
(2008)

Doxorubicin The polyalkylcyanoacrylate nanoparticles of doxorubicin considerably 
reduced the systemic toxicity induced by doxorubicin

Couvreur et al. 
(1982)

Amphotericin B Gelatin nanoparticles of amphotericin B with the objective to reduce the 
dosing frequency and severe nephrotoxicity side effects and toxicity

Nahar et al. 
(2008)

Imaging and diagnosis
Temozolomide Temozolomide-entrapped PLGA superparamagnetic nanoparticles were 

developed successfully for MRI and malignant glioma therapy
Ling et al. 
(2012)

Docetaxel The polymeric nanoparticles simultaneously encapsulating the docetaxel 
and superparamagnetic iron oxide were developed to improve cancer 
targeting and tracking of nanoparticle distribution and aggregation 
simultaneously

Ling et al. 
(2011)

Brain targeting
Doxorubicin This study efficiently improved the brain fluid concentration up to 60 times 

when administered in the form of polysorbate 80-coated biodegradable 
poly(butyl cyanoacrylate) nanoparticles. Polysorbate 80-coated 
nanoparticles proved to achieve the higher brain targeting due to 
endocytosis by the brain blood vessel endothelial cells

Gulyaev et al. 
(1999)

Estradiol The nanoparticle proposed to have higher nose to brain absorption. This 
study proved the nasal-to-brain targeting of the estradiol-loaded chitosan 
nanoparticles as a safe and effective delivery of drug for achieving 
sufficient concentration in the brain

Wang et al. 
(2008)

Rivastigmine Rivastigmine loaded in chitosan nanoparticles was developed to improve 
the brain targeting of the drug for the prevention and treatment of 
Alzheimer’s disease

Fazil et al. 
(2012)

Lactoferrin proved to improve brain targeting across the blood-brain 
barrier. This study proved that lactoferrin-attached PEG-PLA nanoparticles 
improved the brain delivery in vivo

Hu et al. (2009)

PEG-polylactic acid nanoparticle conjugated with TGN and QSH to target 
the amyloid plaques to effectively treat Alzheimer’s disease. TGN bind to 
specific receptor present at the blood-brain barrier, while QSH target 
Aβ1–42, a key component of amyloid plaque, and to improve the contration 
in brain

Zhang et al. 
(2014)

(continued)
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Table 3.1 (continued)

Drug Nanoformulation and objective References
Cancer targeted drug delivery
Cisplatin The Pt(IV)-loaded PLGA-PEG nanoparticles decorated with aptamer 

targeting the prostate-specific membrane antigen on prostate cancer 
demonstrated higher anticancer activity than cisplatin

Dhar et al. 
(2008)

Doxorubicin Integrin αvβ3 receptor was targeted with cyclic pentapeptide cRGD- 
conjugated polymeric micelles of doxorubicin which exhibited enhanced 
concentration of nanoparticles in the tumour due to increased endocytosis 
by tumour endothelium

Nasongkla et al. 
(2004)

Doxorubicin The tumour was actively targeted with anti-MT1-MMP antibody- 
conjugated PEG liposomes of doxorubicin to improve anticancer potential 
and reduce side effect

Hatakeyama 
et al. (2007)

Irinotecan The thermosensitive liposome of irinotecan demonstrating promising 
anticancer results on colon cancer cells due to higher uptake of the 
liposomes

Casadó et al. 
(2014)

Transdermal delivery
Minoxidil Transdermal delivery of minoxidil-loaded poly(ε-caprolactone)-block- 

poly(ethyleneglycol) potentiated the transdermal flux of minoxidil across 
the skin due to lower particle size and improved partitioning in the skin

Shim et al. 
(2004)

Flurbiprofen Lipid nanoparticles of flurbiprofen successfully delivered the drug across 
the skin by transdermal route. The aim of the study was to improve the 
short half-life and circumvent the high first-pass metabolism

Bhaskar et al. 
(2009)

Triamcinolone 
acetonide acetate

Evaluated the permeation efficiency of solid lipid nanoparticles of 
triamcinolone acetonide acetate across the stratum corneum when 
administered with iontophoresis

Liu et al. (2008)

Aceclofenac Chitosan-egg albumin nanoparticles for transdermal aceclofenac delivery 
were prepared to enhance permeation across the skin

Jana et al. 
(2014)

Indomethacin PLGA nanoparticles of indomethacin significantly improved the 
transdermal permeation by iontophoresis

Tomoda et al. 
(2011)

Melatonin Lecithin/chitosan nanoparticles for transdermal delivery of melatonin 
proved to have high permeation flux compared to pure melatonin

Hafner et al. 
(2011)

Ophthalmic drug delivery
Indomethacin The solid lipid nanoparticle and nanostructured lipid carrier enhanced the 

availability or concentration of indomethacin in posterior chamber of eye 
when administered by ocular route. The enhanced bioavailability is 
perhaps due to higher permeability of lipid nanoparticle across the cornea 
and higher and retention

Balguri et al. 
(2016)

Levofloxacin Polymeric nanoparticles of levofloxacin effectively improve the permeation 
of drug across the cornea in controlled way

Gupta et al. 
(2011)

Carprofen The PLGA nanoparticles of carprofen were developed successfully for 
improving transcorneal permeation to achieve higher anti-inflammatory 
effect

Parra et al. 
(2015)

Dorzolamide Chitosan nanoparticle of dorzolamide was fabricated to improve the 
treatment of glaucoma

Katiyar et al. 
(2014)

Carteolol Carteolol was successfully incorporated in the dendrimer to treat ocular 
hypertension and glaucoma

Spataro et al. 
(2010)

Regenerative medicine and wound healing
Stem cell aligned growth induced by CeO2 nanoparticles in PLGA 
scaffolds with improved bioactivity for regenerative medicine

Mandoli et al. 
(2010)

VEGF and bFGF 
growth factor

Diabetic wounds are chronic condition that displays difficulty in wound 
healing. This study proved that VEGF and bFGF nanoparticle accelerated 
the wound healing process when incorporated in fibrin scaffold

Losi et al. 
(2013)

(continued)
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Here, C is a drug concentration in solution, Cs is 
equilibrium solubility of the drug (the concentra-
tion of drug in diffusion medium is equivalent to 
the Cs), and (Cs – C) represents the concentration 
gradient. So according to Eq. 3.1, the higher the 
surface area of the formulation, the more is the 
dissolution.

3.2.2  Improve the Half-Life 
and Reduce the Dosing 
Frequency

Nanoformulations provide controlled release 
over time which improves the half-life of the 
drug in the systemic circulation which ultimately 
reduces the dosing frequency (Agrawal et  al. 
2015a, b, 2017a, b; Aqil et al. 2017a, b, 2019). 
The drug release is a critical parameter that 
meaningfully affects the performance in  vivo. 
The modification in release profile may bring 
alteration in the onset of action, duration of 
action, drug’s half-life in the systemic circulation 
and consequently therapeutic potential. The drug 
encapsulated within the polymeric or lipid matrix 

of nanoparticles releases in a controlled manner 
for an extended period. The nanoformulations 
improve the systemic half-life of the drugs by 
encapsulating and releasing the drug at a con-
trolled rate for longer duration and, therefore, 
maintain the minimum therapeutic drug level in 
the systemic circulation for longer duration and 
thereby reduce the need of multiple dosing 
(Zhang et  al. 2008; Wen and Park 2010; Aqil 
et al. 2017a, b; Gade et al. 2019).

3.2.3  Reduce the Toxicity

Typically, the immediate-release dosage form 
may elicit drug toxicity by reaching the systemic 
drug concentration above the maximum tolerable 
dose or if the drugs have inherent fatal toxicity on 
the vital body organ or tissues. Nanoparticle 
modifies the release of drug from the matrix and 
maintains the drug concentration below the max-
imum tolerable concentration or within the thera-
peutic window and, therefore, has the potential to 
reduce drug toxicity. Moreover, the cytotoxic 
drugs (anticancer) are highly toxic and elicit the 

Table 3.1 (continued)

Drug Nanoformulation and objective References
Curcumin The study demonstrated the accelerated wound healing property of 

Curcumin-loaded nanoparticles
Krausz et al. 
(2015)

Improved stability
Camptothecin Camptothecin has low water solubility and lactone ring highly unstable. 

Camptothecin formulation as chitosan nanoparticle improves stability and 
tumour targeting

Min et al. 
(2008)

Insulin Multilayered nanoparticle enhances stability of entrapped insulin in the 
presence of gastric pH and enzyme and improves the absorption of insulin 
across the gut after oral administration

Woitiski et al. 
(2010)

Antimicrobial resistance
Ciprofloxacin Ciprofloxacin loaded in alginate lyase-functionalized chitosan 

nanoparticles significantly eliminated biofilm-mediated P. aeruginosa 
infection. Moreover it also improved the minimum inhibitory concentration 
performance in terms of duration

Patel et al. 
(2019a, b, c, d)

Moxifloxacin Moxifloxacin polybutyl cyanoacrylate nanoparticles demonstrated higher 
internalization in cell and improve the therapeutic efficacy against 
mycobacterium tuberculosis

Kisich et al. 
(2007)

Azithromycin 
and rifampin

Azithromycin and rifampin PLGA nanoparticle significantly reduced 
intracellular chlamydial count, indicating higher therapeutic value of 
nanoparticle due to higher penetration

Toti et al. 
(2011)

Levofloxacin The inhalable polymeric nanoparticle of levofloxacin was fabricated to 
effectively reduce E. coli count in the biofilm established in the airway 
track

Cheow et al. 
(2010)
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fatal adverse events on normal human body cells 
also due to systemic exposure and accumulation 
in the organs. Targeted nanoparticles show selec-
tive accumulation at the diseased site and thus 
protect the normal body cell from unnecessary 
higher drug exposure by releasing the drug at the 
diseased site and reducing the occurrence of 
potential side effects (Jain et al. 2013a, b, 2015a, 
b; Kushwah et al. 2018a, b, c, d). Doxorubicin- 
loaded polyalkylcyanoacrylate nanoparticles 
have been reported to show reduced systemic 
toxicity due to encapsulation and less accumula-
tion at myocardial muscle toxicity (Couvreur 
et  al. 1982). Exosomes (biological nanoparti-
cles), having lipid and protein as major structural 
components, have been reported to reduce the 

general toxicity (Aqil et al. 2016; Munagala et al. 
2017).

3.2.4  Improve the Permeability 
and Retention

The skin has been used as a drug delivery route 
for several therapeutic moieties in the form of 
gels, ointments and lotions. But the low permea-
bility of drugs across the skin due to stratum cor-
neum limits the application of this route only for 
potent drugs (maximum dose of 20 mg per day) 
or for local treatments (skin disease). The advan-
tages of the transdermal route such as avoidance 
of the first-pass metabolism and slow and steady 

Table 3.2 List of FDA-approved drug nanoformulation for various indications

Drug name
Brand name and 
formulation Mechanism Indication

Approval 
year

Amphotericin B AmBisome®
(liposome)

Monocyte phagocytic system 
(MPS) targeting. Negative 
charge and small size (70–
90 nm) promote the 
accumulation in MPS

Systemic fungal infection 
(intravenous)

1997

Daunorubicin 
citrate

DaunoXome®
(Liposome)

Enhanced permeability and 
retention (EPR) effect contribute 
to elevated concentration in the 
tumour

Intravenous administration 
in HIV-associated 
Kaposi’s sarcoma

1996

Doxorubicin 
hydrochloride

Doxil®
(Stealth 
Liposome; 
100 nm)

Improve the targeting of drug at 
diseased site by enhanced 
permeability and retention

IDS-related KS, multiple 
myeloma, ovarian cancer

1995

Vincristine 
sulphate

Marqibo®
(liposome; 
100 nm)

Passive targeting by EPR effect Acute lymphoid 
leukaemia, Philadelphia 
chromosome-negative

2012

Verteporfin Visudyne® 
(Liposome)

Higher drug solubility imparting 
the easy intravenous 
administration

Ocular histoplasmosis 
syndrome

2000

Amphotericin B Abelcet® (lipid 
based non 
liposomal)

MPS targeting Systemic fungal infections 1995

Aprepitant’s 
nanocrystal

Emend® Improved the bioavailability 
duet to enhanced solubility

Emesis, antiemetic 2003

Rapamycin 
nanocrystal

Rapamune® Improved the bioavailability due 
to accelerated dissolution and 
drug absorption across the gut

Immunosuppressant (oral) 2002

Paclitaxal 
(albumin 
nanoparticle)

Abraxane® Passive targeting via EPR effect Metastatic breast cancer 2005

Leuprolide acetate 
(polymeric 
nanoparticles)

Eligard® Sustained release Advanced prostate cancer 
(subcutaneous)

2002
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release of drugs for a longer period always fasci-
nated the researchers. A variety of inorganic and 
organic nanoparticles, specifically solid lipid 
nanoparticles and nanostructured lipid carriers, 
have been reported to show higher retention 
within the skin and permeation across the skin as 
compared to the conventional dosage form (gels, 
ointment, etc.) (Agrawal et  al. 2010; Tomoda 
et  al. 2011; Kaler et  al. 2014). Similarly, the 
nanoparticles had a profound effect on the ocular 
permeability of the drugs. Nanoparticles signifi-
cantly improve the corneal permeation and 
enhance the ocular bioavailability of drugs 
(Agrawal et al. 2012).

3.2.5  Regenerative Medicine

Nanotechnology has extended its application in 
the area of regenerative medicine including bone 
and neural tissue fabrication. The nanomaterial 
can be easily engineered to produce the crystal 
mineral human structure analogous to the bone 
tissue having the same strength and characteris-
tics. Moreover, several successful attempts have 
been made to regenerate the human organ by 
growing the complex tissue within a day. Apart 
from that, the researchers are also working on 
quick healing of spinal cord injury using gra-
phene nanoribbons, and preliminary studies per-

formed have shown outstanding results with the 
growth of neurons (Engel et  al. 2008; Mandoli 
et al. 2010).

3.2.6  Impart Stability at Different 
Environmental 
and Physiological Conditions

Several drugs, specifically protein-based drugs, 
degrade and lose their activity at various temper-
atures, humidity, sunlight and varying physiolog-
ical conditions such as pH and presence of 
enzyme before it reaches the site of action (Harde 
et al. 2015a, b, c, d, e, f). Nanoparticles can over-
come such limitations by protecting the drug 
within the polymeric or lipid matrix. Several 
studies have proved the protection from degrada-
tion following the encapsulation within the 
nanoparticles. Nanoparticles have demonstrated 
excellent insulin stability in gastric conditions 
and resulted in good oral bioavailability (Agrawal 
et al. 2013; Urimi et al. 2019).

3.2.7  Targeted Drug Delivery

The administered drug reaches every organ or tis-
sue of the body by systemic circulation. So 
achieving the desired drug concentration selec-

Fig. 3.1 Rationales for the design of nanoformulations
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tively at the diseased site, to enhance the treat-
ment efficacy or reduce the possible systemic 
toxicity, remains the foremost challenge for for-
mulation scientists. Nanoparticles offer a larger 
surface area and easy surface modification for 
targeting the specific site using the ligands. These 
ligands are either adsorbed on the surface or 
covalently bind to specific groups present on the 
surface of the nanoparticles for active targeting to 
the pathogenic site. Some of the examples of 
ligands and targets are enlisted in Table  3.1. 
Recently, the potential use of functionalized 
nanoparticles is widely investigated to deliver the 
drug at a specific site for efficient therapy and 
reduced toxicity. These unconventional tech-
niques utilize small molecules, peptides, antibod-
ies, engineered proteins or nucleic acid aptamers 
as ligands (Byrne et  al. 2008, Friedman et  al. 
2013, Agrawal et al. 2015a, b).

3.2.8  Diagnostic Imaging

The imaging techniques, viz. CT scan and MRI, 
depend on the contrast agent administered intra-
venously to evaluate the physiological condition 
and diagnosis of the disease. Apart from rapid 
diagnosis, the contrast agent currently in use has 
some limitation including the lack of specificity 
and potential systemic toxicity. Several investiga-
tions to explore the application of nanoparticles 
in the diagnosis purpose have revealed that 
nanoparticles are more sensitive and provide spe-
cific information without eliciting the significant 
systemic toxic effect (Xie et al. 2010; Rosen et al. 
2011) by providing higher selectivity and accu-
mulation to the targeted site along with the drug 
having therapeutic efficacy.

3.3  Classification 
of Nanoparticles

Nanoparticles can be classified in many ways:

 1. Classification based on origin
 (a) Organic – dendrimer, polymeric nanopar-

ticles, lipid nanoparticles, etc.

 (b) Inorganic  – gold nanoparticles, silver 
nanoparticles, silica nanoparticles, quan-
tum dots, fullerene, etc.

 2. Classification based on application
 (a) Diagnostic
 (b) Imaging
 (c) Therapy

As this chapter is restricted to discuss liposomes 
and polymeric and lipid nanoparticles, a piece of 
brief information is provided here.

3.3.1  Micelles

Micelles are the colloidal spherical arrangement 
of the amphiphilic (have both hydrophilic and 
lipophilic end) lipids or polymers in the aqueous 
system (Fig. 3.2a). Micelles have a hydrophobic 
core and hydrophilic surface. Similarly, the 
reverse micelles with hydrophilic core and hydro-
phobic outer surface can be formed in the organic 
solvent. Micelles can easily accommodate the 
water-soluble drugs in the core and amphiphilic 
moiety within the structure. These are the stable 
arrangement with extended systemic circulation 
due to hydrophilic surface (Letchford and Burt 
2007). Micelles have shown their potential to 
efficiently entrap the lipophilic drug, enhance the 
stability of the drug, penetrate the biological 
membrane and improve the therapeutic potential 
and targeted drug delivery.

3.3.2  Liposomes

Liposomes are bilayer spherical vesicles 
(Fig. 3.2b) made up of amphiphilic phospholip-
ids and cholesterol. Liposomes are biocompati-
ble and proven to be promising carriers for 
hydrophilic as well as hydrophobic drug moi-
eties. The properties including surface charge 
and size may vary with lipid composition and the 
method of preparation. Moreover, the lipid con-
stituents may also alter the rigidity and fluidity of 
the membrane. The phospholipids (unsaturated) 
with natural origin (egg and soybean phosphati-
dylcholine) tend to produce unstable, permeable 
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and more fluidized bilayer; however, the satu-
rated phospholipids, having long acyl chains like 
dipalmitoylphosphatidylcholine, produce com-
paratively more rigid and impermeable bilayer. 
Liposomes have fascinated researchers world-
wide due to the use of physiological phospholip-
ids which have been proven to be biocompatible, 
biodegradable and non-toxic for clinical applica-
tions (Jain et  al. 2012). Most importantly, the 
liposomes can reduce the drug toxicity and target 
the drugs to the diseased site. The liposomes can 
be classified based on their application as a diag-
nostic and therapeutic purpose having entrapped 
various disease markers and bioactive molecules 
(Akbarzadeh et al. 2013).

3.3.3  Lipid Nanoparticles

Solid lipid nanoparticles (SLNs) are the most 
widely used nanoparticles, among the different 
lipid nanoparticles, which are prepared by using 
various physiological solid lipids. Another name 
under this category is nanostructured lipid carri-
ers (NLCs) which are made up of solid as well as 
the liquid lipids and have shown improved encap-
sulation efficiency and stability. Generally, SLNs 
possess similar kind of molecules or crystals and 
on storage, temperature or relative humidity con-
ditions trigger crystalline change from unstable 
state (irregular arrangement of crystal lattice) to 
more stable one (regular crystal) leading to the 
expulsion of encapsulated drug and instability of 
the system. However, NLCs possess two different 

kinds of lipids and thus are unable to rearrange in 
regular shape and provide the regular void for 
drug accommodation and thereby improve drug 
entrapment and stability. Lipid nanoparticles 
have been reported to deliver the drugs through 
various routes to even have liver and brain target-
ing (Müller et  al. 2002; Schäfer-Korting et  al. 
2007). An in vivo study on lipid nanoparticles of 
flurbiprofen reported having improved transder-
mal permeation flux across the skin (Bhaskar 
et al. 2009). Similarly, the solid lipid nanoparti-
cles of indomethacin have been reported to 
improve the transcorneal distribution of indo-
methacin in anterior and posterior lobe (Balguri 
et al. 2016). Several other studies have also been 
summarized to effectively deliver the drugs by 
using lipid nanoparticles (Harde et al. 2015a, b, c, 
d, e, f). A new class of nanoparticles, liquid crys-
talline nanoparticles, has also been reported to 
impart stability and improve the oral bioavail-
ability of proteins (Singh et al. 2018).

3.3.4  Polymeric Nanoparticles

Polymeric nanoparticles, developed by using 
various polymers of either natural or synthetic 
origin, have been widely reported as drug deliv-
ery vehicles (Jain et al. 2015a, b; Kushwah et al. 
2017). The polymeric nanoparticles may further 
be differentiated as nanospheres (Fig. 3.3a) and 
nanocapsules (Fig.  3.3b). In nanospheres, the 
drug is usually distributed uniformly in the poly-
meric matrix, while in nanocapsules, the drug is 

Fig. 3.2 Schematic diagram of micelles (a) and liposomal bilayer (b)
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dispersed or dissolved within the liquid reservoir 
(either aqueous or oil) in the core covered by 
solid polymeric coating.

3.4  Formulation Development 
of Nanoformulation

3.4.1  Selection of Drug

The rationale of nanoparticle development as a 
drug delivery vehicle is dependent upon certain 
limitations associated with the physicochemical 
properties of the drug and the biological barriers 
and the disease’s pathophysiology.

3.4.1.1  Low Water Solubility
Most of the drugs are either weak acid or weak 
base and possess low solubility in water which 
results in poor dissolution rate, leading to poor 
absorption and thus poor bioavailability. 
Ultimately, it affects the pharmacokinetics and 
pharmacodynamics of the drug leading to low 
efficacy, slow onset of action and higher dose to 
achieve effective blood concentration. By entrap-
ping the drug in the molecularly dispersed form 
inside the polymeric matrix, nanoparticles have 
been reported to improve dissolution, bioavail-
ability, onset of action and therapeutic efficacy 
which is further helpful in reducing the dose size.

3.4.1.2  Short Half-Life
The systemic half-life of a drug is the time at 
which half of the total drug reaching the blood 

eliminates from the body. The basic reason for 
fast elimination or short half-life can be high 
polarity (easy renal excretion) or fast metabo-
lism. The drugs with shorter half-life require fre-
quent dosing to keep the effective blood 
concentration within the therapeutic window. 
Nanoparticles entrap the drug in the matrix and 
can overcome the fast metabolism and elimina-
tion. Simultaneously, the nanoparticles release 
the drug in a controlled and sustained way for 
longer duration which helps in maintaining the 
constant blood concentration and thus reducing 
the dosing frequency (Madan et al. 2013).

3.4.1.3  High Toxicity
Some drugs with high therapeutic efficacy induce 
severe systemic toxicity to other vital organs. 
Specifically, anticancer drugs along with their 
cytotoxic effect on cancerous cell induce lethal 
toxicity such as hepatotoxicity, nephrotoxicity, 
bone marrow depression, etc. Developing a nano-
formulation for the delivery may overcome the 
toxicity by the restricted distribution of the 
nanoparticles to the diseased site (Sengupta et al. 
2012).

3.4.1.4  High First-Pass Metabolism
The orally administered drug first undergoes the 
first-pass metabolism in the liver which is a pre- 
systemic metabolic in which fraction of absorbed 
drug is metabolized in the liver by microsomal 
enzymes after absorption from intestine before 
reaching to the systemic circulation. 
Consequently, the required concentration of 

Fig. 3.3 Diagrammatic representation of polymeric nanoparticles: (a) nanosphere and (b) nanocapsule
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drugs in blood is not attained and thus the higher 
dose is needed. Nanoparticles can evade the first- 
pass metabolism by enhancing the absorption of 
the drug from the lymphatic system which does 
not pass through the liver. Moreover, the 
 systemically absorbed nanoparticles efficiently 
avoid the direct exposure of the drug to the 
enzyme and circumvent the metabolism. The 
drugs with the highest first metabolism are pro-
pranolol, raloxifene, morphine, pethidine, diaze-
pam, lidocaine, midazolam, etc. There are several 
reports which indicated the bypass of the first-
pass metabolism following the entrapment of 
drug into the nanoparticles (Yao et al. 2015).

3.4.1.5  Drug with Low Skin/
Ophthalmic Permeation/
Retention

Drugs intended to treat skin diseases or ocular 
ailments or drugs administered by transdermal 
route generally have low retention locally in the 
skin and low ocular and transdermal bioavailabil-
ity perhaps due to low permeation across the 
skin, cornea and other ocular barriers. Several 
studies conducted on the efficiency on nanopar-
ticles prepared for topical, transdermal and oph-
thalmic application proved to improve skin 
retention for local skin therapy, skin permeation 
and corneal permeation, and hence the drugs hav-
ing the above-mentioned problems are good can-
didates to develop nanoformulations (Naik et al. 
2004; Shim et al. 2004; Sahoo et al. 2008).

3.4.1.6  Chronic Pathophysiological 
Conditions

Chronic pathophysiological disease conditions 
such as diabetes, AIDS, tuberculosis and many 
others require long-term treatment regimen. 
Therefore, a strategy that can efficiently reduce 
rapid drug administration is desired for the 
patient’s compliance. Nanoparticles can maintain 
the required drug concentration in blood by 
extending the drug release from hours to several 
days, and hence developing nanoformulations for 
such drugs might be a good approach to improve 
the efficacy (El-Shabouri 2002; Sarmento et  al. 
2007).

3.4.2  Selection of Polymers 
and Lipids

It is mandatory to evaluate some of the parame-
ters before starting the optimization of nanofor-
mulation to achieve the nanoparticles with 
desired particle characteristics (particle size, zeta 
potential, polydispersity index, entrapment effi-
ciency and in vitro release) and the desired thera-
peutic effect. At the same time, toxicity profiling 
is a regulatory mandate to assure the safety of the 
formulation on the human subject. Polymer or 
lipid (Table 3.3) used to form the nano-reservoir 
for the drug is selected based on numerous fac-
tors. The selection of polymers and/or lipids is 
again dependent upon multiple factors.

3.4.2.1  Physicochemical Compatibility 
with the Selected Drug Moiety

The polymer or lipid should not show any 
chemical interaction with the drug to ensure the 
inherent therapeutic activity and avoid the 
unwanted effects. Therefore, various techniques 
such as Fourier transform infrared spectroscopy 
(FTIR), differential scanning calorimetry 
(DSC) and X-ray diffraction are conducted to 
assess the possible interaction among the drug, 
polymer/lipid and other excipients (Patel et al. 
2019a, b, c, d).

3.4.2.2  Biocompatibility and Toxicity
Neither polymer/lipid nor the metabolites should 
elicit harmful effect on human vital organs or tis-
sues on short-term or long-term exposure. 
Therefore, toxicity profiling is very important 
before the selection of any polymer/lipid for 
nanoformulation development.

3.4.2.3  Biodegradability
The nanoformulations intended to be adminis-
tered orally or systemically should be degraded 
in the human physiological environment to con-
firm its easy elimination from the body. The poly-
mers with higher molecular weight may have 
slower elimination and thus may accumulate 
within different body tissues and induce severe 
toxicity (Seymour et al. 1987).
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3.4.2.4  Desirable Particle Size
Polymeric and lipid nanoparticle size increases 
with an increased molecular weight of the poly-
mer and lipid, respectively. Moreover, the lipid 
nanoparticles have been used to have a higher 
particle size range as compared to the polymeric 
nanoparticles. Hence, based on the desired appli-
cation and route of administration, the polymer/
lipid is selected.

3.4.2.5  Anticipated Release Profile
Nanoparticles have shown to have a controlled or 
sustained release profile (Yoo et  al. 1999). The 
molecular weight of polymer/lipid is deciding 
property for the desired release profile. The poly-
mer/lipid with higher molecular weight increases 

the release time for a longer period. Therefore, 
depending on the therapeutic need, the matrix 
component can be selected.

3.4.2.6  Inherent Properties of the Drug
This is a very common practice to select either the 
polymeric matrix or lipid matrix based on the drug 
solubility characteristic and its logP value. At the 
same time, the drug solubility in the lipids is deter-
mined to achieve the maximum possible encapsu-
lation while optimizing the SLNs and NLCs.

3.4.2.7  Surface Charge 
and Permeability

The nature of the surface charge on the nanopar-
ticles determines the interaction of particles with 
body cells and tissues.

Table 3.3 Classification of different polymers and lipids generally used for the development of nanoformulation for 
the drug delivery purpose

Polymers
Based on origin
Natural Chitosan, alginate, albumin, cellulose
Semisynthetic Methyl cellulose (MC), carboxymethyl cellulose (CMC), hydroxypropyl methylcellulose 

(HPMC), dextrin
Synthetic Polyacrylamate, Poly epsilon caprolactum (PCL), Poly lactic acid (PLA), Poly glycolic acid 

(PGA), Poly-lactic acid co glycolic acid (PLGA)
Based on structure
Linear Poly glycolic acid (PGA), Poly-lactic acid co glycolic acid (PLGA)
Branched chain Poly (amidoamine) (PAMAM), Poly(propylene imine) (PPI), Polyether-copolyester (PEPE)
Stimuli-responsive polymers
Thermoresponsive Xyloglucan, N-Isopropylacrylamide (NIPAAm), Poloxamers
pH sensitive Carbopols, Chitosan
Ion sensitive Gellan gum, Sodium alginate

Lipids
Based on physical state
Liquid Hydrogenated oils, Compritol
Solid Triglycerides (e.g. tristearin), Diglycerides (e.g. glycerolbahenate), monoglycerides (e.g. 

glycerol monostearate), fatty acids (e.g. stearic acid, Behenic acid), steroids (e.g. cholesterol)
Based on source
Natural Cholesterol, Phosphocholine
Semisynthetic 1,2-Dipalmitoyl-sn-glycero-3-phosphocholine, 

1,2-Dipalmitoyl-sn-glycero-3-phosphoethanolamine
Synthetic Dioleoylphosphatidylcholine, Dioleoylphosphatidylethanolamine, 

Distearoylphosphatidylethanolamine
Based on structure
Phospholipids Phosphatidylcholine, Phosphatidylinositol, Phosphatidylserine
Sphingolipids Sphingomyelins
Glycerolipids Digalactosyldiacylglycerols
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3.4.2.8  Nonirritant
The formulation intended for the topical or 
ophthalmic purpose should be evaluated for the 
irritancy potential on the skin before the use. 
Therefore, the irritancy is one of the criteria to 
be considered while selecting the polymer or 
lipids for delivering a drug through these 
routes.

3.4.3  Selection of Solvents

The solvent system is a liquid vehicle used to pre-
pare the solution or suspension of a particular 
compound for carrying out the experimentation. 
The solvent may be aqueous or organic. USFDA 
has classified the solvents into four different 
classes (Dixit et al. 2015) based on permissible 
residual limit in the formulation or drug 
products.

Class 1 The use of class I solvent is prohibited 
owing to its fatal toxicity on human or harmful 
effects on the environment until their use is nec-
essary to complete the process for obtaining the 
product of significant therapeutic value. In that 
case, the residual limit should be validated 
according to the ICH Q3C guidelines, and the 
residual limits with their harmful effects are 
listed in Table 3.4.

Class 2 These solvents are again toxic and not 
allowed to use in drug unless mandatory. The 
permissible limit of residual solvents, of class 2, 
is shown in Table 3.5.

Class 3 The solvents belonging to this category 
are least toxic and have a lower risk to human 
health. None of the solvents in this class produce 
toxicity at its accepted limit level. The permissi-
ble quantity that can be allowed for human uptake 
is 5000  ppm or 50  mg/day or less without any 
prior clarification. The available data of toxicity 
is for short-term exposure and has never elicited 
genotoxicity. However, long-term toxicity and 
carcinogenic assessment on chronic exposure is 
needed to be performed for many of these sol-
vents. The solvent of this class is depicted in 
Table 3.6.

While preparing the nanoparticles, selection 
of organic solvents or the combination of sol-
vents, volume and their ratio affect the critical 
quality parameter of the final product and hence 
the selection of solvent should be done carefully 
to optimize the product. Moreover, solvent selec-
tion for any pharmaceutical manufacturing 
mainly depends on the following criteria:

3.4.3.1  Toxicity
As described above the solvent system used for 
any process or manufacturing should be less 
toxic, or the use of solvents with high toxicity 
should be justified and should be limited. 
Moreover, the residual limit should be main-
tained according to the guidelines.

3.4.3.2  The Solubility of Drugs/
Excipients

Most of the experiments and manufacturing pro-
cesses are performed in the solubilize state or by 
preparing the suspension, and there comes the 

Table 3.4 Different solvent in class 1 category

Class 1
Solvent Residual limit Toxicity/concern
Benzene 2 Carcinogenic
Carbon tetrachloride 4 Toxic and environmental hazard
1,2-Dichloroethane 5 Toxic
1,1-Dichloroethene 8 Toxic
1,1,1-Trichloroethane 1500 Environmental hazard
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role of solvents. Therefore, solubility is one of 
the critical parameters while selecting the solvent 
to get the product with the desired quality and 
high yield.

3.4.3.3  Volatility
Most of the drugs and excipients are solubilized 
in the organic solvents, and hence the use of an 
organic solvent is necessary for manufacturing 
purposes. However, organic solvent provokes 
human toxicity at a certain level. The solvent 
used should be volatile for easy removal after 
completion of the process.

3.4.4  Selection of the Excipients/
Surfactants

According to the USFDA guideline, any sub-
stances intended to human use should be “gen-
erally recognized as safe (GRAS)”. Excipients 
are the chemicals or substances commonly used 
as drug carriers, bulking agents, disintegrators, 
binders or surfactants. Each class has a specific 
and important role in optimizing the product 
with the desired characteristic while preparing 
the drug product. Specifically, surfactants play 
a critical role in attaining stable nanoparticles 
with higher drug encapsulation and are reported 
to increase the oral bioavailability of a variety 
of nanoformulations (Jain et  al. 2017; Shilpi 
et al. 2017). The surfactant may be anionic, cat-
ionic or non-ionic, and depending upon the 
intended use, the appropriate surfactant is 
selected. The regulatory authority needs assur-
ance in terms of safety and efficacy data for 
approval of particular excipients. Besides sev-
eral other factors, the following are the impor-
tant factors that are considered before the final 
selection of the surfactant for formulation 
development.

3.4.4.1  Toxicity
On selecting the particular excipients, safety in 
clinic remains a major concern. The excipient 
should not be toxic. Therefore, long-term toxicity 
and short-term profiling need to be checked, if 
available, or evaluated, if not available.

Table 3.5 FDA-approved class 2 solvent with their per-
mitted daily exposure and residual limit

Class 2

Solvent

Permitted daily 
exposure (mg/
day)

Residual 
limit (ppm)

Acetonitrile 4.1 410
Chlorobenzene 3.6 360
Chloroform 0.6 60
Cyclohexane 38.8 3880
Cumene 0.7 70
1,2-Dichloroethene 18.7 18.7 1870
Dichloromethane 6.0 600
1,2-Dimethoxyethane 1.0 100
N,N- 
Dimethylacetamide

10.9 1090

N,N- 
Dimethylformamide

8.8 880

1,4-Dioxane 3.8 380
2-Ethoxyethanol 1.6 160
Ethyleneglycol 3.1 310
Formamide 2.2 220
Hexane 2.9 290
Methanol 30.0 3000
2-Methoxyethanol 0.5 50
Methylbutyl ketone 0.5 50
Methylcyclohexane 11.8 1180
Methylisobutylketone2 45 4500
N-Methylpyrrolidone 5.3 530
Nitromethane 0.5 50
Pyridine 2.0 200
Sulfolane 1.6 160
Tetrahydrofuran 7.2 720
Tetralin 1.0 100

Table 3.6 FDA-approved least toxic class 3 solvents per-
mitted to be used in drug products

Class 3 solvents
Acetic acid Heptane
Acetone Isobutyl acetate
Anisole Isopropyl acetate
1-Butanol Methyl acetate
2-Butanol 3-Methyl-1-butanol
Butyl acetate Methylethyl ketone
tert-Butylmethyl ether 2-Methyl-1-propanol
Dimethyl sulfoxide Pentane
Ethanol 1-Pentanol
Ethyl acetate 1-Propanol
Ethyl ether 2-Propanol
Ethyl formate Propyl acetate
Formic acid Triethylamine3
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3.4.4.2  Inertness
The compound/surfactant should be inert, i.e. 
should not interact chemically or physically, 
which may affect the efficacy of the drug product 
in terms of lost or diminished therapeutic activity 
or may exhibit toxicity.

3.4.4.3  Required Surface Charge
Depending upon the use and application, the sur-
factant can be utilized during the preparation of 
nanoparticles to impart specific charges (positive 
or negative). Charged particle stability depends 
on the zeta potential; however, non-ionic surfac-
tants are long-chain polymers that provide stabil-
ity by steric hindrance. Surfactant molecules 
adsorb on the newly formed nanoparticle surface 
while processing and provide stability and also 
prevent drug expulsion from the matrix. Therefore, 
the surfactant is the key factor for optimizing the 
formulation with the highest stability and encap-
sulation efficiency (Khdair et al. 2008).

3.4.4.4  Application
Excipients/surfactants are chosen based on the 
area or route of administration because the excip-
ients used topically may have toxicity on sys-
temic consumption. Therefore, the surfactant and 
excipients can also be grouped based on topical 
and systemic use.

3.4.5  Selection of Method 
of Preparation

There are several methods enlisted in the litera-
ture for the preparation of the drug nanoparticles. 
The selection of the method depends on the type 
of nanoparticles and physicochemical properties 
of polymer and drug. Factors which influence the 
choice of the apposite technique are enlisted 
below:

• The solubility of drug and polymer
• Thermal sensitivity of the drug
• Type of nanoformulations

Several methodologies, commonly practised 
to fabricate the different kinds of nanoparticles in 
contemporary research, are elaborated below.

3.5  Method of Preparation 
for Polymeric/Lipid 
Nanoparticles

3.5.1  Solvent Evaporation Method

Solvent evaporation technique is the most exten-
sively used process for nanoparticle preparation 
of hydrophobic drug and polymer. Briefly, there 
are two phases, one organic containing the dis-
solved drug and polymer and second aqueous 
phase supplemented with the desired surfactant 
to form the o/w emulsion (appropriate concen-
tration). The organic phase is gradually mixed 
to the aqueous phase to produce the o/w type 
emulsion followed by high-speed homogeniza-
tion or sonication to produce the desired 
nanoparticle size. Finally, the solvent is allowed 
to evaporate to initiate the polymer precipitation 
by reducing the pressure or by continuous stir-
ring. The commonly used solvents are dichloro-
methane, chloroform or ethyl acetate. In this 
method, the particle size can be controlled by 
adjusting the polymer concentration, stabilizer, 
sonication time, viscosity of organic phase, 
homogenization speed and temperature (Lee 
et al. 2006).

3.5.2  Double-Emulsion 
and Evaporation Method

This is the modification of the solvent evapora-
tion method to overcome the limitation to suc-
cessfully incorporate the hydrophilic drug in the 
nanoparticles up to a maximum extent. Precisely, 
the drug-containing aqueous phase is added to an 
organic system containing w/o type emulsifier to 
form the primary w/o emulsion. Subsequently, 
the primary w/o emulsion is steadily mixed with 
a surfactant solution to produce the w/o/w emul-
sion at high homogenization speed. Eventually, 
the system is kept for the solvent removed to 
obtain the nanoparticles. The polymer concentra-
tion, drug quantity, organic to aqueous ratio and 
homogenization speed are the crucial factors that 
majorly affect the particle size and entrapment 
efficiency of the nanoparticles (Zambaux et  al. 
1998).
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3.5.3  Solvent Displacement/
Precipitation Method

This is one of the frequently used methods for 
preparing the nanoformulations of hydrophobic 
drugs. Moreover, this technique can be efficiently 
utilized to obtain the nanoparticles of thermosen-
sitive drugs. Concisely, a water-miscible organic 
solvent is selected to dissolve the drug and poly-
mer and form the organic phase. The most fre-
quently used organic solvent is acetone; however, 
ethanol can also be used. Secondly, the preformed 
polymeric organic phase is injected slowly at a 
particular rate in the surfactant-rich aqueous 
phase. The surfactant system is kept at a mag-
netic stirrer at an optimized speed sufficient 
enough to break the drops and produce the 
 nano- droplets. Once the organic phase comes 
into contact with water, it starts diffusing in water 
gradually due to hydrophilic affinity. The diffu-
sion of organic solvent leads to supersaturation 
and nucleation of drug-polymer and induces the 
formation of nanoparticles. Formulation param-
eters such as drug/polymer ratio, polymer quan-
tity and organic-to-aqueous phase ratio can be 
optimized to achieve the desired nanoparticle 
characteristics. Likewise, process parameters, 
viz. stirring rate and injection rate, also affect the 
quality of the particle (Lince et al. 2011).

3.5.4  Coacervation or Ionic Gelation 
Method

Nanoparticle formulation by ionic gelation 
method depends upon the alteration of pH of 
polymeric solution and formation of electrostatic 
bonding between the charged group of the poly-
mer and the crosslinking agents (sodium TPP). 
This method is commonly employed to prepare 
the nanoparticles of hydrophilic polymers such 
as gelatin, sodium alginates and chitosan. For 
making the chitosan nanoparticles, the aqueous 
solution of chitosan in acetic acid is mixed with 
polyanion sodium tripolyphosphate (TPP) with 
continuous stirring. The anionic phosphate group 
of TPP is crosslinked electrostatically with an 
amino group of chitosan and forms the coacer-

vates of nanosize range. The existence of strong 
electrostatic interaction between two aqueous 
phases results in the conversion of liquid into a 
gel-like matrix (Fan et  al. 2012; Harde et  al. 
2014).

3.5.5  Supercritical Fluid Technology

Unlike all the above conventional techniques, 
supercritical fluid techniques do not require the 
use of organic solvents. Apart from that, super-
critical fluid technology produces particles with a 
minimum size and uniform size distribution. It 
may be considered as the second-generation 
method for the preparation of nanoparticles 
which is not harmful to the environment and 
health but requires specialized equipment and 
supercritical fluids. These are the fluids that 
remain in the liquid phase and unaffected by 
pressure above its critical temperature. The most 
commonly used cheap, non-toxic supercritical 
fluid is CO2. This technique of nanoparticle prep-
aration involves two major methods:

• Supercritical fluid anti-solvent technique 
(SAS)

In this method drug solution in an organic sol-
vent (anti-solvent) is mixed with supercritical 
CO2. The quick dissolution of supercritical CO2 
into organic solvent results in the precipitation of 
drug molecules in the form of nanoparticles 
(Reverchon 1999). The nanoparticles of a hydro-
philic drug such as dexamethasone phosphate 
have been successfully prepared using this 
technology.

• The rapid expansion of supercritical solution 
(RESS)

In this method, drug and polymer are directly 
solubilized in the supercritical fluid and sprayed 
through the nozzles for expansion. Rapid expan-
sion results in an abrupt decrease in pressure 
leading to precipitation in the form of nanoparti-
cles (Sun et  al. 2005). The nozzle size, type of 
supercritical fluid, spraying rate and polymer 
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concentration affect particle size and particle size 
distribution significantly.

3.5.6  Polymerization Method

This method was firstly reported for the grafting 
of nanoparticles using the polymerization of 
butyl cyanoacrylate into polybutyl cyanoacrylate. 
This method involves the preparation of nanopar-
ticles using the monomer and can be easily con-
trolled to attain the required particle size and 
uniform particle distribution. Interestingly, the 
drug can be either incorporated in the polymer-
ization medium before polymerization or 
adsorbed on the nanoparticle surface after polym-
erization. Particle size and other particle 
 characteristics can be controlled by optimizing 
the concentration of the monomer in the reaction 
mixture, surfactant concentration and reaction 
time (Gnanakan et al. 2009).

3.5.7  High-Pressure 
Homogenization

High-pressure homogenization is an extensively 
employed technique to produce solid lipid 
nanoparticles and nanostructured lipid carriers on 
a laboratory scale. It can be further classified as 
cold homogenization and hot homogenization.

• Hot homogenization

In this technique, the drug is dissolved or dis-
persed evenly in the lipid melt and homogenized 
at high speed in the melt state only. Finally, the 
preformed dispersion is homogenized at high 
pressure to form the nanoparticles. Unfortunately, 
this method cannot be applied to thermos- 
sensitive drugs (Jenning et al. 2002).

• Cold homogenization

The SLNs and NLCs of highly temperature- 
sensitive drugs can be obtained by using cold 
homogenization. At the same time, hydrophilic 
active moiety, which might show phase separa-

tion in water, can be entrapped into the lipid 
nanoparticles using this technique. The drug is 
dissolved in the lipid matrix on short time expo-
sure cooled down to produce solid mass and 
micronized. Finally, the micronized particles are 
dispersed in an aqueous solution containing sta-
bilizer and homogenized at high pressure to 
achieve the nanoparticles.

3.6  Preparation of Liposomes

Liposomes can be fabricated by several methods 
reported in the literature (Akbarzadeh et  al. 
2013). The following section briefly describes 
such methods to prepare liposomes.

3.6.1  Membrane Hydration Method

The membrane hydration technique is the most 
commonly used method to produce large unila-
mellar vesicles (LUV). The organic solution 
(usually chloroform and ethanol combination) of 
lipid is placed in the round bottom flask and 
allowed to rotate with the simultaneous applica-
tion of vacuum to form the thin lipid layer in the 
round bottom flask. Further addition of aqueous 
phase and rotation without vacuum result in the 
formation of LUVs. Both hydrophobic and 
hydrophilic drugs can be incorporated by adding 
in the lipid solution at the time of film formation 
or aqueous solution at the time of hydration, 
respectively. These LUVs can be converted to 
small unilamellar vesicles (SUVs) by using soni-
cation or extrusion.

3.6.2  Mechanical Dispersion 
Methods

There are various methods categorized under 
mechanical dispersion for liposome preparation:

• Sonication

Sonication is the most preferred method to 
prepare liposomal formulation. The multilamel-
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lar vesicles (MLVs) are sonicated to produce 
SUVs by using sonic energy. Even being most 
preferred method, the sonication process is asso-
ciated with some limitations in terms of polydis-
persity, low entrapment, low vesicular internal 
volume, metal contamination, phospholipid’s 
degradation, high energy wave generates the high 
temperature in the formulation that may degrade 
temperature-sensitive active compounds (pro-
teins, peptides).

• French pressure cell

This method is preferred for the temperature- 
sensitive (proteins and peptides) compounds that 
cannot be entrapped into the liposomes by soni-
cation. It does not affect the internal structure of 
proteins and peptides and is therefore preferred 
for sensitive molecules. Precisely, preformed 
MLVs are passed through the fine orifices of the 
French press at high pressure to generate the 
small vesicles. Moreover, the stability of SUVs is 
higher concerning the expulsion of the drug from 
the liposome compared to those formed by soni-
cation. Unlike the sonication, it can process only 
very low volume at a time.

3.6.2.1  Solvent Dispersion Methods
• Ether injection (solvent vaporization)

In this method, the lipid solution prepared in 
the diethyl ether or in a combination of methanol 
is slowly injected to the buffer at a temperature 
above the melting point of lipid or under reduced 
pressure. Subsequently, the solution is kept under 
reduced pressure to eliminate the ether and initi-
ate the formation of liposomal vesicles. The 
major drawbacks of this method are (1) forma-
tion of an azeotropic mixture of ether with water 
which is difficult to remove from the final formu-
lation and (2) production of a heterogeneous 
population of liposomes.

• Ethanol injection

Lipid is dissolved in the ethanol instead of 
ether in this process and gradually injected into 
the excess aqueous buffer to create the MLVs. 

Finally, the formulation is allowed to remove the 
ethanol under reduced pressure. Moreover, het-
erogeneous vesicle formation and the presence of 
residual ethanol in the final formulation are the 
major drawbacks associated with this method.

• Reverse phase evaporation method

Reverse phase evaporation technique is an 
advanced method for achieving the liposomes 
with high entrapment efficiency (maximum up to 
65%) for hydrophilic moiety and high aqueous 
space to lipid ratio. Interestingly, this method 
forms the inverted micelles. Concisely, the lipid 
dissolved in an organic solvent is dispersed in the 
aqueous buffer supplemented with drug and sub-
sequently sonicated to arrange the phospholipid 
molecule into liposomal vesicles. Finally, the 
inverted micelles are generated while removing 
the organic phase gradually from the mixture 
under vacuum. The isopropyl ether, diethyl ether, 
chloroform and their mixture are the most com-
monly used organic solvents for dissolving phos-
pholipid. Moreover, the method has already been 
investigated for encapsulation of several com-
pounds including small, medium and large mol-
ecules. Major drawbacks include the residual 
solvent and denaturing of sensitive molecules 
like proteins and peptides.

3.6.2.2  Microencapsulation Vesicles 
(MCV)

The MCV is a highly reproducible preparation 
technique for liposome that competently creates 
the liposome with uniform particle size and 
higher entrapment efficiency. This method can 
encapsulate the water-soluble, lipophilic as well 
as amphiphilic drugs. The drugs can be dissolved 
either in the aqueous phase or organic phase 
before the preparation of liposome. The method 
is a two-step process; initially, w/o emulsion is 
prepared by dispersing the lipid dissolved in the 
organic phase in the aqueous phase with continu-
ous stirring. Finally, the primary w/o emulsion is 
gradually added to the water to produce the 
w/o/w emulsion and kept at stirring to remove the 
organic phase using the vacuum and produce the 
liposome (Nii and Ishii 2005).
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3.7  Identification of Variables

There are mainly two kinds of variables:

 1. Dependent variable/critical quality attributes
 2. Independent variables/formulation/process 

variables

3.7.1  Critical Quality Parameters or 
Dependent Variables

Critical quality attributes are the characteristics 
of the final formulation that will have a direct 
impact on the therapeutic performance of the 
developed formulation. These are also known as 
dependent variables because their values depend 
on the independent variables. So before starting 
the optimization of the process for fabricating 
the quality product, quality parameters are 
needed to be identified, and the desired limit 
should be set. Particle size, polydispersity index 
(PDI), zeta potential and entrapment efficiency 
are generally considered as major dependent 
variables for any kind of nanoformulation. 
Particle size is an important parameter as it 
directly affects the nanoparticle uptake, while 
PDI is responsible for the homogeneity of the 
formulation. Zeta potential plays a crucial role in 
nanoformulation’s stability as well as cellular 
uptake, while entrapment efficiency is a direct 
measure of the efficiency of the delivery vehicle 
in carrying the maximum amount of drug to the 
target site.

3.7.2  Formulation and Process 
Factors or Independent 
Variables

After setting the limits of desired quality attri-
butes, critical formulation or process parameters, 
which significantly affect the critical quality 
attributes of the formulation, need to be identified 
to further optimize the process. Depending on the 
method, type and formulation, there are several 
factors (Sharma et  al. 2016) that play a crucial 
role in achieving the quality product. The identi-

fied parameters that affect the quality of nanopar-
ticles are as follows:

 (i) Organic-to-aqueous phase ratio
 (ii) Drug-to-polymer/lipid ratio
 (iii) Amount of polymer/lipid
 (iv) Surfactant concentration
 (v) Homogenization speed
 (vi) Working temperature
 (vii) Sonication time
 (viii) Vacuum pressure
 (ix) Rotation speed
 (x) Homogenization time
 (xi) Injection rate
 (xii) pH of the working solutions

Depending on the extent of their influence on the 
quality, the factors are selected for further opti-
mization while keeping the remaining factors 
constant. The factors and their required levels can 
be designated based on the knowledge, previous 
studies reported in the literature and experimen-
tal approach. In an experimental approach, keep-
ing all other factors constant, a single factor is 
varied to measure its influence on particle size, 
PDI, zeta potential and entrapment efficiency. At 
last, depending on the comparative analysis of 
data for each factor, significantly affecting fac-
tors are selected for the final process to be 
optimized.

3.8  Optimization of Process 
and Product

Process optimization is a step where all the criti-
cal steps are controlled to produce the product 
with desired quality. Similarly, in nanoformula-
tions, the process and formulation parameters 
affecting the process and formulation quality are 
identified and controlled to obtain the product 
with predefined quality.

Once the critical quality attributes and the 
factors affecting those attributes are identified, 
experiments are designed with the varying com-
bination of independent levels to obtain the 
nanoparticles with desired particle size, PDI, 
zeta potential and entrapment efficiency. The 

3 Preformulation Challenges: The Concept Behind the Selection, Design…



62

formulation with the best set of nanoparticle 
responses is selected as optimized and further 
evaluated for the respective studies. Design of 
experiments, a statistical tool, is now available to 
get the formulation with desired quality attri-
butes (Turk et al. 2014).

3.9  Design of Experiments

It is a statistical method to optimize the formu-
lation systematically. It involves the well-orga-
nized experimental approach to design the 
experiments and attains the optimized product 
by finding the optimized levels of variables 
from the statistical analysis of responses (for 
dependent variables) obtained in the experi-
ments. Simultaneously, with optimized levels, it 
also explains the effect of variables on the 
response and their interaction. The design of 
experiments is an emerging tool for pharmaceu-
tical product development that ensures the qual-
ity, safety and efficacy of the drug products. 
Moreover, it reduces the time consumption and 
resource wastage and improves process 
performance.

The design of experiment is completed in four 
basic steps:

 1. Based on the requirements, a number of fac-
tors and their selected levels, experiments 
are generated using the various DOE 
models.

 2. Experiments are performed and the responses 
are recorded for each experiment set.

 3. Statistical analysis of data to predict the opti-
mized level of each independent variable along 
with the predicted response. Moreover, it also 
generates the polynomial equation elaborating 
on the effect of the variables on the responses.

 4. The optimized batch with predicted levels is 
prepared, and the responses are compared 
with predicted responses to determine the 
standard deviation (should not be more than 
10% to assure the authenticity of the 
process).

During optimization, various models can be 
used from preliminary screening of factors to 
select their level and for the final study of their 
effect. It will again depend on the formulator to 
choose a suitable model for study and help in 
minimizing the experimentation time.

3.10  Factorial Design

Though the factorial design is ideally chosen for 
the screening of primary factors affecting the for-
mulation to further design the experiments, it can 
be used to optimize the process also (Vandervoort 
and Ludwig 2002). There are several numbers of 
factorial designs available and selected according 
to suitability:

• Two-level factorial designs

2–21 factors with two-level (−1–1) can be 
studied at a time by full and fractional designs 
each factor to only two levels. Fractional factori-
als are an effective method to screen out the fac-
tors having a significant effect on the process and 
product. At the same time, it can predict the effect 
of factor interaction.

• General factorial designs

This is a special experimental design in which 
factors (1–12 maximum) have a different level (2 
to 299) used to determine the critical factor. The 
method generates all possible combinations of 
factors with different levels.

• Plackett-Burman designs

This is a useful technique to evaluate up to 31 
factors by assuming that the factors do not pos-
sess a significant effect.

• Taguchi designs

Not more than 63 factors can be studied simul-
taneously. There are number of designs available 
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based on the number of factors to reduces the 
number of experiments.

3.11  Response Surface Design 
Selection

Response surface method (RSM) designs quanti-
tatively determine the effect of various factors on 
the responses in terms of a polynomial equation 
and plot them as a surface plot to elaborate the 
effect. Moreover, it predicts the optimized level in 
the space with predicted responses from the statis-
tical analysis of the responses generated in the 
experiment for a designed set of experiments. The 
levels are predicted by the desirability method; 
the desired responses selected (maximum or min-
imum or may be quantitatively selected) over the 
range of stable responses consequently predict the 
optimized level point. For this method, the level 
of the factor should be defined numerically or 
quantitatively. All the responses can be predicted 
with a combined set of factors.

3.12  Box-Behnken Design

When the process has three to ten factors to opti-
mize and had three levels, the Box-Behnken is 
preferred. This design requires only three levels, 
coded as −1, 0 and +  1. The advantage of this 
design over the other is that very few experiments 
are needed to attain the designs with anticipated 
statistical properties. The quadratic model is the 
best model to explain the obtained findings and 
effect of a single factor or interaction of factor on 
the response, as the factors only have three levels 
and have been reported to optimize a variety of 
nanoformulations for oral immunization (Harde 
et al. 2015a, b, c, d, e, f).

3.13  Central Composite Design 
(CCD)

The CCD is a widely preferred response surface 
method to design the experiments and optimize 
the process (Hao et al. 2012). It can be divided 
into three groups of design points:

 (a) Two-level factorial or fractional factorial 
design points

 (b) Axial points
 (c) Centre points

3.14  Mixture Design Selection

This method is generally preferred over another 
method if:

 1. The components add to a fixed total. For 
instance, A is 10% of the mixture, B is 30% 
and C is the remaining 60%. If the percentage 
of one component is increased, then the per-
centage of one or more of the other compo-
nents must be decreased. If the component 
amounts do not depend on each other, then 
response surface designs should be preferred 
over mixture designs (Choisnard et al. 2005).

 2. The response must be a function of the pro-
portions of the components. For example, the 
flavour of ice cream depends on the relative 
proportions of the ingredients, not on the total 
amount of ice cream. If the response is not 
related to the ingredient proportions, then 
response surface designs should be used.

3.15  Characterization 
of Nanoparticles

There are various characterization methods per-
formed to evaluate the quality of the nanoparti-
cles. The characterization techniques are depicted 
in Fig. 3.4 and briefly described below.

3.15.1  Particle Size 
and Polydispersity Index

Particle size and polydispersity index are very 
important parameters for any nanoformulation as 
they may directly affect the therapeutic perfor-
mance (Harde et al. 2015a, b, c, d, e, f). Particle 
size analysis is conducted by photon correlation 
spectroscopy also called dynamic light scatter-
ing. The particle size is obtained as a function of 
correlation of scattered intensity to the particle’s 
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diffusion coefficient. It measures the change in 
the intensity of scattered light during the analysis 
concerning the volume of particles. The polydis-
persity index is a measure of particle distribution 
over the size range. The higher polydispersity 
index is the indication of heterogeneity in the 
particle size range.

3.15.2  Zeta Potential

The zeta potential has been considered as one of 
the very important parameters for the nanofor-
mulation optimization as this is considered as 
stability of nanoformulations in suspension form 
(Harde et al. 2015a, b, c, d, e, f). The zeta poten-
tial measurement is based on the movement of 
charged nanoparticles dispersed in liquid in the 
direction of cathode or anode (depending on the 
charge on NPs) on applying the electric field in 
the sample. Briefly, the electric field is applied 
across the sample to induce mobility. Further, the 
electrophoretic mobility is determined in terms 
of the ratio of nanoparticle velocity and the elec-
tric field. Finally, the zeta potential is calculated 
using the Henry equation.

3.15.3  Entrapment Efficiency

Entrapment efficiency is calculated to find out the 
total drug encapsulated within the nanoparticles. 
The entrapment efficiency can be measured by 
either direct method or indirect method. The 
direct method measures  the drug entrapped 
within the nanoparticles while in the indirect 
method the unentrapped drug is determined to 
calculate the drug entrapped within the nanopar-
ticles (Harde et al. 2015a, b, c, d, e, f).

3.15.4  In Vitro Release

Determining the in vitro release is a very impor-
tant parameter to predict the in vivo response in 
different physiological pH conditions (Das et al. 
2014; Jain et al. 2014a, b, c). The nanoparticles or 
the formulation to be tested is suspended in the 
simulated physiological fluid or buffer of particu-
lar pH maintained at 37 °C and constant stirring. 
The conditions vary according to the route of 
administration to mimic the corresponding physi-
ological conditions. The samples of dissolution 
medium are collected at various time intervals 

Fig. 3.4 Various 
characterization 
techniques employed to 
evaluate the 
nanoformulations
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and analysed using the UV spectroscopy or 
HPLC depending on the suitability and sensitiv-
ity, to determine the drug concentration. Finally, 
the amount of drug released is calculated for each 
sampling period.

3.15.5  Scanning Electron Microscopy 
(SEM)

SEM has been widely reported to study the shape 
and surface morphology of a variety of novel for-
mulations (Choudhary et al. 2010). This is direct 
visualization of prepared nanoparticles. Along 
with shape and morphology, actual particle size 
can also be measured by SEM. Before SEM anal-
ysis, properly diluted nanosuspension is dried 
over the copper strip and coated with gold to 
make it electrically conducting using the coater 
equipment. Then the coated nanoparticles are 
scanned by an electron beam over the focused 
area, and the secondary electron emitted from the 
surface is collected to attain the evidence about 
the surface morphology and shape of the 
particles.

3.15.6  Transmission Electron 
Microscopy (TEM)

In addition to the SEM, transmission electron 
microscopy is an excellent and widely reported 
tool for determining the exact shape and particle 
size of the nanoparticles (Jain et al. 2014a, b, c). 
A high potential electron beam is bombarded on 
the thin sample prepared in the metallic mesh 
(TEM grid), and once the electron beam interacts 
with the surface of the particles, it transmits the 
electrons which are captured by the detector to 
generate the crystal structure and shape and cal-
culate the particle size. High-resolution TEM is 
an accurate technique generally applied to evalu-
ate the quality, shape, size and density of nanopar-
ticles. The TEM utilizes the high-potential 
electron for analysis rather than using the light 
rays. The magnification of TEM is much higher 

than other imaging techniques as the technique 
uses a low-wavelength electron beam.

3.15.7  Fourier Transform Infrared 
Spectroscopy (FTIR)

Fourier transform infrared spectroscopy is an 
analysis technique that determines the presence 
of specific functional groups in the compound in 
the form of transmittance peak in FTIR spectra 
corresponding to specific wavenumbers. During 
the processing, the drug may interact physically 
or chemically with the formulation component 
and can lose the activity or may elicit unwanted 
toxicity. FTIR is one of the widely conducted 
studies to assess the possible interaction (Patel 
et al. 2019a, b, c, d). Loss of peak corresponding 
to a specific functional group in the drug or 
appearance of some unknown peak in the spectra 
indicates the interaction. Moreover, the technique 
also qualitatively evaluates the drug entrapment 
in polymeric or lipid matrix.

3.15.8  Differential Scanning 
Calorimetry (DSC)

DSC is a thermal analysis usually conducted to 
define the melting point, glass transition temper-
ature and melting enthalpy. This information can 
give us an idea about the crystalline nature quali-
tatively or quantitatively. Moreover, the interac-
tion can also be evaluated with a significant shift 
in the melting point of the drug (Patel et  al. 
2019a, b, c, d). The sample equivalent to 
10–20  mg is placed in the metallic pan and 
scanned over a certain temperature range. The 
endothermic peak gives the value of the melting 
point, while the disappearance of endothermic 
peak or intensity reduction signifies the loss of 
crystalline structure or conversion of the drug 
into an amorphous form. The % crystallinity can 
be calculated from the melting enthalpy. Melting 
enthalpy is directly proportional to crystallinity, 
and by keeping the pure drug 100% crystalline, 
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the crystallinity of another sample can be 
obtained.

3.15.9  X-Ray Diffraction (XRD)

XRD is performed to determine the crystalline or 
amorphous structure of a compound and can be 
considered a universally accepted technique for 
the determination of drugs following the entrap-
ment within the nanoformulation (Patel et  al. 
2019a, b, c, d). For taking the XRD spectra, the 
powdered sample is placed on the goniometer 
and thrown with the X-ray beam at a varying 
angle of diffraction (2θ; 10–80°). The diffracted 
beam of X-ray is collected by the detector to gen-
erate the X-ray diffraction pattern. The X-ray dif-
fraction pattern of crystalline material exhibits 
high-intensity diffraction peaks at certain diffrac-
tion angles and has a specific arrangement for a 
particular compound. However, the amorphous 
compound does not possess a highly intense dif-
fraction pattern. Interestingly, the nanoparticles 
convert the crystalline material into amorphous; 
thus, XRD is employed to determine the change 
in the crystalline structure of the drug.

3.16  Major Challenges

Though research in the field of nanomedicine has 
attained considerable success, very few nanofor-
mulations got FDA approval in the last two to 
three decades of nanomedicine research. The 
safety, efficacy, scalability and regulatory com-
pliance for nanoformulations are the major 
challenges.

3.17  Safety or Toxicity

Manufacturers have the responsibility to submit 
the appropriate and sufficient human toxicity 
data to regulatory agencies for approval of the 
drug product to assure the safety of drugs 
intended to be used in the clinic. The companies 

have to perform preclinical and clinical trials to 
generate sufficient toxicity data to fill the new 
drug application (NDA) or investigational new 
drug application (INDA) for FDA approval. 
Therefore, pharmacokinetics should be studied 
for any new product proposed for therapeutic use. 
Intensive study of the absorption, distribution, 
metabolism and excretion to establish complete 
pharmacokinetic profile to ensure safety is 
needed.

3.18  Scalability

Scalability, a process of manufacturing at an 
industrial level for clinical use, is a major chal-
lenge faced by the manufacturers. The optimiza-
tion of the process for the efficient production of 
nanoformulations on a large scale is a difficult 
task. The unavailability of capable equipment, 
process controls and trained personnel and non-
compliance with current good manufacturing 
practices pose impediments to manufacturing the 
nanoformulations at commercial level. Moreover, 
the unavailability of clear-cut regulatory guide-
lines is another challenge in maintaining quality 
standards.

3.19  Conclusion

Nanoformulations have been presented as a solu-
tion to overcome many of the challenges with 
conventional drug delivery; however, critical 
evaluation of different process and formulation 
variables, viz. selection of the right delivery sys-
tem, polymer/lipid and solvent, method of prepa-
ration and exhaustive characterization, is needed 
to develop nanoformulations with the desired 
quality attributes for better therapeutic perfor-
mance. Although extensive research in this field 
has resulted in the development of a handful of 
clinically approved products, finding a biocom-
patible material with minimal possible toxicity 
and scalability is the major issue that needs 
attention.
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Abstract

Since the emergence of the concept of ther-
anostics in 1998, the field has constantly 
evolved. With a unique amalgamation of 
diagnostic and therapeutic applications, ther-
anostics has gained profound attention from 
researchers worldwide. More recently, 
researchers have attempted to augment the 
paradigm with the concept of “nanotheranos-
tics,” which offers multimodal medical and 
biomedical applications. “Nanotheranostics” 
are specially devised drug delivery systems/
nanoformulations that comprise nanocarriers/
nanoparticles for theranostics applications. 
“Nanotheranostics” confers special attributes 
to theranostics, thereby potentiating their effi-
cacy. Spurred on by advances in material 
chemistry and nanoformulations, scientists 
have exploited distinctive electrical, magnetic 
and optical properties of several types of 
nanocarriers for theranostics applications. 
The present chapter discusses the nanocarri-
ers of several types for diverse applications in 
disease state monitoring, treatment monitor-

ing, personalized medicine, image-guided 
drug delivery, molecular imaging and phar-
macogenomics. Besides offering the above-
stated advantages, nanotheranostics can offer 
a safer and more efficient therapy to the 
patients, obviating redundant treatment and 
saving overall cost of therapy. Other aspects 
such as biological processes governing ther-
anostics fundamentals, their applications in 
several diseases and medical conditions, reg-
ulatory aspects, commercial aspects and 
future perspectives have been discussed in the 
chapter.
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4.1  Introduction

The term “theranostics” was coined in 1998 by 
John Funkhouser to address the integrated sci-
ence of therapy and diagnosis (Idée et al. 2013). 
Hence, theranostics can be ascribed as a multidis-
ciplinary therapeutic paradigm, utilizing innu-
merable imaging, therapeutic and targeting 
agents, enabling real-time diagnosis and thera-
peutic drug monitoring in the future of personal-
ized medicine.

Although the term theranostics was coined in 
late twentieth century, the use of theranostic for-
mulations dates back to 1940s. Thus, the concept 
of theranostics is not entirely new to the field of 
medicine. It started with the use of radionuclides 
in diagnosis as well as in therapy. The use of 
radioactive iodine (I-131)-based formulation was 
first reported in 1941 by Saul Hertz for diagnosis 
and treatment of hyperthyroidism. In 1946, radio-
active iodine was first ever to be reported for 
metastatic thyroid cancer therapy. Moreover, the 
biochemical moiety “Haem” was utilized in diag-
nostic imaging for cancer in the 1920s. Another 
biochemical moiety “phthalocyanine” was also 
used in positron emission-based diagnosis around 
the 1950s, whereas “porphyrin” was used as a 
contrast agent in magnetic resonance imaging 
around the 1980s. Since its inception till date, 
theranostics has been fostering remarkable tai-
lored and targeted therapy.

Theranostics is most widely employed in the 
treatment of the majority of inflammatory dis-
eases such as cardiovascular disease, neurode-
generative disease and cancer. Neurodegenerative 
diseases such as Alzheimer’s, Parkinson’s, epi-
lepsy and Huntington’s have been investigated 
for treatment with theranostics. The majority of 
cardiovascular diseases such as atherosclerosis, 
ischemia, hypertension, myocardial infarction 
and thromboembolism are potentially fatal and 
require precise treatment measures offered by 
theranostics nanomedicine. Further, life- 
threatening diseases such as cancer (breast, lung, 
brain, pancreatic and colon), multiple sclerosis 
and some of the autoimmune diseases are also 
reported to have been investigated for the employ-
ment of theranostics. The global theranostics 

market size was estimated at USD 6.22 billion in 
2017 and is anticipated to gain significant trac-
tion over the coming years. Theranostic nano-
medicine has offered promising and potential 
medical intervention by taking advantage of the 
high-payload nanoconstructs for both imaging 
and therapeutic function biomedicine (Bulte and 
Modo 2008). The advantages and disadvantages 
of theranostic delivery systems have been sche-
matized in Fig. 4.1.

4.2  Fundamentals Governing 
Nanotheranostics

The use of nanotechnology in the field of medi-
cine is emerging and expanding, since advances 
in scientific research spurred in the late twentieth 
century. Numerous examples of nanomedicines 
exist that have undergone thorough and extensive 
research from preclinical stage to clinical stage. 
Moreover, various nanocarrier-based systems 
have been extensively investigated such as lipo-
somes, micelles, dendrimers and inorganic 
nanoparticles. These systems can be modified 
into less toxic, multifunctional and biocompatible 
nanoscaled vectors that have an enhanced biodis-
tribution. In contrast to small molecules, ther-
anostics nanomaterials render paramount 
potential in enhancing site-specific delivery of 
pharmacological agents. Moreover, multifunc-
tionality of these theranostics agents depicts supe-
rior therapeutic efficiency and reduced adverse 
effects. Such diversified theranostics nanoplat-
forms are fabricated by combination of drugs and 
contrast agents for simultaneous imaging and 
therapy intended for active as well as passive tar-
geted and controlled drug delivery. Engineering 
multifunctional theranostic nanoparticles present 
numerous challenges as mentioned below:

 1. Limited choice of materials with inherent 
imaging and therapeutic properties which can 
be employed for designing such systems.

 2. Inherent toxicity of individual components.
 3. Lack of adequate storage and loading capacity 

as well as insufficient or inconsistent in vivo 
stability.
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 4. Complex fabrication process posing practical 
difficulties for industrial scalability and a high 
degree of variation in batch production.

 5. Manufacturing cost incurred is often high.
 6. Regulatory obstacles which impede clinical 

translation, development and progress.

Designing an ideal theranostics formulation 
requires a thorough screening and careful evalua-
tion of drug and excipients. For example, a con-
trast agent for imaging in ideal conditions 
functions via faster binding to the target tissue 
and rapid systemic clearance, whereas drug 
delivery approach requires prolonged systemic 
circulation to achieve maximum uptake by target 
tissue. Similarly, physical characteristics and 
parameters of drug-loaded cargos (e.g. lipophilic 
drugs, lipophobic image contrast agent and poly-
ionic nucleic acids) are subjected to considerable 
variation in order to achieve effective and opti-
mum loading capacities by using different mate-
rials and strategies. Thus, it becomes difficult for 
any approach to provide a generalized theranos-

tics platform for diverse applications. In order to 
integrate theranostics with nanotechnology, one 
must have a clear understanding of nanoscaled 
materials and their inherent physicochemical 
properties.

Nanoparticles can be defined as nanostruc-
tured constructs with particle size range of 10 nm 
to few hundred nanometres. In comparison with 
atoms or molecules, the nanoparticulate system 
possesses a significantly high surface area-to- 
volume ratio. Nanoparticulate systems are 
designed in particular fashion to enhance its mag-
netic, optical, electrical and immunological prop-
erties. Moreover, the technological advancements 
have enabled us to harness and alter their poten-
tial for utilization and widespread applications. 
These systems can be modulated into different 
sizes and shapes, surfaces, porosity and polarity. 
Theranostics nanoplatforms have been integrated 
with several stimuli-responsive agents, thereby 
enhancing their theranostics potential and pro-
viding a more accurate diagnosis as well as 
higher therapeutic efficiency and precision. 

Fig. 4.1 Advantages and disadvantages offered by theranostic delivery systems
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The  stimulus can be classified as endogenous 
(e.g. pH, enzymes, hypoxia and redox) and exog-
enous (e.g. temperature, light, ultrasound, mag-
netic field). Furthermore, enzymes possessing 
inherent characteristics such as a high degree of 
relevance in several diseases in presence of pre-
cise and specific substrate selectivity and high 
catalytic activity are more likely and widely 
employed candidates for designing stimuli-
responsive theranostics. Mechanism of catalysis 
mainly involves redox reaction with substrate 
leading to bond formation or cleavage. Numerous 
research studies have depicted widespread use of 
proteases, kinases, oxidoreductases and phospha-
tases in fabrication of stimuli-responsive sys-
tems. As a representative endogenous stimulus, 
enzymes are involved in a variety of key physio-
logical processes and exhibit altered expression 
levels in many disease-associated microenviron-
ments. For example, several enzymes such as 
proteases and phosphatases present high expres-
sion levels, which have been considered as bio-
markers for the diagnosis and treatment of cancer, 
inflammation and neurodegeneration. A few 
examples of popularized commercial theranos-
tics are listed in Table 4.1.

The following sections focus on various nano- 
vectors, their applications in theranostics as well 
as their toxicity, pharmacokinetics, characteris-
tics and compositions.

4.3  “Nanotheranostics”: 
Nanomaterials 
for Theranostics Applications

4.3.1  Biomedical Imaging 
and Therapeutic Payloads

Imaging can provide valuable information about 
tissue composition, morphology and function, as 
well as quantitative descriptions of many funda-
mental biological processes. In recent years, bio-
medical imaging science has matured into a 
distinct and coherent set of ideas and concepts, 
and it has attained a position of central impor-
tance in medical research. In particular, numer-
ous studies have been published on how imaging 
is evolving from qualitative visual depictions of 
anatomy into a science that contributes quantita-
tive measurements of a variety of biomedical pro-
cesses. Biomedical imaging is a useful tool for 
measuring the biodistribution, targeting and 
elimination of nanostructures in real time. This is 
especially needed at the whole organism level. In 
order to provide sufficient imaging contrast, 
 biomedical nanodevices can be designed with 
reporting functions or moieties that provide a sig-
nal in conventional medical imaging modalities. 
These include gamma scintigraphy, magnetic 
resonance imaging (MRI), computed tomogra-
phy (CT), positron emission tomography (PET) 

Table 4.1 Commercial theranostic products

Brand name Agent/system employed Intent Reference
Resovist® Superparamagnetic iron oxide 

nanoparticles
MRI contrast agent in patients with 
liver diseases such as cirrhosis and 
hepatocellular carcinoma

Reimer and Balzer 
(2003)

Supravist® Ultrasmall superparamagnetic 
iron oxide nanoparticles

MRI contrast agent in patients with 
multiple sclerosis and nephrogenic 
systemic fibrosis

Neuwelt et al. (2009), 
Engberink et al. (2010)

Neotect® Technitium 99 m Depreotide Used in oncotherapy for diagnosis 
and treatment.

Weiner and Thakur 
(2005)

Zevalin® Yttrium-90 labelled 
ibritumomab and rituximab

Radioimmunotherapy for non-
Hodgkin’s lymphoma

Goldsmith (2010)

Bexxar® Iodine-131 labelled 
tositumomab

Folatescan™ Technetium-99 m etarfolatide 
or Technetium-99 m EC20

Treatment of rheumatoid arthritis, 
metastatic renal cell carcinoma and 
ovarian carcinoma

Naveed et al. (2004), 
Matteson et al. (2009), 
Marchetti et al. (2014)

Lipiodol® I-131 poppy seed oil Radiocontrast agent in 
hepatocellular carcinoma

Dumortier et al. (2014), 
Gallicchio et al. (2016)

S. Khot et al.
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and ultrasound (US) imaging. Additionally, digi-
tal radiography such as X-ray imaging has pro-
duced a spectrum of methods for interrogating 
intact 3D structure of the body non-invasively. A 
variety of new microscopies have also flourished, 
making use of novel phenomena such as non- 
linear photon interactions and the sensing of 
atomic forces at surfaces. Of these, the functional 
imaging modalities are particularly useful given 
that nanomedicine targets processes at the cellu-
lar and molecular level.

Biomedical imaging involves the complex 
chain of acquiring, processing and visualizing 
structural or functional images of living objects or 
systems, including extraction and processing of 
image-related information. Several techniques are 
utilized for optical imaging such as near- infrared 
(NIR) fluorescence imaging (Hong et al. 2017; Hu 
et al. 2017), photodynamic therapy (Näkki et al. 
2017) and photoacoustic and photothermal imag-
ing therapy (Rong et  al. 2015). Ultrasound-
assisted imaging and therapy is another effective 
non-invasive method that can be utilized in 
designing potential theranostics (Emi et al. 2019). 
Moreover, nuclear chemistry is an effective and 
useful tool for imaging and therapy by utilizing 
radiolabeled nanoparticles. With the help of radio 
imaging techniques, these radiolabeled nanopar-
ticles can be successfully employed for theranos-
tics in cancer and other therapeutic applications 
(Liu et  al. 2015; Dai et  al. 2018). Theranostics 
nanomaterials are designed based on their physi-
cal and chemical properties such as optical, mag-
netic, thermal and radioactive properties.

In contrast to the conventional approach of 
using a single imaging tool, recently researchers 
are adopting multiple imaging approaches. The 
multi-imaging approach or multimodal approach 
has been extensively investigated in preclinical 
and clinical research. Few examples of multi-
modal approach are the use of a combination of 
imaging techniques such as MRI/PET, MRI/CT, 
MRI/PET/US, etc. Recently discovered photo-
acoustic imaging is yet another multimodal 
approach which serves as theranostics platform. 
This technique especially offers high-level preci-
sion and accuracy in imaging of endophytic 
tumours in contrast with other single modal 
imaging. Photoacoustic imaging possesses an 

ability to convert light signals into ultrasound, to 
yield a high contrast optical image and ultrasonic 
spatial resolution with deep tissue penetration in 
a single modality. Photoacoustic imaging has a 
wide range of applications in multiscale and 
multi-contrast visualization from cells to organs 
and anatomy to physiology. Moreover, innova-
tions in photoacoustic techniques have rendered 
even better and advanced imaging, such as photo-
acoustic microscopy, photoactivated localization 
microscopy, stochastic optical reconstruction 
microscopy, confocal microscopy, photoacoustic 
endoscopy and CT (Liu et al. 2016).

The therapeutic payload includes a wide array 
of bioactives like the small molecules, peptides 
and proteins which are loaded with a carrier sys-
tem for enhancing their efficiency through tar-
geted delivery. Several such carrier systems are 
employed in preclinical and clinical research for 
enhancement in drug delivery. Inorganic nano-
structures offer unique and desirable physico-
chemical properties and have been employed as 
molecular payloads for peptide delivery (Bertucci 
et al. 2018). Magnetic nanoconstructs have been 
employed as multifunctional therapeutic pay-
loads for all in one cancer therapy (immune, ther-
mal, chemo and radiotherapy). Such magnificent 
multifunctional payloads could address and over-
come the challenges offered by conventional can-
cer therapy leading towards a new paradigm in 
modern cancer theranostics (Datta et  al. 2016). 
Similarly, porous silicon nanoconstructs depict 
excellent materialistic properties and advanced 
theranostics applications for incorporation of 
therapeutic payloads (Kumeria et  al. 2017). 
Furthermore, Janus-like nanoparticles have been 
synthesized and investigated in cancer treatment. 
These nanoparticles comprised of magnetite and 
gold nanohybrids exhibiting dual nature and were 
found superior as compared to pre-existing 
 commercial MRI contrast agents (Efremova et al. 
2018). Other than inorganic nanomaterials, sev-
eral other bio-inspired materials are also under 
investigation as potential theranostics agents. 
Antibody-drug conjugates have been employed 
as potential tumour cell-specific targeted pay-
loads in cancer theranostics (Miller et al. 2018). 
Newer therapeutic payloads have been designed 
using non-pathogenic E. coli. The novel designs 
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have shown high efficiency and excellent bio-
compatibility as drug delivery systems (González- 
Prieto and Lesser 2018). Moreover, RBCs have 
also been utilized as multifunctional bio-inspired 
cargos as potential cancer theranostics agent. The 
multifunctionality and high payload capability of 
RBC can render multimodal cancer therapy. 
Additionally, these cargos have low off-target 
toxicity and excellent biocompatibility and safety 
in simultaneous monitoring and treatment (Wu 
et al. 2015). Bio-inspired nanomaterials will con-
tinue to gain popularity and significance because 
of their advantages in circumventing the biologi-
cal barriers, which are huge hurdles for use of 
conventional nanovectors in drug delivery 
(Evangelopoulos et  al. 2018). The role of ther-
anostics in cancer therapy has been exemplified 
in Fig. 4.2.

4.3.2  Nanotheranostics Carriers

Various nanocarriers that have been employed for 
diagnostic and therapeutic application are dis-
cussed in the present section.

4.3.2.1  Polymeric Nanocarriers

Polymeric Micelles
Polymeric micelles are composed of units of nat-
ural or synthetic polymers which condense and 
precipitate under suitable process conditions to 

give nanospheres or nanoparticles. Upponi et al. 
(2018) described a polymeric nanoformulation 
comprising of PEG and phosphatidylethanol-
amine for diagnosis and treatment of cancer. The 
prepared micellar formulation was utilized for 
the loading of hydrophobic and water-insoluble 
paclitaxel and superparamagnetic iron oxide 
nanoparticles. The former is a functional chemo-
therapeutic agent, and the latter one is used as an 
MRI contrast agent. These polymeric micelles 
were found to be stable with minimum interac-
tion between the loaded therapeutic and diagnos-
tic agents. Moreover, the developed formulation 
depicted significant retention in magnetic proper-
ties as well as enhanced tumour cell apoptosis in 
murine breast cancer and melanoma as compared 
to single-agent-loaded micelles. Furthermore, the 
development of such nanotheranostics displays a 
high degree of synergism, enabling it to be more 
efficient in treatment as well as real-time analysis 
in contrast to conventional ex  vivo diagnosis. 
Such nanosystems can be further integrated 
with targeted therapies such as multimodal pho-
todynamic therapy, magnetic hyperthermia and 
radiotherapy.

Polymer-Drug Conjugates
Nagel et  al. (2018) have described stimuli- 
responsive cleavable motif-based nanoscaled 
polymer-drug conjugates for cancer therapy. 
The authors have developed a novel theranostics 
system triggered by cell-mediated stimuli. The 

Fig. 4.2 Role of theranostics in cancer therapy
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system was integrated by embedding two differ-
ent linker molecules in dendritic polyglycerol 
matrix, i.e. a pH-responsive and enzyme-respon-
sive linker for aldoxorubicin and doxorubicin, 
respectively. Moreover, the prodrug was conju-
gated with the thiol functional group intended for 
interaction with the cysteine residue of albumin 
to prolong its circulation and controlled drug 
release in the tumour microenvironment. The 
developed system was activated optically at the 
excitation wavelength of 490  nm, resulting in 
emissions at 590  nm (for doxorubicin) and 
670 nm (for indidocarbocyanine). Both drug and 
dye conjugated to polymer depict inherent fluo-
rophoric properties. In order to enhance the effi-
ciency of the system, the donor fluorophore 
(doxorubicin) and acceptor fluorophore (indido-
carbocyanine) were spaced 10  nm apart. 
Subsequently, the stimuli- responsive linker was 
selected in a particular manner to render drug 
conjugation and attachment for quencher fluoro-
phore in close proximity to the drug. Furthermore, 
in vitro release studies of doxorubicin carried out 
using fluorescence microscopy and flow cytome-
try depicted enhanced and targeted drug release 
as compared to free drug. The authors reported 
superior performance of the pH-responsive sys-
tem vs. enzyme-responsive one, due to the occur-
rence of premature drug release when acted upon 
by extracellular proteases. This had a pronounced 
effect on the treatment of a multidrug-resistant 
cell line where an intracellular drug release is 
crucial to overcome the resistance mechanisms. 
Therefore, the developed system was successful 
in the treatment of cancer and provided targeted 
and controlled drug release in response to tumour 
microenvironment making it a potential ther-
anostics candidate for future cancer therapy.

Polymeric Nanogel
Polymeric nanogel is a broader term to describe 
the novel delivery system which incorporates 
polymers via cross-linking into a nanogel  system. 
Gyawali et  al. (2018) described a novel biode-
gradable polymeric nanogel-loaded doxorubicin 
for anticancer treatment. The novel synthesized 
polymer possessed inherent photostability and 
fluorescent properties. The theranostics potential 

of the prepared polymer was enhanced by surface 
functionalization with cyclic arginine-glycine-
aspartic acid (cRGD) peptide for targeted and 
pH-dependent release in the tumour microenvi-
ronment. The authors synthesized photocross-
linkable photoluminescent polymer by using 
biodegradable monomers such as citric acid, 
PEG, L-cysteine and maleic acid. Moreover, the 
prepared nanogels displayed excellent biological 
stability, biocompatibility along with strong fluo-
rescent properties and enhanced uptake by the 
tumour cell. Fluorescence- guided imaging 
depicted cytoplasmic accumulation of doxorubi-
cin in prostate cancer cells which resulted in aug-
mented cell death. In conclusion, this novel 
synthesized polymer can be used as a potential 
theranostics platform for simultaneous tumour 
diagnosis and real-time pH-responsive drug 
monitoring. Chambre et al. (2018) described the 
synthesis of a novel polymeric nanogel obtained 
via cross-linking of reactive copolymers. 
Furthermore, drug conjugation was achieved via 
carbamate linkage and embedded in thiol-
maleimide-functionalized PEG. The cRGD pep-
tide was employed for surface functionalization 
of developed nanogel intended for targeted deliv-
ery of doxorubicin. The developed polymeric 
nanogel, which is comprised of a self- assembled 
cross-linked copolymer, was thus intended for 
thermo-responsive anticancer therapy. The func-
tionalized maleimide-thiol PEG was responsible 
for the cross-linking ability of the nanogel. 
Succinimidyl-dicarbonate was employed to ren-
der carbonate functionalized doxorubicin-conju-
gated polymer, responsible for forming an acid 
labile carbamate linkage in response to drug 
release in the tumour microenvironment. 
Furthermore, the Cy5 dye was added to the nano-
gel system to render fluorescence imaging prop-
erties. In conclusion, the developed system 
depicted enhanced drug release and superior 
uptake as well as cytotoxicity in L929 fibroblast 
and MDA-MB-231 breast cancer cells in vitro. It 
can be envisioned that facile fabrication and mul-
tifunctionalization of these reactive nanogels 
offer a modular platform that can be configured 
as a theranostics agent for addressing challenges 
in conventional therapy of various diseases.

4 Theranostics Nanoformulations: Merging Diagnostics and Nanotherapeutics
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4.3.2.2  Lipid Nanocarriers

Liposomes
Liposomes are bilayered phospholipid vesicles 
that are formed spontaneously in the presence of 
aqueous solutions. Zhang et al. (2018) described 
a liposomal system loaded with hypoxia- activated 
chemotherapeutic prodrug combined with photo-
dynamic therapy for anticancer treatment. The 
authors demonstrated the fabrication of 
2- nitroimidazole-conjugated PEG-based ther-
anostic liposome. Tirapazamine prodrug, lipo-
philic chlorine 6 and miRNA 155 as gene probe 
were encapsulated in the developed liposomal 
system. The gene probe was labelled with a fluo-
rescent dye and quencher, which in the absence 
of target shows quenching of fluorescence by the 
dye in close proximity and upon target hybridiza-
tion resulted into the separation of dye producing 
fluorescence imaging. Chlorine 6 renders photo-
sensitizer functionality which was activated upon 
laser irradiation at 670  nm producing photody-
namic therapy and severe hypoxia. This triggered 
the liposome disassembly, thereby activating tira-
pazamine prodrug to produce a cytotoxic anti-
cancer effect. Encapsulated gene probe yielded 
enhanced fluorescent imaging along with differ-
entiating cancer cell uptake vs. normal cells. The 
developed liposomes depicted enhanced in vitro 
and in  vivo performance by significantly 
improved antitumor activity compared to conven-
tional PDT. Thus, fabrication of nano-liposomal 
theranostics platform may contribute to the 
design of a hypoxia-responsive multifunctional 
system for tumour diagnosis and hypoxia- 
activated chemotherapy combined with PDT for 
synergetic therapy, holding great potential for 
future cancer therapy.

Solid Lipid Nanoparticle (SLN)
Shen et  al. (2019) described a combination of 
magnetic hyperthermia and chemotherapy-based 
theranostics nanocarriers for oral anticancer 
treatment. The authors demonstrated the fabrica-
tion of doxorubicin and superparamagnetic iron 
oxide nanoparticle-loaded SLN theranostic for 
colon targeted delivery. These SLNs were further 
functionalized using folic acid/TPGS and 

octadecanol- modified dextran via layer-by-layer 
encapsulation. This developed system provided 
hyperthermic action of superparamagnetic iron 
oxide nanoparticles and chemotherapeutic effect 
of doxorubicin upon activation by the high- 
frequency magnetic field in orthotopic colon can-
cer. Folic acid-decorated doxorubicin and 
superparamagnetic iron oxide nanoparticle- 
loaded SLN encapsulated in dextran shell dem-
onstrated successful evasion from systemic 
uptake, thereby enhancing local delivery in the 
colon. Employing folic acid/TPGS on to SLN 
allowed selective uptake by folic acid overex-
pressed cancer cells. The literature review 
revealed the presence of folate receptors in the 
small intestine as well, thereby limiting the colon 
targeting action. Hence, modified dextran was 
employed to overcome the challenge of prevent-
ing intestinal uptake. Furthermore, selective deg-
radation of dextran shell was found upon the 
action of dextranase secreted in the colon. This 
functionalization yields highly effective and tar-
geted delivery in colon cancer. Therefore, the 
developed system was highly efficient in provid-
ing a synergistic anticancer effect and a signifi-
cant reduction in off-target toxicity. The system 
also depicted enhanced cell uptake and tumour 
growth inhibition in vitro and in vivo via mag-
netothermal and chemotherapeutic combination 
therapy.

Nanostructured Lipid Carriers (NLC)
Fernandes et  al. (2018) described doxorubicin 
and docosahexaenoic acid-loaded NLCs for tar-
geted cancer delivery. The in  vitro and in  vivo 
performance depicted superior activity as com-
pared to free drug. Moreover, technetium-99 m 
labelling was employed for enhanced theranos-
tics application of developed NLCs. Scintigraphy 
and biodistribution studies of NLC were per-
formed in 4 T1 breast cancer cell-bearing mice 
depicting the enhanced anticancer activity of 
encapsulated doxorubicin compared to its free 
form. Radiolabelling enabled precise imaging 
potential of preferential nanoparticle uptake by 
tumour cells. Furthermore, the developed system 
depicted prolonged circulation, high therapeutic 
payload and superior anticancer effect. 

S. Khot et al.
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Docosahexanoic acid and Doxorubicin co-loaded 
NLCs displayed synergistic and augmented anti-
tumor effects. Additionally the system was found 
to produce reduced off- target toxicity. Therefore, 
the developed system may serve as a potential 
theranostics candidate for real-time drug moni-
toring and diagnostic imaging in breast cancer.

Lipid-Polymer Hybrids
Lipid-polymer can be defined as a combination 
system involving the use of polymer with prede-
termined function in lipid nanosystems. Huang 
et  al. (2019) described Pt(IV) prodrug-loaded 
lipid-polymer nanohybrids for treatment of ovar-
ian cancer. The nanohybrid system is comprised 
of the liquid core of perfluorohexane, a lipo- 
polymer shell of PLGA-PEG and DSPE-PEG- 
Pt(IV) as well as cRGD peptide as targeting 
ligand. The perfluorohexane core was employed 
as an ultrasound contrast agent for enhanced and 
real-time imaging. The developed nanohybrids 
displayed multifunctionality and reduction in 
sensitive tumour targeting. The cRGD peptide 
was conjugated to the nanohybrid system for 
enhanced targeted delivery. The developed sys-
tem displayed enhanced US imaging, drug 
release, cell uptake, cytotoxicity and cell apopto-
sis in  vitro and in  vivo. Thus, the developed 
hybrid can serve as a highly efficient theranostics 
platform for the treatment of ovarian cancer. You 
et  al. (2018) described a pH-responsive system 
based on reactive oxygen species (ROS) trig-
gered under NIR irradiation for cancer therapy. 
The authors demonstrated the fabrication of suc-
cinic peroxide-conjugated PLGA with Fenton- 
activated Pt/Fe3O4 lipo-polymersome. The 
presence of Fenton reactive species triggers the 
production of OH radicals as a source of ROS in 
cancer therapy. The developed system was rap-
idly internalized with further depolymerization 
leading to the formation of loose structures disin-
tegrated with an increase in temperature as a con-
sequence of NIR irradiation. Consequently, the 
release of ferrous ions and dissociate succinic 
peroxide triggered the formation of OH radicals 
in response to NIR irradiation when exposed to 
the tumour microenvironment. Cisplatin-loaded 
system depicted enhanced antitumor efficacy 

in vitro and in vivo. Furthermore, the developed 
system displayed multifunctionality, excellent 
biocompatibility, reduced off-target toxicity, high 
yield of ROS and enhanced uptake and accumu-
lation in tumour cells. Moreover, the developed 
system also demonstrated excellent in vitro and 
in  vivo performance in suppressing MCF-7 
tumour cells. Thus, fabrication of lipo- 
polymersome nanohybrids can serve as a poten-
tial theranostics platform towards clinical 
translation for cancer therapy (Huang et al. 2019).

4.3.2.3  Dendrimers
Dendrimers are highly branched, star-shaped 
macromolecules with nanometer-scale dimen-
sions. Dendrimers are defined by three compo-
nents: a central core, an interior dendritic 
structure (the branches) and an exterior surface 
with functional surface groups. Alibolandi et al. 
2018 described poly(amidoamine) dendrimer- 
based multifunctional nanotheranostics platform. 
Gold nanoparticles and curcumin were loaded 
onto the poly(amidoamine) dendrimer and conju-
gated with MUC1 aptamer for selective and 
enhanced tumour targeting. The developed sys-
tem was intended for CT imaging and drug deliv-
ery to C26 tumour cells in  vitro and in  vivo. 
Moreover, MUC1 aptamer was conjugated via 
thiol functionalization to heterofunctional 
PEG.  This developed nanosystem displayed 
marked targeting to MUC1  in HT29 and C26 
cancer cell. Furthermore, the system also depicted 
high cell uptake, cytotoxicity and enhanced anti-
cancer efficacy. In conclusion, the developed 
nanotheranostics system depicts good X-ray 
attenuation and is a desirable probe for CT imag-
ing while demonstrating high therapeutic index 
against colorectal cancer. Jędrzak et  al. 2019 
described the synthesis of poly(amidoamine) 
functionalized magnetic nanoparticles encapsu-
lated with polydopamine for advanced cancer 
therapy. Fifth-generation nanohybrids were 
employed for combination photothermal and 
chemotherapy in liver cancer treatment. The 
developed nanoparticles displayed no toxicity in 
healthy cells and exhibited strong photothermal 
properties. The developed system demonstrated a 
high degree of drug loading and the synergistic 
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additive effect of photothermal therapy as well as 
chemotherapy. In vitro and in  vivo studies 
depicted apoptosis-induced cell death instead of 
necrosis, thereby confirming highly efficient and 
versatile nature of the developed system. 
Moreover, the developed system displayed excel-
lent MRI contrast properties. Overall, the func-
tionality of dendrimers has been extended by 
merging them with magnetic nanoparticles 
resulting in multifunctional hybrid nanostruc-
tures making them a promising smart drug deliv-
ery system for cancer therapy.

4.3.2.4  Inorganic Nanocarriers

SPIONs and Magnetic Nanocarriers
Superparamagnetic iron oxide nanoparticles are 
iron oxide nanoparticles which have different 
electromagnetic properties due to their nanosize, 
a phenomenon called superparamagnetism. 
Gholami et al. (2019) described the fabrication of 
doxorubicin and superparamagnetic iron oxide 
nanoparticle-loaded polyarginine/chitosan 
nanoparticles. The developed system was fabri-
cated using ionic gelation loaded with biodegrad-
able chitosan for dual application, i.e. diagnosis 
and therapy. In vitro release studies depicted 
burst release from the developed system in an 
acidic environment, hence exhibiting pH- 
dependent release behaviour suitable for release 
in the tumour microenvironment. Moreover, flow 
cytometric analysis and fluorescence microscopy 
demonstrated rapid internalization of the devel-
oped system into the tumour cells. Consecutively, 
the in  vitro uptake was corroborated by drug 
accumulation in intracellular space of C6 glioma 
cells using MRI. Additionally, the developed sys-
tem depicted excellent biocompatibility, long- 
term stability and safety along with cytotoxicity 
against cancer cells. In conclusion, the developed 
system may serve as a promising theranostics 
platform for glioblastoma intervention in futur-
ized clinical applications. Abedin et  al. (2018) 
described essentiality of functionalized inorganic 
nanoparticles in nanomedicine to address the 
issue of dispersibility in physiological environ-
ments. The authors demonstrated modulation of 
colloidal stability of gold-iron oxide nanoparti-

cles by employing a polymer coating of poly-L- 
lysine. The polymer-coated inorganic 
nanoparticles were found to remain as a stable 
dispersion in aqueous and physiological media, 
thus causing rapid internalization of nanoparti-
cles in cells. The multifunctional NIR-responsive 
gold-iron oxide nanoparticles were intended for 
simultaneous imaging and photoactivated hyper-
thermic treatment of breast cancer cells. Surface- 
coated inorganic nanoparticles demonstrated the 
formation of a physical barrier around inorganic 
nanoparticles as a function of the polymer coat-
ing, thereby imparting stability and preventing its 
aggregation. The physicochemical properties of 
inorganic materials can render a multimodal 
nanoplatform, e.g. gold nanoparticles possess 
surface plasmon resonance and superparamag-
netic properties which can be successfully 
employed for photothermal ablation as well as 
enhanced MRI contrast, respectively. The devel-
oped nanoparticles, which were investigated in 
BT-474 and MDA-MB-231 breast cancer, 
depicted enhanced cell uptake in NIR-assisted 
photothermal therapy. Moreover, the developed 
nanoparticles were able to promote and enhance 
tumour growth inhibition more significantly as 
compared to nanoparticles without NIR activa-
tion. In conclusion, the developed nanoparticles 
displayed excellent optical, magnetic and thera-
peutic properties by integrating diagnostic and 
therapeutic functions into a single multimodal 
nanotheranostics platform for translational can-
cer therapy.

Quantum Dots
Quantum dots are tiny particles or nanocrystals 
of a semiconducting material with diameters in 
the range of 2–10 nanometres. Quantum dots dis-
play unique electronic properties, intermediate 
between those of bulk semiconductors and dis-
crete molecules, which are partly the result of the 
unusually high surface-to-volume ratios for these 
particles. The most apparent result of this is fluo-
rescence, wherein the nanocrystals can produce 
distinctive colours determined by the size of the 
particles. Chang et  al. (2019) described multi-
functional quantum dot-based theranostics nano-
formulation rendering diverse platform to address 
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heterogeneity in cancer therapy. The authors 
demonstrated the development of a hybrid pep-
tide for simultaneous diagnosis and cancer ther-
apy. The research study involved isolation of two 
functional peptides A and B from E. coli and their 
conjugation with streptavidin-loaded quantum 
dots and magnetic nanoparticles, respectively. 
Furthermore, these functional peptides were cou-
pled by promoting interaction between appropri-
ate domains of both peptides. The developed 
hybrid system is comprised of streptavidin- 
loaded quantum dots, magnetic nanoparticles and 
targeting ligand designed for the treatment of 
HER2-positive breast cancer. The developed 
multifunctional hybrid system was efficient in 
the detection and inhibition of tumour growth of 
HER2-positive breast cancer. The developed 
hybrid system was equipped with ZH2 affibody 
which enabled specific targeting of HER2 recep-
tor. To achieve optimum therapeutic efficacy, the 
developed hybrid system was employed for 
simultaneous quantum dot-assisted fluorescence 
imaging and magnetic hyperthermia for breast 
cancer treatment. The developed hybrid system is 
simple and flexible equipped with tunable mod-
ules rendering protein-protein interaction 
domains for lowering the immunogenicity. In 
conclusion, the developed hybrid system is 
highly useful in numerous biological applications 
serving as a potential theranostics platform in the 
development of an advanced bioassay for early 
cancer detection.

Metallic Nanoparticles
Nanoparticles are prepared from metals like iron, 
silver, gold, cobalt, zinc, etc. by various physical 
and chemical techniques to get nanoparticles in 
size range of 5–20  nm. Sakr et  al. (2018) have 
described the development of a potential nano-
theranostics system comprising of I-131-doped 
silver nanoparticles functionalized using 
PEG. The authors have integrated cancer therapy 
silver nanoparticles and radiolabelling. The 
nanoparticles were fabricated using a one-step 
synthesis of PEG-encapsulated silver nanoparti-
cles doped with I-131. The developed system 
depicted excellent radiolabelling yield (~98%) 

along with significant stability in aqueous and 
physiological media in vitro. The developed sys-
tem depicted temperature-sensitive behaviour and 
hence was administered in cold condition. 
Moreover, the developed system was safe and 
biocompatible and showed reduced off-target 
toxicity. The developed system depicted a high 
amount of radioactivity in tumour-bearing mice 
with enhanced tumour uptake upon post- 
intravenous as well as intratumoural injection. 
Thus, the developed system may serve as great 
potential in cancer theranostics. Liu et al. (2018) 
described a novel theranostics nanoconstruct 
comprising of hyaluronate-based cationic bovine 
serum albumin-encapsulated gold nanocluster for 
targeted drug delivery in cancer therapy. The 
authors demonstrated modulation of particle size 
by altering the hyaluronate to cationic bovine 
serum albumin-encapsulated gold nanocluster 
which was investigated for its targeting and phar-
macokinetic potential. This preliminary screening 
then led to the selection of the developed system 
with size of 200 nm based on optimal EPR effect. 
Moreover, the developed system possessed red 
fluorescence providing real-time imaging and 
inherent drug binding sites. Therefore, the devel-
oped system was further utilized for loading of 
indocyanine green dye and lipophilic paclitaxel 
providing photothermal and chemotherapy, 
respectively, and nitric oxide for modulating the 
tumour microenvironment and enhancing drug 
delivery. Hyaluronate incorporation into the 
developed system imparted protection to charged 
nanoparticles, in turn, prolonging its systemic cir-
culation and reduced off-target toxicity. 
Furthermore, the developed system depicted 
active targeting ability and facilitated penetration 
due to size reduction triggered by a degradation 
of hyaluronate shell in the tumour microenviron-
ment. The developed system depicted high accu-
mulation in breast cancer cells. Consequently, the 
developed system demonstrated in situ suppres-
sion of tumour growth (~95%) as well as lung 
metastatic growth inhibition (~88%). In conclu-
sion, the developed system was safe and biocom-
patible intended targeted delivery and sufficient 
suppression of breast cancer.
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Upconversion Nanoparticles
Jin et al. (2019) described a facile fabrication of 
NIR-assisted theranostics nanoconstructs via 
encapsulation of upconversion nanoparticles and 
a luminogen {2-(2,6-bis((E)-4-(phenyl(40-
(1,2,2-triphenylvinyl)-[1,10-biphenyl]-4-yl)
amino)styryl)-4H-pyran-4-ylidene)malononi-
trile} (TTD) within an amphiphilic polymer- 
based nanohybrid system. To obtain cancer cell 
targeting, the developed system was further con-
jugated with cRGD peptide to yield hybrid 
nanoparticles. A class of fluorogens has emerged 
to serve as an efficient and potential fluorescent 
material useful in theranostics applications. 
These fluorogens exhibit aggregation-induced 
emission properties, which can be described as 
non-emissive materials in appropriate solutions 
but can render high emission properties upon 
aggregation. Mechanism of aggregation can be 
explained via restricted intramolecular rotations 
that prevent dissipation of energy through non- 
radiative channels. Therefore, aggregation- 
induced emission-based photosensitizer has been 
employed widely as key materials for single-unit 
multimodal imaging and photodynamic therapy. 
Upconversion nanoparticles possess the ability to 
harness NIR frequency and upconvert into higher 
frequency such as visible or UV light. Therefore, 
selection of appropriate upconversion nanoparti-
cles having similar emission spectra to that of 
aggregation-induced emission photosensitizer 
can render a potential platform for NIR-assisted 
nanotheranostics in the treatment of deeply situ-
ated tumours. The authors have discussed the 
encapsulation of hydrophobic luminogen (TTD) 
and upconversion nanoparticles into a biocom-
patible lipid-PEG polymer hybrid surface deco-
rated with cRGD peptide for targeted action. This 
developed system depicted NIR-assisted multi-
functional probes intended for photodynamic 
therapy in cancer cells. Furthermore, the devel-
oped system depicted efficient generation of ROS 
upon NIR excitation in the presence of thick tis-
sue. Additionally, the developed system depicted 
highly efficient targeting and significant in vitro 
anticancer activity against MDA-MB-231 breast 
cancer cells. Moreover, in vivo studies depicted 
enhanced accumulation of developed system and 

significant tumour growth inhibition. Also intra-
venous injection of the developed system could 
illuminate the tumours and induced significant 
apoptosis in tumour cells. The developed system 
showed excellent photostability and was able to 
maintain its fluorescent properties for a longer 
duration (1  month). Theranostic probes com-
posed of a combination of upconversion nanopar-
ticles and photosensitizers may serve as a 
platform for NIR-assisted imaging and photo-
therapy of deeply situated tumors. Wang et  al. 
(2019) described precision-based theranostics 
nanoplatforms for image-guided tumour-targeted 
delivery of chemotherapeutic drugs. Lanthanide-
doped upconversion nanoparticles are attractive 
systems for the design of theranostic platforms 
which serve as a potential candidate in laser com-
ponents, NIR probes, low-background bioimag-
ing and solar energy conversion. The intrinsic 
NMR properties of gadolinium (Gd) ions can be 
employed for multimodal imaging. Furthermore, 
rare-earth co-doped elements ytterbium (Yb3+) 
and erbium (Er3+) can offer absorption of NIR 
excitation photon and emission upconversion 
luminescence, respectively, which can be applied 
to fluorescence labelling and luminescence reso-
nance energy transfer. The developed nanoplat-
form comprised of Gd/Yb3+/Er3+ upconversion 
nanoparticles and gold nanodots encapsulated 
bovine serum albumin in a layer-by-layer manner 
which was further conjugated to folic acid. This 
developed nanohybrid system was then succes-
sively employed for loading of doxorubicin. The 
upconversion nanoparticles provided photother-
mal effect along with NIR conversion and 
depicted excellent luminescent properties, X-ray 
attenuation and photothermal ablations. 
Moreover, bovine serum albumin was rendered 
as a template for doxorubicin binding, thereby 
enhancing its anticancer efficacy via photother-
mal therapy. The developed system was efficient 
in the delivery of doxorubicin within the tumour 
microenvironment, thereby reducing the off- 
target toxicity during treatment regime. 
Meanwhile, in  vivo anticancer efficacy was 
improved by the pH-responsive release of doxo-
rubicin in association with NIR excitation- 
induced heat. The developed system was highly 
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effective in rendering multimodal imaging and 
potent anticancer response as well as tumour 
growth inhibition via deep penetration ability of 
photothermal therapy. The bovine serum albumin 
and folic acid coating provided prolonged circu-
lation and a replacement for conventional surfac-
tants to further render non-toxic, biocompatible 
and safe theranostics nanoplatform for in  vivo 
cancer therapy. In conclusion, the development 
of such nanohybrids may serve as potential novel 
theranostics strategies which can be employed in 
simultaneous multifunctional diagnosis and 
therapy.

Silica and Other Nanoparticles
Su et al. (2019) described the fabrication of func-
tional theranostics mesoporous silica-coated gold 
nanostars as combination photothermal therapy 
and chemotherapy in the treatment of cancer. The 
authors demonstrated the synthesis of mesopo-
rous silica-coated gold nanostars using sodium 
hydroxide etching. The silica-coated nanoparti-
cles were functionalized by grafting PEG and 
further loaded with doxorubicin. The developed 
system displayed good dispersibility in aqueous 
and physiological media. Moreover, the devel-
oped system depicted good drug-loading capac-
ity and pH as well as light-responsive drug 
release. Upon NIR excitation, the developed sys-
tem depicted excellent photothermal effects. Also 
the combination therapy in HeLa and cervical 
cancer cell lines consequently displayed superior 
anticancer efficacy than chemotherapy or photo-
thermal therapy alone. The developed nanocom-
posites depicted excellent biocompatibility with 
low toxicity. In conclusion, the developed nano-
composite system serves as a multimodal ther-
anostics platform for treating cancer. Victor et al. 
(2018) described the fabrication of calcium 
phosphate- based ceramic nanoparticles present 
as a unique drug delivery system. The developed 
system renders functional, biocompatible and 
biodegradable properties in  vivo. The in  vitro 
studies depicted rapid internalization of nanopar-
ticles. Furthermore, the developed system 
depicted prolonged systemic circulation at physi-
ological pH with low systemic toxicity. Moreover, 
the developed system was doped with neodym-

ium encapsulated with alginic acid for pH- 
responsive drug release. Acetylsalicylic acid was 
loaded onto the developed functionalized nano-
carrier for orally administered colon targeted 
delivery. The drug-loaded nanoparticles of 
20–40  nm in size displayed negative surface 
charge, thereby facilitating simultaneous imag-
ing and pH-responsive drug delivery. In conclu-
sion, the lanthanide-doped calcium 
phosphate-based nanotheranostics may serve a 
potential for simultaneous imaging and therapy 
in the treatment of solid tumours. Cipreste et al. 
(2018) described the fabrication of hydroxyapa-
tite nanoparticles doped with an array of radionu-
clides intended for theranostics applications in 
the treatment of various types of cancer. The 
authors demonstrated the synthesis of functional-
ized nanocomposite comprised of hydroxyapatite 
and CuO (known as tenorite) for PET imaging 
and simultaneous diagnosis and treatment of 
osteosarcoma. Copper serves as a potential can-
didate for modulation of hydroxyapatite nanopar-
ticles to yield certain desirable theranostics 
properties. Activation of this metal by a neutron 
flux can produce 64Cu, a positron and beta radia-
tion. The emitted beta radiation can be employed 
to kill cancer cells, and the positron radiation 
could be used to generate diagnostic images in 
PET systems. 64Cu and 32P were the two radionu-
clides, which were doped to the prepared 
 nanocomposites, and upon activation inside the 
hydroxyapatite matrix can produce desirable 
theranostics material. Moreover, the developed 
system was found to stable and biocompatible in 
physiological conditions and serve as an excel-
lent theranostics agent against osteosarcoma. The 
developed system was conjugated with folic acid 
to render active targeting to folate-overexpressed 
osteosarcoma cells. Wyszogrodzka et al. (2018) 
described a facile fabrication of novel metal- 
organic framework Fe-MIL-101-NH2 as a ther-
anostics platform for antituberculous drug 
therapy. Several nanosized iron-based metal- 
organic frameworks (MIL-88A, MIL-89 and 
MIL-101-NH2) have been synthesized as drug 
cargos rendering good MRI contrast properties. 
The developed system was able to depict multi-
functionality, significant drug loading, excellent 
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MRI contrast agent and low level of toxicity. The 
developed hybrid metal-organic frameworks, 
which were loaded with isoniazid and were 
investigated for its cytotoxicity against fibro-
blasts L929, depicted enhanced accumulation 
inside the cells. The proposed drug delivery sys-
tem can also serve as the MRI contrast agent. 
Dissolution studies of the developed nanohybrids 
depicted an extended-release pattern. In conclu-
sion, the developed system was found suitable for 
the extended-release inhalable system in drug 
delivery of isoniazid along with monitoring of 
drug-loaded hybrid system distribution within 
the lung tissue. Theranostics is widely employed 
for cancer treatment, but numerous other exam-
ples do exist for effective treatment and local 
drug delivery. The developed system demon-
strates that Fe-MIL-101-NH2-based metal- 
organic framework can serve as an effective 
theranostics carrier for first-line antitubercular 
treatment with isoniazid. Additionally, MRI 
imaging of the developed system suspended in 
HPMC demonstrated the contrast ability of the 
novel theranostics platform. The proposed fea-
tures such as efficient drug delivery and excellent 
imaging properties, in combination, describe a 
single all-in-one carrier system allowing it to be 
classified as a potential theranostics agent for 
tuberculosis treatment.

4.3.2.5  Carbon-Based Nanomaterials

Fullerenes Nanoparticles
Fullerenes were first discovered back in 1985 by 
Harold Kroto and his group at the University of 
Sussex, England. Kroto described fullerene as 
large and hollow spheroidal molecule composed 
of 60 or more carbon atoms. Fullerenes are pro-
duced chiefly by the action of arc discharge 
between carbon electrodes in an inert atmo-
sphere. Misra et al. (2018) described functional-
ized C60 fullerenes as a potential theranostics 
platform in drug delivery of antiviral drugs 
employed for HIV treatment. The derivatives of 
fullerene C60 exhibited inhibition of HIV prote-
ases via complex formation, among which den-
drofullerene was found to have the highest 
inhibitory activity. Interestingly, amino acid- 

modified fullerene C60 was found to inhibit HIV 
replication in humans. Moreover, C60 fullerene 
has been utilized for potential medical applica-
tion based on its photo-excitable properties. 
N-vinylpyrrolidone-functionalized C60 can 
form highly hydrophilic copolymer complex for 
photodynamic therapy. Fullerene C60 is also an 
inherent antioxidant as a consequence of its 
unique chemistry. Functionalization of fuller-
enes has been investigated in numerous activities 
such as radioprotective drug delivery, MRI con-
trast and photodynamic and gene therapy. 
Furthermore, researchers have discovered that 
under specific conditions, these fullerenes pos-
sess the ability to stimulate the generation of 
ROS and killer cells. He et al. (2019) developed 
a multifunctional contrast agent intended for 
simultaneous imaging and synergistic high-
intensity focused ultrasound- assisted therapy. 
The authors described fabrication of perfluoro-
hexane-encapsulated fullerene nanosphere, 
which was subsequently employed in US/CT 
dual-modality and high-intensity focused ultra-
sound ablation therapy. The developed system 
significantly enhanced integrated US/CT imag-
ing along with enhanced high- intensity focused 
ultrasound ablation in dissected livers. In con-
clusion, the developed composite nanospheres 
demonstrate potential theranostics application as 
a multifunctional contrast agent for dual-modal 
biological imaging and highly efficient synergis-
tic imaging-guided high- intensity focused ultra-
sound ablation.

Carbon Nanotubes
Carbon nanotubes can be classified as a subcat-
egory of fullerene derivatives with similar and 
widespread application in the medical, biomedi-
cal and pharmaceutical field. Structurally carbon 
nanotubes are cylindrical nanoconstructs having 
a high length to diameter ratio. Two functional 
carbon nanotubes have been described for its use 
in biomedical field, viz. single- and multi-walled 
carbon nanotubes. Like fullerenes, carbon nano-
tubes also possess numerous optical fluores-
cence properties making them a potential 
material in photothermal cancer therapy. Fiegel 
et al. (2018) described the fabrication of carbon-
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based nanotubes for designing potential ther-
anostics nanoconstructs. The developed 
nanoconstructs based on carbon nanotubes 
depicted high drug loading capacity with combi-
nation of photothermal therapy and imaging 
property. To overcome the poor hydrophilicity of 
carbon nanotubes, mesoporous silica shell was 
grafted which was further encapsulated with 
human serum albumin to form nanofilms via iso-
butyramide cross-linking. Curcumin and camp-
tothecin were loaded onto the developed system. 
The porous silica rendered sites for drug loading. 
Thus, the developed nanocomposite system was 
found to be biocompatible and safe with reduced 
side toxicity. Hence, such systems can be uti-
lized in the future for phototherapy and NIR-
assisted drug delivery. Such novel 
nanocomposites are expected to be very promis-
ing new theranostics systems ensuring drug 
delivery, imaging and photothermal properties.

Carbon Nanodots
Carbon nanodots belong to a novel class of small 
theranostics nanoplatforms with size range below 
10  nm, capable of exhibiting excellent optical 
and non-toxic properties. These unique proper-
ties of carbon nanodots are utilized in designing 
of ideal platforms for multifunctional cancer tar-
geting. Numerous applications of carbon dots in 
cancer theranostics have been reported during the 
past decade. Ortega-Liebana et  al. (2019) 
described the fabrication of nitrogen-doped car-
bon nanodots, which were employed as dual- 
modal theranostics, rendering NIR-assisted 
imaging and photodynamic therapy. The devel-
oped nanodots were rapidly internalized inside 
tumour cells via selective uptake and did not 
show cytotoxicity prior to NIR irradiation. The 
developed nanodots depict excellent photody-
namic properties, along with highly efficient 
simultaneous imaging as well as cancer therapy. 
Cancer therapy was found to be efficient and dis-
played good luminescent properties upon NIR 
excitation which triggered in situ ROS genera-
tion. This ROS generation induced cell apoptosis 
in U251 cells in  vitro visualized by flow 
cytometry.

Graphene Nanoparticles
Usman et al. (2018) described the fabrication of 
graphene oxide-based theranostic nanoconstructs 
for cancer imaging and therapy. The graphene 
oxide was employed for loading of anticancer 
protocatechuic acid and gadolinium nitrate hexa-
hydrate as an MRI contrast agent. Gold nanopar-
ticles were also employed as a contrast material 
for diagnosis. The graphene oxide nanosheets 
were conjugated with protocatechuic acid which 
was further conjugated to gadolinium nitrate. A 
similar process was followed to obtain gold- 
coated graphene oxide nanosheets. The devel-
oped system depicted significant cytotoxicity and 
excellent MRI contrast properties. The cytotoxic-
ity studies depicted significant cytotoxicity in 
human liver hepatocellular cancer cell lines, but 
apparently, no significant cytotoxicity was 
observed in fibroblast cell lines. Moreover, the 
gold-coated nanosheets depicted superior con-
trast activity as compared to gadolinium-coated 
nanosheets. Therefore, the developed system has 
good prospects of serving as a future theranostics 
platform for cancer chemotherapy and diagnosis. 
Shervedani et al. (2018) described fabrication of 
novel graphene-based theranostics nanoplatform 
for cancer therapy. The authors demonstrated the 
synthesis of a multifunctional hybrid system 
comprising of partially reduced graphene oxide 
functionalized by polydopamine. This reduced 
graphene-polydopamine system was further 
grafted onto bovine serum albumin which was 
decorated with diethylenetriaminepentaacetic 
acid-Mn (II) employed as a diagnostic agent and 
loaded with chemotherapeutic agent methotrex-
ate. In vitro studies depicted enhanced drug 
release and cell uptake which can be accounted to 
bovine serum albumin facilitating internalization 
and uptake.

4.4  Conclusion and Future 
Perspectives

To summarize briefly, the design of current and 
future theranostics deals with three important 
components, viz. imaging/diagnostic agent, ther-
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apeutic moiety and a targeting agent. All three 
components mentioned above have been exten-
sively investigated in the design, development 
and evaluation of tailored theranostics applica-
tions. Great achievements have been made in the 
past decade to fabricate very small nanostruc-
tures, with smart stimuli-responsive architec-
tures. It has also demonstrated methods to well 
decorate surface for enhanced colloidal stability 
with capabilities to carry both therapy and diag-
nostic agents. Even satisfactory in  vitro and 
in vivo results have been achieved for most of the 
research works. Moreover, theranostics depicts 
great potential to revolutionize modern therapeu-
tics and imaging. Further developments in using 
such nano-architectures for gene delivery would 
make the theranostics more personalized and 
customizable based on individual medical history 
and genomics. We still have to overcome a lot of 
obstacles, such as the reproducibility of such 
complex formulations, which is very difficult 
with current capabilities. The next hurdle would 
be to develop such facilities and instruments 
which would scale up these nanoformulations to 
higher volumes.

With application of nanomaterials, theranos-
tics approaches depict a more promising medical 
intervention over conventional treatment strate-
gies. However, the full potential of these materi-
als is yet to be explored. Recently developed 
green synthesis of nanoparticles is a novel and 
emerging approach with low capital and operat-
ing expenses, in addition to being environmen-
tally benign and enhanced biostability and 
compatibility. Hence, green synthesis is highly 
advantageous over traditional chemical and phys-
ical methods of nanoparticle synthesis. 
Theranostics nanovectors face a major challenge 
of lab-to-industrial-scale translation in terms of 
manufacture and technology development. This 
difficulty leads to compromise of stability, struc-
tural integrity and shelf life of nanotheranostics 
formulations. A key factor for maintenance of 
shelf life of the theranostics formulation is con-
cerned with fragility and reduced activity of the 
employed targeting agents (i.e. antibodies) dur-
ing manufacture and use. Nanotheranostics has 
afforded a novel class of personalized medicine 
for efficient delivery of therapeutics with reduced 

off-target toxicity via novel and advanced treat-
ment strategies for individual patients. Moreover, 
recent advances in designing of multifunctional 
and modal nanoparticles as delivery technologies 
serve and promote next-generation molecular 
and nuclear imaging in clinics for rapid diagnosis 
and therapy. The blood-brain barrier offers struc-
tural and functional complexity, thereby limiting 
the use of theranostics platforms in clinical trans-
lation and personalized treatment of several neu-
rological disorders.

Based on an extensive survey by Grand View 
Research statistics, the market for nanomedicine 
is expected to rise up to $ 350 billion worldwide 
by 2025. A majority of deaths occurring world-
wide are associated with cancer metastasis, 
which is diagnosed late and only revealed upon 
surgical biopsy. Moreover, some other types of 
cancer such as lung cancer are more difficult to 
access for biopsy or require a liquid biopsy-based 
diagnosis. The liquid biopsy renders information 
regarding presence of circulating tumour cells 
(often referred as CTCs). Hence, early detection 
of cancer with help of nanoscaled diagnostic 
agents may serve as beneficial breakthrough in 
medical intervention. Diagnostics play a crucial 
role in paving road for precise and accurate treat-
ment along with advanced medical interventions 
for various diseases. Recent reports and pub-
lished data represent rapid advancement in search 
of novel biomarkers for disease subtypes, which 
is further developed by academic researchers and 
pharmaceutical industries to enhance well- 
defined and well-designed biomaterials with 
more individualized treatment strategy, depicting 
its potential into clinical translation. Modern 
research displays a paradigm shift in the field of 
medicine by utilizing integrated, multifunctional, 
multimodal nanotheranostics. This is rather a 
steady and slowly progressing field, advancing 
towards highly efficient personalized medicine 
along with the companion diagnostic agents at 
intermediate step. However, more detailed inves-
tigation and exploration for use and design of 
such nanotheranostics are essential.

The question continues to arise over the past 
few years regarding what will be the future of 
theranostics. Integrating nanotechnology and 
next-generation materials won’t be enough for 
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treating severe and deadly diseases. Recently 
researchers have developed approaches beyond 
multimodal techniques for next-generation imag-
ing and therapy. An example of such a technique 
is the 4D-XCAT (four-dimensional extended car-
diac-torso) imaging tool. 4D-XCAT is in silico or 
computer-assisted simulation tool for multiscale 
and multifunctional modelling of physiological 
and anatomical features. Techniques such as 
4D-XCAT display highly advanced imaging with 
marked precision and accuracy in imaging ther-
apy (Segars et  al. 2018). Furthermore, in assis-
tance to computer simulation for imaging and 
therapy, in silico designed microscaled multifunc-
tional robots have been fabricated, transcending 
from conventional to next-generation theranos-
tics. These microbots are specifically designed 
synthetic or biohybrid constructs for safe, bio-
compatible therapeutic interventions, aiming 
towards controlled delivery of bioactives. These 
miniaturized microbots are highly advanced pro-
grammable complex systems, intended for deep 
cellular access and performing multifunctional 
molecular diagnostics and therapeutics. 
Additionally, these micro- and nanomachines 
possess similar function and physicochemical 
properties as those of conventional theranostics 
materials. Moreover, these are highly efficient in 
performing predefined tasks as well as remote-
controlled modulation in preprogrammed func-
tion. Depicted as emergent future theranostics, 
microbots upheld the potential in merging pre-
existing drug delivery systems with the next-gen-
eration in silico tools. Therefore, it can 
significantly enhance the drug loading capacity, 
highly specified targeting and protection against 
opsonization and more importantly can reduce 
off-target accumulation as future- generation 
nanotheranostic systems (Erkoc et al. 2019).

In conclusion, the field of nanotheranostics is 
rapidly growing and enabling the transition from 
traditional “trial and error”-based medicine 
towards a more personalized approach serving as 
potential and superior clinical outcomes. 
Nanotheranostics offers a unique and useful tool 
in classifying, stratifying and selection of patients 
via prediction of molecular phenotype affirmative 
response of drug in particular. Nanotheranostics 

depicts the ability to improve the potency of ther-
apeutic agent, thereby assisting physicians to bet-
ter understand the highest benefits of particular 
drugs in individual patients. Moreover, the spe-
cific targeting virtues of nanotheranostics will 
render enhancement in monitoring and maintain-
ing drug safety profile, also reducing off-target 
toxicity which commonly occurred during 
 traditional chemotherapy. Furthermore, from an 
economic view, nanotheranostics can lead to cost-
effective therapeutic regimes guiding preclinical 
development or clinical investigation to aid in 
amplifying the possible research outcomes.
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Abstract

Nanoparticles are a boon to mankind. They 
exist in nature as volcanic ashes, proteins, 
chitins, etc. and can also be engineered. All 
nanoparticles have an impact on human health 
and environment, and recent research has 
focused on these aspects. Ayurveda and 
Siddha systems also have various examples of 
nanomedicines. However, use of nanomateri-
als raises safety concerns as the physical, 
chemical, and biological properties undergo 
changes at nanolevel. Thus, the importance 
and need of regulations are self-evident. 
Various agencies around the world regulate 
nanotechnology- based products as per norms 
and regulations framed for this purpose. The 
need for regulations, specifically for nanopar-
ticle-based products, is felt, and regulations 
on relevant aspects should be drafted and 
implemented.
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Chemicals
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STM  Scanning tunnelling microscope

5.1  Introduction

The prefix “nano” is derived from the Greek 
word νᾶνος which means “dwarf” (Latin  – 
nanus) (Nikalje 2015). The general conference 
on weights and measures endorsed the usage of 
nano as a prefix in 1960. Nano means one bil-
lionth (10−9) and is used for prefixing units of 
time and length. The term nanometre was first 
proposed by Richard Zsigmondy in 1925 for 
characterising particle size.

Properties of substances at the nanoscale are 
different from the properties of a single atom and 
molecules. The concept of nanotechnology in the 
modern times is started by physicist Richard 
Feynman in a lecture entitled “There’s Plenty of 
Room at the Bottom” delivered at the meeting of 
the American Physical Society on December 29, 
1959, at the California Institute of Technology. 
He discussed that scientists would manipulate 
atoms and molecules to build small things.

The term nanotechnology was given by Norio 
Taniguchi in 1974. As per the literature available, 
nanomaterials have been in use since the fourth 
century AD (Krukemeyer et al. 2015):

• Romans used nanosized metals to decorate 
cups, for example, Lycurgus cup (gold and sil-
ver nanoparticles embedded in a glass) 
(Fig. 5.1).

• Medieval stained glass windows used in 
churches (Fig. 5.2).

• Italians also used nanosized metals to produce 
iridescent or metallic glazes, for example, 
Deruta ceramics (particles of copper and sil-
ver metal).

In 1981 Gerd Binnig and Heinrich Rohrer 
working at IBM, Zurich, invented the scanning 
tunnelling microscope (STM). In 1985 atomic 
force microscope was invented and fullerenes 
were discovered. These instruments gave a major 
impetus to the study of nanomaterials.

The beginning of this century saw an increased 
use of nanotechnology, and all walks of human 
life have felt its impact. Today, nanoparticles 
find applications in almost all areas of human 
requirement. For example, nanotechnology is 
used in production, processing, packaging and 
safety of foods (McClements and Xiao 2017). 
Some examples of use of nanotechnology in 
commercial products are manufacturing scratch-
proof eyeglasses, crack-resistant paints, sun-
screens, self-cleaning windows, stain-repellent 
fabrics and coating for solar cells. Nanoparticles 
can be used as fillers in tyres; to improve the 

Fig. 5.1 Lycurgus cup. (From Wikimedia Commons, the 
free media repository. https://commons.wikimedia.org/
wiki/File:Brit_Mus_13sept10_brooches_etc_044.jpg)
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stiffness of the car body, nanoparticle-strength-
ened steels are used (https://ec.europa.eu/health/
scientific_committees/opinions_layman/en/
nanotechnologies/l-3/5-nanoparticles-consumer-
products.htm). Nanoparticles find extensive use 
in biology and medicine-drug delivery, gene ther-
apy, tissue engineering, nanoscale biochips, DNA 
probes, microsurgical technology, separation and 
purification of biological molecules, etc.

5.2  Diversity of Nanoparticles

As per ISO and ASTM standards, nanoparticles, 
either engineered or naturally occurring, are 
broadly defined as particles of sizes ranging from 
1 to 100ηm with one or more dimensions. The 

properties of nanoparticles are different from that 
of their bulk material, which include spatial 
 confinement, high surface energy, large fraction of 
surface atoms and reduced imperfections. 
Classification of nanoparticles can be done accord-
ing to their nature of origin, physical and chemical 
properties, size, morphology, etc. Classification of 
nanoparticles according to the nature of their ori-
gin (Fig. 5.3), i.e. natural nanoparticles and engi-
neered nanoparticles, is discussed below (Ealias 
and Saravanakumar 2017; Ray 2018).

5.2.1  Natural Nanoparticles

Nature is an excellent nanotechnologist, and 
therefore the word “nano” should not always be 
associated with “synthetic”.

There are countless types of nanoparticles 
found in nature which include inorganic materials 
such as volcanic ash, clays and soot; naturally 
occurring silver nanoparticles as a result of 
weathering, etc.; interstellar natural nanoparticles 
which originated from the influence of comets 
and asteroids on earth; natural inorganic thin 
films; and a variety of organic nanostructures 
from living organisms such as proteins, chitins 
(insect and crustacean shells), wing ribs, epider-
mal projections, etc. Examples of some naturally 
occurring nanoparticles along with their sizes 
(ηm) are given in Table 5.1. There is an increasing 
interest in the development of natural nanoprod-
ucts in the areas of phyto- and phyconanotechnol-
ogy (Buzea et  al. 2007; Pachapur et  al. 2015; 
Griffin et al. 2018; Cuffari et al. 2018).

Nanoparticles, whether natural or engineered, 
should be studied for their impact on the environ-
ment and health; therefore recently numerous 
researches have been dedicated to investigating 
the structural and chemical varieties of naturally 
occurring nanoparticles (Cuffari et al. 2018).

Classification of natural nanoparticles:

 1. Inorganic nanoparticles: These are nanopar-
ticles which occur naturally but are not bio-
logical; they are the result of a natural 
phenomenon such as volcanic eruptions, fire, 
ocean splash, etc.

Fig. 5.2 Stained glass window. (From Wikimedia 
Commons, the free media repository. Romanesque stained 
glass from Strasbourg Cathedral, located in the Cathedral 
Museum. Subject: the Emperor Charlemagne. By photo 
Rama - Wikimedia Commons, CC BY-SA 2.0 fr, https://
commons.wikimedia.org/w/index.php?curid=20737795)

5 Nanoparticles: Importance and Need for Regulations

https://ec.europa.eu/health/scientific_committees/opinions_layman/en/nanotechnologies/l-3/5-nanoparticles-consumer-products.htm
https://ec.europa.eu/health/scientific_committees/opinions_layman/en/nanotechnologies/l-3/5-nanoparticles-consumer-products.htm
https://ec.europa.eu/health/scientific_committees/opinions_layman/en/nanotechnologies/l-3/5-nanoparticles-consumer-products.htm
https://ec.europa.eu/health/scientific_committees/opinions_layman/en/nanotechnologies/l-3/5-nanoparticles-consumer-products.htm
https://commons.wikimedia.org/w/index.php?curid=20737795
https://commons.wikimedia.org/w/index.php?curid=20737795


96

• Volcanic ash: Volcanic eruption and ero-
sion are sources of natural nanoparticles. 
During volcanic eruptions the ash is 
released which reaches the atmosphere and 
water sources; chemical interaction with 
the environment leads to deposition of 
nanoparticles which may have an adverse 
impact on health.

• These particles are in the size range of 
100–200 nm in diameter and therefore are 
easily suspended in the air. This suspension 
within the atmosphere is easily inhaled and 
deposited in the respiratory tract leading to 
serious respiratory disorders.

• Deserts as source of nanoparticles: Dust 
storms are also a source of nanoparticles in 
the atmosphere; 50% of total aerosols in 
the troposphere are minerals which origi-
nated from the deserts as the result of dust 
storms. The chemical composition of 
nanoparticles originating from deserts con-
sists of high concentration of silicon and 
traces of aluminium, iron and calcium.

• A study carried out in China (in Xian) 
revealed that the dust transported from the 
Gobi desert contained high carbon and 
nitrogen concentrations, nitrates, sulphates 
and ammonium ions (Wang et al. 2013).

 2. Biological nanoparticles
Microorganisms such as Shewanella and 

Lactobacillus (species of bacteria) which cause 
the fermentation of milk proteins also reduce sel-
enite to elemental selenium nanoparticles. The 
biological origin of nanoparticles plays an impor-
tant role in removing environmental contami-
nants like heavy metals and inorganic and organic 
pollutants. Nanoparticles from bacteria, plants, 
fungi, etc. are environment friendly and are 
important alternatives to traditional methods of 
removal of environmental contaminants.

Nanoparticles

Natural

Inorganic 
nanoparticles

Biological 
Nanoparticles

Engineered

Polymer based 
nanoparticles 

Nanosphere
Nanocapsule

Lipid based 
nanoparticles

Liposomes
Solid lipid 

nanoparticles
Nanostructured 

lipid carrier 

Polymeric 
nanoparticles

Polymeric 
micelles

Polymeric 
monogels 

Fig. 5.3 Classification of nanoparticles

Table 5.1 List of some naturally occurring nanoparticles 
and their sizes

Sr. 
No.

Name of the naturally occurring 
nanoparticles Size (nm)

1 Haemoglobin 5.5
2 1 strand of DNA 2
3 Proteins 1–20
4 Insulin 5
5 Glucose 1
6 Virus 100–300
7 Tryptophan (longest amino acid) 1.2
8 Volcanic ashes 100–200
9 Casein micelles 50–250
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Microorganisms like Saccharomyces cerevi-
siae and Staphylococcus carnosus have been 
investigated by scientists to produce homogenous 
selenium nanoparticles for use in food supple-
ments and antimicrobial agents. This holds prom-
ise for the agriculture industry, for enriching soil 
with selenium and thus providing plants with a 
natural defence system is a future technology 
against harmful pathogens that damage crops.

The semi-living organisms such as viruses 
also come under the category of natural biologi-
cal nanoparticles. Proteins, lipids, carbohydrates, 
haemoglobins and other inorganic biomolecules 
are also of nanosized levels.

Natural nanomaterials possess the unique 
property of molecular recognition; thus they can 
self-assemble. They also remain in a colloidal 
state without coagulating for many hours after 
which they tend to aggregate at an increasing 
rate. This indicates that they possess good stabil-
ity. These particles have a large surface area to 
volume ratio due to their minute sizes making 
them much more reactive and efficient. Most of 
the active ingredients of plant extract or animal 
serum occur in nanoscale (Rochishnu et al. 2009). 
A list of some naturally occurring nanoparticles 
and their sizes is summarised in Table 5.1.

5.2.2  Engineered Nanoparticles

Engineered nanoparticles are a heterogeneous 
group of substances, which differ in size, shape, 
surface area, chemical composition and biopersis-
tence, thus strongly affecting their potential impact 
on health. Nanoparticles possess unique character-
istics at molecular, atomic and cellular levels. Their 
geometrical shape influences behaviour and uses. 
Synthetic or engineered nanomaterials are those 
which are synthesised either by physical, chemical, 
biological or hybrid methods (Patra et  al. 2018; 
Jeevanandam et al. 2018; Urbanska et al. 2019).

Types of engineered nanoparticles 
(U.S. Environmental Protection Agency 2017; 
Patra et al. 2018) are as follows

Carbon-based nanoparticles (spherical nanopar-
ticles, fullerenes; cylindrical nanoparticles, 
nanotubes).

Metallic nanoparticles (gold, silver, iron, copper, 
platinum, selenium, metal oxides like cerium 
dioxide, titanium dioxide nanoparticles, etc.)

Quantum dots (semiconductor nanocrystals, with 
a diameter of 2–10 ηm; optical properties of 
quantum dots change by changing their size)

Dendrimers (monodisperse, highly bifurcated, 
well-defined and three-dimensional struc-
tures, for example, poly(amidoamine) 
(PAMAM), core-shell, chiral, peptide, glyco-
dendrimers, etc.)

Composites (engineered nanosized clays)
Polymeric nanoparticles (nanospheres, 

nanocapsules)
Phospholipids (liposomes, micelles)
Biopolymeric nanoparticles (nanoparticles syn-

thesised from chitosan, alginates, etc.)
Inorganic nanoparticles (silver, gold, iron oxide, 

silica nanoparticles, etc.)
Nanocrystals
Protein and polysaccharide nanoparticles (natu-

ral biopolymers extracted from plants, ani-
mals, microorganisms, etc.)

Superparamagnetic iron oxide nanoparticles
Nanoparticles synthesised from natural products 

(metals, metal oxides and sulphide nanoparti-
cles synthesised using various microorgan-
isms like bacteria, fungi, yeasts, etc.) or from 
plant extracts

5.3  Nanoparticles in Medicines

Nanomedicine is the application of nanotechnol-
ogy in the field of biomedical sciences and health-
care (Farokhzad and Langer 2006; Sayes et  al. 
2017). The US federal authorities have provided 
more than $1.4 billion funding for the National 
Nanotechnology Initiative, which confirms the 
importance of nanotechnology. Nanotechnology 
has attracted huge attention around the world. 
According to a recent report by Forbes, nanotech-
nology is one of the fifth biggest growth technolo-
gies to watch over the coming decade (Iyer et al. 
2015; Desai and Rustomjee 2016).

Nanotechnology has an enormous role in 
today’s biomedical sciences (https://www.under-
standingnano.com/medicine.html). Nanotechnology 
 in medicine application includes cancer therapy, 
drug delivery, early detection and prevention, 
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diagnostic technique, antibacterial treatment, 
wound treatment, cell repair and nanorobot-
based nanomedicine. Nanorobots (Fig.  5.4) are 
the future of nanomedicine. They are pro-
grammed to repair specific diseased cells, elimi-
nate bacterial infections, perform surgery at the 
cellular level and act in a similar way to antibod-
ies in our natural healing processes. They can 
even be programmed to increase the human lifes-
pan by repairing cellular level conditions that 
cause the body to age. Ethnomedicines are also 
part of nanomedicines.

However, in Ayurveda nanotechnology has 
been used in the form of nanomedicine as 
Ayurvedic Bhasmas. These are herbo-mineral- 
metallic compounds in the range of 5–50 ηm and 
products of Ayurveda Rasa Shastra. Bhasmas of 
metals and minerals are in use since the seventh 
century.

Few examples of Bhasmas:

Swarna Bhasma (gold nanoparticles: 27 ± 3 ηm) 
is used in the treatment of arthritis.

Mukta Shukti Bhasma (pearl-oyster nanoparti-
cles: 22.52 ± 0.45 ηm) is used in the treatment 
of cough, asthma, etc. and is also used to 
increase bone mineral density.

Tamra Bhasma (copper nanoparticles) is used as 
antioxidant and hepatoprotective.

Bhasmikarana converts the metals from their 
zerovalent state to a higher oxidation state. 
This eliminates the toxic nature of metals and 
their oxides and produces metal oxide into 
medicinal value.

However, safety concerns should be addressed, 
and guidelines taking care of safety, ecology and 
environment should be framed (Sarkar and 
Chaudhary 2010; Kapoor 2010; Pal et al. 2014; 
Palkhiwala and Bakshi 2014; Rohit and Prajapati 
2018).

The Siddha medicine system which uses raw 
materials from plant, animal, metal and mineral 
origins also uses the concept of nanotechnology 
in most of its medicines. There are nearly 212 
varieties of chemico-metallurgical medicines in 
Siddha medicine system for example, minerals, 
metals, salts, gold, silver, mercury, sulphur, etc. 
Most medicines of Siddha medicine system from 
the category of Parpam, Chenduram, Chunnam, 
Kattu and Padhangam were found to contain 
nanoparticles.

Few examples of nano-based medicine in 
Siddha medicine system are as follows:

Fig. 5.4 A nanorobot treating blood cell. https://ashutoshviramgama.com/molecular-nanotechnology-nano-robotics/
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Siddha system uses nano-mercury (sulphide of 
mercury is commonly used) in the treatment 
of cancer, rheumatoid arthritis, systemic lupus 
erythematosus, chronic ulcers, etc.

Nano-gold in its oxide or sulphide form is used in 
Siddha medicine system as Thanga Parpam 
(globular particles of gold with size of 56–57 
ηm) or Chenduram for the treatment of repro-
ductive disorders, autoimmune diseases, skin 
diseases, respiratory diseases and other 
chronic diseases.

In Siddha medicine system nanosilver (velli) is 
used in the treatment of respiratory diseases, 
venereal diseases, haemorrhoids, etc. The 
Siddha system of medicine uses herbo-min-
eral drugs. The herbs are selected depending 
on the metal or mineral used. These herbo- 
mineral drugs are soaked in herbal juice/
decoction and then triturated with the same.

The triturated drug is then subjected to incin-
eration or else sublimation for certain hours in an 
earthen pot, cooled and triturated again. These 
tedious processes result in physico-chemical 
transformation of drug, which leads to particle 
size reduction and change in chemical composi-
tion and thus enhances the efficacy and reduces 
the toxicity (Kandasamy 1998; Shailaja and 
Sugunthan 2016).

In the modern system of medicine, these nano-
pharmaceuticals are either nanocrystalline-based 
or lipid-based formulations (liposomes, solid lipid 
nanoparticles, nanostructured lipid carriers) or 
polymeric or metallic nanoformulations (Agarwal 
et al. 2018; Farjadian et al. 2018). Presently there 
are a variety of FDA-approved nano-based phar-
maceuticals in the market. These are the products 
from various companies across the world. Some 
of the nanopharmaceuticals are given in Table 5.2.

Table 5.2 List of some FDA-approved nanopharmaceuticals currently available in the market

Sr. 
No. Trade name/company Drug/type of formulation

FDA 
approval

1 Emend®

Merck & Co., Inc., NJ, USA
Nanocrystalline form of aprepitant 2003

2 Megace ES®

Elan Pharma International Limited, a 
subsidiary of Elan Corporation, plc
Par Pharmaceutical Companies, Woodcliff 
Lake, New Jersey, USA

Megestrol acetate
Nanocrystalline form of megestrol acetate

2005

3 Triglide®

SkyePharma/Sciele Pharma, Inc. (formerly 
known as First Horizon Pharmaceutical 
Corp.), Atlanta, Georgia, USA

Fenofibrate
Nanocrystalline form of fenofibrate

2005

4 Tricor®

Abbott Laboratories
Fenofibrate
Nanocrystalline form of fenofibrate

2004

5 DaunoXome®

Galen, Craigavon, UK
Liposomal daunorubicin citrate 1996

6 DepoCyt®

Pacira Pharmaceuticals, NJ, USA
Liposomal formulation of cytarabine 1999/2007

7 Feraheme®

AMAG Pharmaceuticals, MA, USA
Ferumoxytol
Carbohydrate-coated, superparamagnetic iron 
oxide nanoparticles

2009

8 Macugen®

Eyetech Pharmaceuticals
Pegaptanib sodium, anti-VEGF (vascular 
endothelial growth factor) aptamer
PEGylated anti-VEGF aptamer

2004

9 Cimzia®

UCB, Brussels, Belgium
Certolizumab pegol (Fab fragment of a 
humanised anti-TNF-alpha antibody)
PEGylated antibody

2008

(continued)
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5.4  Regulatory Framework

Nanotechnology has potential applications in 
almost all areas pertaining to human existence. 
However, use of nanomaterials also raises safety 
concerns as the physical, chemical and biological 
properties of substance undergo changes at the 
nanolevel. Thus the role of regulatory bodies 
around the world becomes very important to 
address these safety concerns.

There are various agencies which regulate 
nanotechnology-based products as per the norms, 
regulations and legislations framed for this 
purpose.

In this chapter, we have focused on the 
following:

 1. Regulations in the USA (cosmetic and drug 
products)

 2. Regulations in Europe
 3. Regulations in India

5.4.1  Regulations in the USA

5.4.1.1  Guidelines for Cosmetics
Regulations in the USA fall under the purview of 
the Food and Drug Administration (FDA). The 
FDA has issued a guidance document (https://

www.fda.gov/regulatory-information/search-
fda-guidance-documents/guidance-industry-
safety-nanomaterials-cosmetic-products) for the 
industry for the safety of nanomaterials in cos-
metic products which include the following 
considerations:

 (i) Nanomaterial characterisation
Nanomaterials vary in compositions, 

morphologies, characteristics, etc. and there-
fore are not a uniform group of substance. 
They may have physical, chemical, or bio-
logical properties that are different from 
those of large-scale materials with the same 
chemical composition.

 A. Physico-chemical properties
Nanomaterials in cosmetics require the 

following information:
• Name of nanoparticles.
• CAS number.
• Structural formula.
• Elemental and molecular composition 

(degree of purity, any known impurities or 
additives).

• Proper evaluation of nanomaterials should 
be done to determine whether the product 
formulated is safe for future use; the char-
acterisation must include measurement of 
particle size and distribution, aggregation 
and agglomeration characteristics, surface 

Sr. 
No. Trade name/company Drug/type of formulation

FDA 
approval

10 Adagen®

Enzon, Inc., NJ, USA
Pegademase bovine (adenosine deaminase)
PEGylated adenosine deaminase

1990

11 Neulasta®

Amgen, Inc., CA, USA
Recombinant methionyl human G-CSF 
(granulocyte colony-stimulating factor)
PEGylated form of filgrastim (granulocyte 
colony-stimulating factor)

2002

12 Oncaspar®
Enzon Pharmaceuticals Inc., NJ, USA

Asparaginase
PEGylated L-asparaginase

1994

13 Pegasys®

Previously the Hoffmann-La Roche Inc. 
and currently the Genentech USA, Inc., 
CA, USA

Interferon alfa-2a
Interferon alfa-2a PEGylated

2002

14 Somavert®

Pfizer Pharmaceuticals, CT, USA
hGH (human growth hormone)
Pegvisomant (B2036-PEG) is the PEGylated 
analogue of human growth hormone

2003

Table 5.2 (continued)
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chemistry (zeta potential/surface charge, 
surface coating, fictionalising, catalytic 
activity), morphology (shape, surface, sur-
face topology, crystallinity), solubility, 
density, stability and porosity.

 B. Impurities: Change in starting material of 
cosmetic results in altered composition 
and thus different impurities. Use of addi-
tional agents and impurities should be 
taken into account in safety aspects of 
nanomaterials in cosmetic products.

 (ii) Toxicology consideration
The suitability of toxicological testing 

is based on the intended use, exposure 
level and potential toxicity of ingredients 
or formulations.

 (a) Routes of exposure
The safety of ingredients depends on 

the potential for exposure and relevant 
routes of exposure that are determined by 
its intended use.

 (b) Uptake and absorption
The physico-chemical properties of the 

nanoparticles are different, so there must 
be safety assessment through which regu-
lation of dose of the nanoparticles could 
be increased or decreased so that it could 
cross the blood- brain barrier.

 (c) Toxicity testing
The earliest step for the determination 

of the safety estimation of cosmetic for-
mulation is to perform toxicity testing 
which is generally based on the toxicolog-
ical profile of the ingredients as well as 
routes of exposure.

5.4.1.2  Guidelines for Drug Products
The FDA has issued a guidance document for 
industry drug products, including biological 
products, that contain nanomaterials (https://
www.fda.gov/media/109910/download). The 
main features are:

• Scope
• Potential risk factors for products with 

nanomaterials
• Quality: Chemistry, manufacturing and controls

 – Description of nanomaterials

 – Nanomaterial quality attribute, structural 
characterisation

 – Nanomaterial physico-chemical character-
isation methods

 – Dissolution/in vitro drug release methods 
for quality testing

 – Manufacturing process and process 
control

 – Excipients
 – Stability
 – Postmarket CMC changes

• Nonclinical studies for drug products
 – General applicability of existing guidance
 – Absorption, distribution, metabolism, and 

excretion (ADME) considerations
 – Risk consideration for specific routes of 

administration
Topical/subcutaneous/inhalation/intra-

venous/oral
 – Testing of the representative nanomaterial
 – Bridging toxicology – a drug product not 

containing nanomaterials to a drug product 
containing nanomaterials

• Clinical developments

5.4.1.3  Fact Sheet on Working Safely 
with Nanomaterials

The Occupational Safety and Health 
Administration (OSHA) has come forward with 
the fact sheet entitled “Working Safely with 
Nanomaterials” (https://www.osha.gov/
Publications/OSHA_FS-3634.html) (OSHA is 
part of the United States Department of Labor; it 
was created in 1971. The OSHA mission is to 
protect workers’ health and safety. It ensures 
safety of work and healthy working environment 
for workers in the USA).

This fact sheet delivers researchers, employ-
ers and workers with the essential information on 
the understanding of possible hazards related to 
nanotechnology and various methods to avoid 
exposure to nanomaterials in the workplace as 
the workers and researchers using nanotechnol-
ogy for research and production may absorb 
nanomaterials through ingestion, skin contact or 
inhalation.

Workplaces that use nanomaterials include 
pharmaceutical labs or industries, chemical labo-
ratories and plants, medical hospitals, construction 
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sites, etc. In these workshops nanoparticles pos-
sess greater hazards if they are easily dispersed in 
the form of powders, droplets or sprays or if they 
are not contained or isolated.

Such workplaces should provide information 
about the nanoparticles being in use, and the 
workers should be trained at least about the 
following:

• Nanomaterial identification and the processes 
in which it is used

• What are the results associated with exposure 
to nanomaterials at the workplace

• Identification and working of personal protec-
tive equipment (PPE)

• Uses and limitations of personal protective 
equipment

• Emergency measures in case of exposures or 
spills of nanomaterials

The fact sheet covers some important topics 
such as:

• Health hazards resulting from exposure to 
nanomaterials

• Current occupational exposure limits for 
nanomaterials

• Assessing worker exposures to nanomaterials
• Methods employers can use to reduce worker 

exposure to nanomaterials, which include:
 – Engineering controls
 – Administrative controls
 – Personal protective equipment (PPE)
 – Medical screening and surveillance

• OSHA Standards that may apply to nanomate-
rial hazards

• How OSHA can help employers/workers 
(https://www.osha.gov/consultation)

5.4.2  European Union

In September 2017 the European Commission’s 
research centre had considered the legislation on 
nanomaterials and realised that better implemen-
tation and safety evaluation were needed. The 
existing regulatory guidelines cover legislations 
on particular products containing nanomaterials, 

which include labelling and safety assessments, 
and therefore they have come forth with a sug-
gested definition of nanotechnology so that regu-
lators are able to recognise and describe 
nanoparticles. This is essential because then only 
nano-specific rules can apply. Many policies 
mandate a hazard evaluation of nanomaterials 
before their use. Regulators need to confirm that 
existing test procedures and guidance are com-
patible with nanomaterials; otherwise, nano- 
specific tests need to be developed.

The JRC (Joint Research Centre) is the sci-
ence and knowledge service of the European 
Commission. It is spread across five different 
countries Belgium, Germany, Italy, the 
Netherlands and Spain (EU Science Hub; https://
ec.europa.eu/jrc/en). The JRC forms the back-
bone of EU efforts to study nanomaterials and is 
part of collaborative research with European and 
international partners.

Methods for assessing the safety of nanomate-
rials are related to OECD test guidelines. It col-
laborates with the European Committee for 
Standardization (CEN) and International 
Organization for Standardization (ISO).

The Joint Research Centre (JRC) does the 
following:

• It supports the development and implementa-
tion of EU policy for nanomaterial safety 
assessment.

• It provides scientific and technical advice con-
cerning nanomaterials to other commission 
services.

• It contributes to standardisation and harmoni-
sation of methods for nanomaterials.

• Scientists participate in about ten FP7 (sev-
enth Framework Programme for Research and 
Technological Development. It lasted for 
7 years from 2007 till 2013).

• It hosts the web platform on nanomaterials.

EU regulations on consumer products – bio-
cides, cosmetics and foods – have specific provi-
sions for nanomaterials. Ingredient labelling is 
based on the definition of “nanomaterial”. 
Nanomaterials are covered by the EU chemical 
legislation (REACH Regulation).
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JRC scientists have contributed to reducing 
uncertainties related to the potential impact of 
nanomaterials on environment and health and are 
helping in the development of regulatory guidelines 
by providing advice with scientific credentials.

5.4.3  Regulations in India

In India, “Nano mission” was unveiled in 2007 to 
streamline investment into R&D. The Ministry of 
Science and Technology is responsible for the 
promotion of R&D in this area through three 
agencies: Department of Science and Technology 
(DST), Department of Biotechnology (DBT) and 
Department of Scientific and Industrial Research 
(DSIR). Nano mission is implemented by the 
DST (Srivastava and Chowdhury 2006). Some of 
the nanotechnology-based pharmaceutical drugs 
and substances are listed in Table 5.3.

5.4.3.1  Guidelines and Best Practices 
for Safe Handling 
of Nanomaterials in Research 
Laboratories and Industries

The Centre for Knowledge Management of 
Nanoscience and Technology has published guide-
lines and best practices for safe handling of nano-
materials in research laboratories and industries 

 (https://dst.gov.in/sites/default/files/Draft-
Guidelines%20.pdf):

• Document based on regulatory reports pub-
lished by the ISO, OECD, NIOSH, OSHA and 
others.

• The report covers “identifying hazards, path-
ways and common tasks that could result in 
exposure, exposure control strategies, Best 
practices to be followed while handling 
nanoparticles, Best practices and adequate 
approaches regarding making and handling of 
nanopowders and use of products relating to 
food and healthcare, Safety practices”.

• Engineered nanomaterials like nanospheres, 
nanotubes, nanowires and nanosheets possess 
a unique combination of properties – biologi-
cal, physical, chemical, mechanical, electrical 
and thermal – making them capable for a vari-
ety of applications. Due to high reactivity, 
large surface area and small dimensions, 
nanoparticles are able to penetrate living 
cells. The unique nano-features make them 
hazardous for the environment and health. 
Extensive research activity is being under-
taken in various R&D institutions, universi-
ties and industries across the world to evaluate 
the toxicity and critical exposure levels of 
nano material, 

Table 5.3 Nanotechnology applications developed in India

Sr. 
No. Technology/process Description Owner/developer
1 Abraxane A formulation of paclitaxel for targeted 

drug delivery
Biocon
Bengaluru

2 Antimicrobial spray Through use of silver nanoparticles Bhaskar Center for Innovation and 
Scientific Research
Chennai

3 Drug scanner Nanotechnology-based spurious
drug detection scanner machine

Bilcare Research
Pune

4 Estrasorb DDS for oestrogen therapy (drug loaded 
within the nanoparticle formulation)

Bharat Biotech (with Novavax)
Hyderabad

5 Nanoxel Paclitaxel-based drug delivery systems 
(DDS) for cancer drugs

Dabur (Fresenius Kabi Oncology Ltd.)
Haryana

6 Water-soluble carbon 
nanotube-based cancer 
drug delivery system

Water-soluble carbon nanotubes that have 
functional groups on the walls for 
conjugation with cancer drugs

Cromoz Inc./IIT Kanpur
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5.4.3.2  Guidelines for Evaluation 
of Nanopharmaceuticals

Guidelines for evaluation of nanopharmaceuti-
cals in India have been published by the 
Government of India in October 2019 
(http://164.100.117.97/WriteReadData/userfiles/
Guidelines%20For%20Evaluation%20of%20
Nanopharmaceuticals%20in%20India_24.10.19.
pdf).

The aim of these guidelines is to ensure the 
quality, safety and efficacy of nanopharmaceuti-
cals and to encourage commercialisation of 
nanotechnology- based inventions by increasing 
benefit-to-risk ratio.

The scope applies to the nanopharmaceuticals 
in the form of finished formulation as well as API 
of a new molecule or an already-approved mole-
cule with altered nanoscale dimensions, proper-
ties or phenomena associated with the application 
of nanotechnology intended to be used for treat-
ment, in  vivo diagnosis, mitigation and cure or 
prevention of diseases and disorders in humans.

These do not apply to conventional drugs with 
incidental presence of nanoparticles or drug 
products containing microorganisms or proteins, 
which are naturally present in the nanoscale 
range. These are not applicable to medical 
devices, in  vitro diagnostics, tissue-engineered 
products using nanotechnology and nanoparticle- 
modified cell-based therapies.

These guidelines have defined and categorised 
nanopharmaceuticals as described below:

Nanopharmaceutical is a “pharmaceutical 
preparation containing nanomaterials intended 
for internal use or external application on 
human for the purpose of therapeutics, diagnos-
tics and health benefits. The nanomaterial is 
generally defined as material having particle 
size in the range of 1–100  nm in at least one 
dimension. However, if a material exhibits 
physical, chemical or biological phenomenon 
or activity which are attributable to its dimen-
sion beyond nanoscale range up to 1000 nm, the 
material should also be considered as nanoma-
terial. Therefore, any pharmaceutical contain-
ing such material should also be considered as 
nanopharmaceutical”.

In particle-size distribution of the nanophar-
maceutical, the nanosized range should be 
declared in the product specification. Further, 
the  particles should be within the claimed  
nanosized range in all given testing conditions 
during the claimed stability period and final 
product.

The guideline has categorised the nanophar-
maceuticals according to various categories as 
follows:

 1. According to degradability of nanomaterial
 (a) Biodegradable (PLA, PLGA, etc.)
 (b) Non-biodegradable (gold, silver, plati-

num, etc.)
 2. According to nature of nanomaterial

 (a) Organic nanomaterials
(i) Biodegradable (carbohydrates, lipids, 

liposomes, polymers, proteins or 
their conjugates or composites)

(ii) Non-biodegradable (carbon nano-
tube, fullerene, graphene, etc.)

 (b) Inorganic nanomaterials
(i) Biodegradable (biominerals)
(ii) Non-biodegradable (metallic 

nanoparticles, semiconductor quan-
tum dots, iron oxides, etc.)

 (c) Multicomponent nanomaterials (mag-
netic liposomes)

 3. According to nanoform of the ingredient
 (a) Nanocarriers loaded with active pharma-

ceutical ingredient (dendrimers, lipo-
somes, gold nanoparticles, etc.)

 (b) API converted to nanoform (nanocrystals 
of tacrolimus, cyclosporin, griseofulvin, 
etc.)

The key features are:

• Scientific rationality for development of 
nanopharmaceuticals

• Stability testing of nanopharmaceuticals
• Animal pharmacology data
• Animal toxicology data
• Clinical trial data
• Evaluation of nanopharmaceuticals
• Pharmacovigilance of nanopharmaceuticals
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5.5  Conclusion and Future 
Perspectives

It has been reported that there are large data gaps 
which indicate the need to augment over conven-
tional toxicity methods (Hulla et al. 2015; Walker 
and Bucher 2009; https://www.greenfacts.org/en/
risks-nanotechnologies-nanomaterials/index.
html).

The four main areas which need to be focused 
on are:

 1. Insufficient data: there is no specific data 
regarding nanoparticles and nanomaterials 
and even no information or data about the use 
of the same in products and release from 
products.

 2. Scientific understanding of nanotoxicological 
behaviour needs to be improved to facilitate 
the next step of generalisation and 
abstraction.

 3. Nanotoxicological data needs to address exist-
ing and future areas of development in 
nanomaterials.

 4. There are limited risk assessment and regula-
tory guidelines available.

The government, society, scientists and busi-
ness houses need to cooperate to develop an 
action plan to deal with developments in materi-
als and the associated risks. This would provide 
the foundation for increased data availability and 
mutual understanding.

Various agencies around the world regulate 
nanotechnology products as per existing norms 
and regulations. Regulations specifically for 
nanoparticle-based products are essential and 
regulations regarding the same need to be drafted 
and implemented.
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Abstract

Systemic fungal infection in pulmonary tis-
sue and viral infections affecting peripheral 
nerve claim millions of lives every year. The 
inability of therapeutics to reach the diseased 
sites at an optimum concentration, lack of 
patient- friendly delivery strategies, and 
inability of delivery strategies to penetrate 
and/or release the therapeutic payload at the 
diseased sites, keeping the normal cells unaf-
fected, are some of the reasons which demand 
alternative or other methods to successfully 
deliver drug to affected sites. Since the end of 
the last century, a novel drug delivery sys-
tem (drug- nanocarrier system) has reached a 
new benchmark with the application of nano-
medicine in the treatment of fatal metabolic 
disorders and infectious diseases. Despite its 
ability to increase permeability and penetra-
bility to cells/tissues/organs, its uncontrolled 
biodistribution may cause cytotoxicity to 

nontargeted cells, resulting in improper thera-
peutic management. Therefore, ligand-based 
active targeting strategies are most popularly 
exploited by researchers around the world to 
develop site- specific targeting of diseased 
sites. A plethora of site-specific nanomedi-
cines has been developed on the laboratory 
scale based on conventional active targeting 
strategies with ligands. Even after a lot of sin-
cere efforts, the translation of laboratory to 
clinic is very limited due to toxicity, stability, 
and the nonspecific nature of ligands. 
Therefore, certain nonconventional 
approaches of targeting therapeutics, such as 
gene-silencing technology, management of 
glioma by incorporation of brain-mimicking 
lipid in nanoliposomal formulations, 
chemical- mediated nanoliposomal formula-
tions specifically targeted to peripheral ner-
vous systems (PNS), and innovation of novel 
delivery devices, offer significant promise for 
effective therapeutic management. This chap-
ter focuses on the pros and cons and future 
prospects of various conventional and non-
conventional approaches of drug targeting 
with an insight to develop powerful therapeu-
tic weapons for effective therapeutic manage-
ment of deadly diseases.
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6.1  Introduction

Combating the mortality associated with various 
systemic diseases, such as fungal infection in 
pulmonary tissues, viral infections in peripheral 
nerves, metabolic disorders including malignant 
tumors, diabetes, etc., faces lots of challenges 
due to multiple factors, namely, (i) lack of speci-
ficity of therapeutics at the diseased sites, result-
ing in severe toxicity in normal tissues; (ii) poor 
penetration and retention of therapeutics in the 
diseased sites; (iii) feeble therapeutic outcome 
due to frequent dosing, resulting in poor patient 
compliance, etc. (Li et al. 2016). Nanomedicine 
(application of nanotechnology in medicine) 
offers a considerable promise to provide signifi-
cant improvement in therapeutic response to 
combat those challenges of metabolic disorders 
or fungal/viral infections in humans/animals 
(Sinha et al. 2013). However, issues such as non-
specific biodistribution of nanoformulations 
upon systemic administration are an obstacle that 
need to be addressed for better therapeutic man-
agement of diseases. These drawbacks have 
shifted the attention of researchers around the 
globe toward the development of ligand-based 
site-specific delivery of nanocarriers to the dis-
eased sites for radical improvement in therapeu-
tic response and outcome. Furthermore, ongoing 
understandings of these diseases at the molecular 
level help to design ligands with superior affinity 
for the diseased sites. Although many so far 
explored ligands have shown superiority in deliv-
ering therapeutics to the diseased sites, their non-
specific biodistribution, especially in healthy 
normal cells/tissues, cannot be fully tackled. 
Most of the ligands target specific overexpressed 
proteins of the diseased cells and the normal cells 

are often found to express those proteins (may be 
at a low amount). The treatment of diseases of the 
central nervous systems (CNS), such as glioblas-
toma and neurodegenerative disorders, imposes 
another hurdle to biomedical scientists due to the 
strategic location of the blood-brain barrier 
(BBB), which allows very selective transport of 
molecules between the systemic circulation and 
the interstitial fluid to maintain homeostasis.

A plethora of ligands such as peptides, anti-
bodies, aptamers, and small molecules such as 
vitamins and sugars are heavily exploited glob-
ally for the development of powerful therapeutics 
(as illustrated in Table  6.1). Despite several 
approaches by scientists to develop ligand-based 
active therapeutics, their limited success is due to 
many reasons, a few of them are: (i) nonspecific-
ity due to their inability to target proteins solely 
expressed by diseased cells/tissues, (ii) in  vivo 
instability, (iii) toxicity, (iv) high cost, and (v) 
saturation of target proteins by targeting ligands, 
etc. These drawbacks have instigated researchers 
to explore certain nonconventional site-specific 
drug delivery approaches that show significant 
opportunity for the development of powerful 
therapeutic weapons in order to strengthen the 
armory of humankind. These concepts of target-
ing include use of certain indigenous components 
of tissues, use of chemicals which have a natural 
affinity for the target sites, and direct gene- 
silencing technology to prevent the expressions 
of the corresponding proteins responsible for 
metabolic disorders. Therefore, the fundamental 
focus of the present chapter is to highlight vari-
ous pros and cons of the conventional and non-
conventional methods of drug targeting in order 
to accelerate translation of research from labora-
tory scales to clinics to utilize those technologies 
to prevent humankind from the fatality of these 
diseases.

At the outset, we should explain our thoughts 
related to defining conventional and nonconven-
tional approaches to site-specific nanosize drug 
delivery. Various ligand-mediated drug delivery 
systems for transporting the drug cargo to the 
specific cells or tissues are conventional 
approaches of drug targeting. Several such widely 
targeted ligands are monoclonal antibodies, 
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Table 6.1 Conventional approaches for site specific targeting of therapeutics

Disease Targeting moieties Specific targeted site References
Cancer Monoclonal 

antibodies
IgG1 CD20 (in low-grade 

B-cell non-Hodgkin 
lymphoma)

Cardarelli et al. 
(2002)

HER2/neu (in metastatic 
breast cancer)

Holgado et al. 
(2018)

CD52 (in chronic 
lymphocytic leukemia)

Mone et al. 
(2006)

VEGF and EGFR (in 
metastatic colorectal 
cancer)

Ohhara et al. 
(2016)

IgG4/calicheamicin CD33 (in acute myeloid 
leukemia)

van der Velden 
et al. (2001)

IgG1/90Y CD20 (in relapsed or 
refractory non-Hodgkin 
lymphoma)

Sharkey et al. 
(2010)

IgG2a/ 131I CD20 (non-Hodgkin’ 
lymphoma refractory to 
Rituximab and relapsed 
following chemotherapy)

Kaminski et al. 
(2000)

Peptide-mediated 
targeting

Bombesin 
(QQRLGNQWAVGHLM)

GRP receptors (in small 
cell lung, glioblastomas, 
gastric, pancreatic, 
prostate, breast, cervical, 
and colon cancers)

Accardo et al. 
(2019)

Somatostatin 
(AGCKNFFWKTFTSC)

Somatostatin receptors 
(in small cell and 
non-small cell lung 
cancers)

Kiaris et al. 
(2001)

FSH β chain carrying peptide 
FSH-33
(YTRDLVYKDPARPKIQKTCTF)

FSH receptors (in 
ovarian cancer)

Hong et al. 
(2013)

LyP-1 peptide (CGNKRTRGC) p32 protein (in 
MDA-MB-435 
melanoma cancer cells)

Song et al. 
(2019)

Fibroblast growth factor analogs 
(KRLYCKNGGF FLRIHPDGRV
DGVREKSDPH IKLQLQAEER 
GVVSIKGVCA NRYLAMKEDG 
RLLASKCVTD
ECFFFERLES NNYNTY)

Fibroblast growth factor 
receptors (FGFRs) (on 
both tumor cells and 
neovasculature)

Schmidt et al. 
(2015)

Liver cancer targeting peptide 
(FQHPSFI)

HepG2 (in 
hepatocarcinoma cells)

Zhang et al. 
(2007)

Peptide GFE (CGFECVRQCP 
ERC) and peptide F3 
(KDEPQRRSAR LSAKPAPPKP
EPKPKKAPAK K)

Endothelial cells of lung 
blood vessels and tumor 
vasculature

Åkerman et al. 
(2002)

Tripeptide RGD αvβ6 integrin (in head 
and neck cancers)

Ahmedah et al. 
(2017)

Alpha melanocyte stimulating 
hormone (α-MSH peptide)

α-MSH receptors (on 
metastatic melanoma 
cells)

Quinn et al. 
(2010)

Aptamer-
mediated 
targeting

Enterotoxin (STh) from 
Escherichia coli (NSSNYCCELC
CNPACTGCY)

guanylate cyclase C 
receptor (on the surface 
of human colon cancer 
cells)

Pitari et al. 
(2001)

(continued)
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Disease Targeting moieties Specific targeted site References
Cancer Aptamer-

mediated 
targeting

A9 and A10 PSMA (in prostate 
cancer cells)

Fan et al. 
(2016)

TTA-1 Tenascin-C (in 
glioblastoma cells)

Hicke et al. 
(2001)

5TR1 MUC1 (in mammary 
gland, esophagus, 
stomach, duodenum, 
colon, pancreas, uterus, 
prostate, lungs, and 
hematopoietic cells)

Moosavian 
et al. (2018)

J18 EGFR (in breast, lung, 
esophageal, and head 
and neck cancer)

Li et al. (2010)

D4 RET (in 
pheochromocytoma and 
multiple endocrine 
neoplasis)

Cerchia et al. 
(2005)

Sgc8 Protein tyrosine kinase 7 
(in T cell acute 
lymphoblastic leukemia 
cells)

Taghdisi et al. 
(2010)

TD05 Membrane-bound 
immunoglobulin heavy 
μ-chain (in Burkitt’s 
lymphoma cells)

Mallikaratchy 
et al. (2007)

Folate-mediated 
targeting

Folic acid FR-α (in 
adenocarcinomas of the 
ovary, uterus and cervix, 
testicular 
choriocarcinoma, 
ependymal brain tumors, 
malignant pleural 
mesothelioma, and 
nonfunctioning pituitary 
adenocarcinoma)

Cheung et al. 
(2016)

FR-β (in chronic (CML) 
and acute (AML) 
myelogenous leukemia)

Lynn et al. 
(2015)

FR-γ (in ovarian, 
cervical and uterine 
carcinoma)

Shen et al. 
(1995)

Transferrin-
mediated 
targeting

Transferrin TFR1 (in brain, breast, 
colon, liver, lung, ovarian 
and prostate cancer)

Shen et al. 
(2018)

TFR2 (in ovarian cancer, 
colon cancer and 
glioblastoma cell lines)

Calzolari et al. 
(2007)

Table 6.1 (continued)

(continued)
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Disease Targeting moieties Specific targeted site References
Diabetics Protein-mediated 

targeting
Lectin Intestinal epithelial cells 

absorption enhancement
Woitiski et al. 
(2008)

Polysaccharides Double coating with chitosan and 
alginate

Enhancing of the NPs’ 
electrostatic interactions 
with the intestinal cells

Li et al. (2017)

Tri-methyl chitosan chloride1, 
Chitosan–6 mercaptonicotinic acid 
(chitosan–6-MNA)2

mucoadhesion Lui et al. 
(2015), Millotti 
et al. (2014)

Boric acid 
derivative

Phenyl boronic acid-containing 
block copolymer

Glucose responsive 
micelles with faster 
response in physiological 
pH

Yang et al. 
(2013)

Protease 
inhibitor

Diethylene triaminepenta acetic 
acid (DTPA) as chelating agent

Inhibits intestinal 
protease activity

Su Fy et al. 
(2012)

Trypsin or achymotrypsin 
inhibitors, such as soybean trypsin 
inhibitor1

FK-4482

Ca3ostatmesylate2, aprotinin3

Kinesh et al. 
(2010), Pandit 
and Joshi  
(2015), Cliek 
et al. (2005)

PEG conjugated PEGylation of insulin nonimmunogenic, 
nontoxic, nonallergic 
variants of insulin

Zhang et al. 
(2008)

Peptides CPP (molecular weight protamine1, 
arginine2, lysine2, penetratin3, R94)

Enhance penetration of 
negatively charged cell 
surface

Sheng et al. 
(2016), Wearly 
(1991), Kamei 
et al. (2015), 
Araújo et al. 
(2016)

Biotinylation Lys34-,Lys26,34–biotin–GLP-1 
derivatization

Actively traverses the 
intestine membrane via 
sodium-dependent 
multivitamin transport

Youns et al. 
(2008)

Peripheral 
targeting

peptidomimetics Claudin-1 Barrier opener to 
transport hydrophilic 
analgesic

Zwanziger 
et al. (2012), 
Sauer et al. 
(2014), Staat 
et al. (2015)

Bacterial 
neurotoxins

Tetanus toxins1

Tet-12

Ganglioside GT1b 
receptor

Surana et al. 
(2018), Liu 
et al. (2005)

Botulinum neurotoxin A (BoNT/A) Motor neurons Marinelli et al. 
(2012)

Cholera toxin subunit B, or CTB Ganglioside GM1. Porras et al. 
(2016)

Monoclonal 
antibody

– To target intercellular 
adhesion molecule 
(ICAM)-1

Lengert et al. 
(2013)

Others dioleoyl-phosphatidylcholine 
(DOPC)

Preferentially targeted 
peripheral neurons and 
Schwann cells

Lee et al. 
(2013)

Pulmonary 
fungal 
infection

Surface 
functionalization

Chitosan Increases mucoadhesion 
in pulmonary fungal 
infection

Paul et al. 
(2018)

Delivery devices Nebulizer Direct deposition of 
drugs to pulmonary site

Monforte et al. 
(2010)

Table 6.1 (continued)
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 peptides, aptamers, carbohydrate compounds, 
 vitamins, and many more. However, nonconven-
tional site-specific drug delivery approaches 
highlight the approaches to deliver drug to the 
target cells/organs/tissues without using  any 
ligands. They may include charge-dependent 
drug carrier, drug delivery to a systemic tissue 
directly for prolonged action of drug in the tissue 
as drug depot, using indigenous components of 
tissues in the carrier systems, use of chemical 
compounds in the drug carrier, which has natural 
affinity to the target site, or even approaches to 
directly silencing genes or protein expression to 
stop development of malfunctioning proteins 
responsible for causing the disease.

Due to the chapter’s limited scope, we describe 
here only a few selective conventional and non-
conventional nanosize site-specific drug delivery 
systems.

6.2  Conventional Approaches 
for Targeting

Some selective ligand-mediated approaches have 
been described below in a nutshell.

6.2.1  Monoclonal Antibodies

The unique characteristics of antibodies such as 
molecular homogeneity, high specificity, and 
binding affinity of monoclonal antibodies (mAbs) 
make them attractive ligands for cancer cell tar-
geting. Monoclonal antibodies are widely 
explored on various cell-surface proteins, such as 
epidermal growth factor receptor (EGFR), vascu-
lar endothelial growth factor receptor (VGFR), 
human epidermal receptor (HER2), etc. 
Antibodies can be used either to recognize the 
target proteins on the surface of the cells or to 
function as therapeutics. Therapeutic mAbs are 
engineered to make them fully humanized or chi-
meric antibodies in order to avoid untoward tox-
icity. Despite their potential as targeting ligands 
and as therapeutics, their toxicity, stability, and 
size are the serious drawbacks limiting the trans-
lation of their potential from preclinical stage to 

clinical trial to the clinic. Some examples depict-
ing antibody-mediated active targeting of 
nanoparticles are given below:

 (a) The monoclonal antibody PDL1 – function-
alized polyethylene glycol-poly(ε- 
caprolactone) nanoparticles were developed 
by Xu et al. (2019) for the effective manage-
ment of gastric cancer, as the expression of 
PDL1 is upregulated in gastric cancer fol-
lowing the infection with Helicobacter 
pylori. They reported that mAb PDL1 binds 
with the extracellular domain of protein 
PDL1, thus preventing its interaction with 
receptor PD-1, which plays very crucial role 
in the downregulation of the immune system 
as well as promotes self-tolerance by the 
suppression T-Cell inflammatory activity.

 (b) Nagesh et  al. (2016) developed docetaxel- 
loaded superparamagnetic iron oxide 
nanoparticles which were functionalized 
with antibody J591 to target prostate-cancer- 
specific membrane antigen (PSMA) for the 
effective management of prostate cancer.

 (c) Overexpression of the epidermal growth fac-
tor is seen in various cases of small lung can-
cer. This overexpressed epidermal growth 
factor was exploited by Karra et  al. (2013) 
for site-specific targeting by developing 
cetuximab-conjugated paclitaxel-loaded 
polylactide-co-glycolide (PLGA) nanoparti-
cles. Results of their investigation revealed 
that EFGR-targeted nanoparticles might 
have the potential for effective management 
of lung cancers.

6.2.2  Peptides

Peptides are widely explored as targeting ligands 
due to their small size, resulting in superior pen-
etration into the target sites as compared to anti-
bodies and proteins, and their ability to interact 
with the surface protein of the target sites through 
protein-protein interaction, resulting in higher 
binding affinity and specificity compared to 
other targeting ligands. Comparatively low 
immunogenicity, large-scale synthesis by rela-
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tively  inexpensive phase-display technology, 
and biocompatible chemical properties are the 
additional advantages of paptides. A plethora of 
peptide molecules has been explored as antican-
cer peptides, as targeting ligands for site-specific 
delivery of chemotherapeutics, and in the devel-
opment of cancer vaccine against various types 
of malignancies. However, susceptibility towards 
proteolysis, especially after in  vivo delivery is 
the serious drawback encountered by peptide 
ligands, and thus it probably hinders their trans-
lation from laboratory scale to clinic, and very 
few peptides have entered into clinical trials in 
order to serve humankind by developing effi-
cient therapeutic weapons to combat fatal dis-
eases. Lo et al. (2008) developed nanoliposomal 
doxorubicin conjugated with peptide SP94 for 
the development of site-specific targeting in 
hepatocellular carcinoma. In vitro study in 
malignant hepatocytes cells and in vivo investi-
gations in tumor-bearing xenograft mice revealed 
that the peptide SP94 enhanced penetration of 
liposomal doxorubicin in malignant liver cells 
and tissues. Wang et al. (2016) developed argi-
nyl-glycinyl-aspartic acid (RGD)-peptide-
modified, lipid-coated nanoparticles for the dual 
delivery of sorafenib and quercetin. The pre-
pared nanoformulations had been characterized 
on the basis of physicochemical investigations of 
different parameters such as particle size, zeta 
potential, etc. In vitro study in malignant hepato-
cytes has been performed, which showed excel-
lent efficacy  of the nanoformulation. Further 
in  vivo study was performed in tumor-bearing 
xenograft mice. Results of a series of in vitro and 
in  vivo investigations revealed  that RGD-
peptide-functionalized modified lipid- coated 
nanoparticles had significant potential in con-
trolling hepatocellular carcinoma (HCC).

6.2.3  Aptamers

Single-stranded DNA or RNA oligonucleotides 
are known as aptamers, which are popularly used 
as targeting ligands due to their numerous posi-
tive features such as low molecular weight, ease 
of manufacturing, nonimmunogenicity, and high 

binding affinities for a wide range of target mol-
ecules, which include peptides, enzymes, anti-
bodies, and various cell-surface receptors. 
Systemic evolution of ligands through exponen-
tial enrichment (SELEX) techniques enables to 
generate aptamers with high selectivity and sen-
sitivity (Li et al. 2016; Ladju et al. 2018; Zhuo 
et al. 2017). Furthermore, durability of aptamers 
in biological fluids has been enhanced by chemi-
cal modifications (such as phosphorothioate, 
methylphosphonate backbone modifications, 
etc.) which make them resistant against nucleases 
and peptidase enzymes (Toprkiewicz et al. 2015). 
Despite enormous potential  of aptamers as tar-
geting ligand, the development of aptamer- 
functionalized nanocarriers is still at its infancy 
as most of the aptamer-binding proteins that are 
overexpressed by cancer cells, also  express in 
normal  healthy cells  (may be low in amount) 
resulting in toxicity in the noraml healthy cells.

Azhdarzadeh et  al. (2016) developed gold- 
coated superparamagnetic iron oxide nanoparti-
cles (SPIONs) as theranostics for magnetic 
resonance imaging and photodermal therapy. 
They prepared the SPIONs by microemulsion 
technique and modified by gold coating. Thiol- 
modified mucin-1 aptamer was attached on the 
surface of the gold modified SPIONs for the 
development of site-specific targeting therapy 
against colon cancer. Results of magnetic reso-
nance imaging (MR) revealed that they had the 
significant potential to enhance the contrast 
enhancement agent. They concluded that the pre-
pared gold-coated SPIONs could serve as poten-
tial theranostic agents in the management of 
colon cancer.

Zhang et  al. (2010) developed a dot-labeled 
aptamer bioprobe (QD-Apt) by conjugating 
streptavidin-modified quantum dots (SA-QDs) 
with biotin-modified mouse liver hepatoma cell 
line, known as MEAR (BNL1MEA.7R.1)-
specific single-stranded DNA aptamer (TLS9a). 
The developed QD-Apt specifically recognized 
the MEAR cells but could not recognize BNL 
cells (normal liver cells). Furthermore, results of 
this investigation showed that the developed 
probe was biocompatible and had the potential 
for live-cell imaging.
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Glypican-3 (GPC-3) is recognized as a cellu-
lar membrane proteoglycan and is one of the 
potential and selective biomarkers for HCC diag-
nosis. Dong et  al. (2018) screened 19 GPC-3 
bound aptamers by capillary electrophoresis 
(CE)-SELEX technology. Among them, aptamer 
AP613-1 was found to be useful for specifically 
targeting GPC-3 with a dissociation constant (kd) 
of 55.85 nM. Upon modification by phosphoro-
thioate linkage, the kd value dropped down to 
15.48 nm and designated phosphorothioate mod-
ified AP613-1 as APS613-1. Results of in vitro 
investigations in malignant hepatocytes cells 
such as Huh-7 and in  vivo study of xenograft 
nude mice revealed that APS613-1 had signifi-
cant potential in imaging and diagnosis GPC-3- 
positive HCC.

6.2.4  Saccharide 
and Polysaccharide Ligands

Various glycoproteins and proteoglycans present 
in the outer surface of cells get upregulated due to 
transformation of normal cells into malignant 
cells. These upregulated expressions lead 
researchers to explore saccharides and polysac-
charides as targeting ligands for the development 
of site-specific delivery strategies against differ-
ent types of malignancies, especially HCC 
(Zhong et al. 2014; Jain et al. 2012). The expres-
sions of asialoglycoprotein (ASGPR) receptors 
are upregulated in HCC. Therefore, the develop-
ment of various targeted delivery vehicles against 
HCC has been designed by targeting the asialo-
glycoprotein receptors. D-galactose (Gal) and 
N-acetyl galactosamine residues bind with the 
asialoglycoprotein receptors with high affinity 
and specificity. Asialoglycoprotein receptors are 
also present in normal hepatocytes resulting in 
penetration of chemotherapeutics, and also lead-
ing to drug-related adverse effects, in normal 
hepatocytes. Apart from galactose and N-acetyl 
galactosamine, lactobionic acid, lactose, and 
polysaccharides, such as hyaluronic acid (HA), 
pectin, and pullulan, are some examples of sac-
charides as ligands (Li et al. 2016; Chitttasupho 
et  al. 2013). Nonimmunogenic lectins are the 

multidomain proteins that are widely explored to 
target various glycans overexpressed in various 
malignant tumors (Lepenies et al. 2013).

6.2.5  Vitamins as Targeting Ligand

Vitamins represent a series of organic compounds 
which are essential micronutrients for myriad 
metabolic processes responsible for survival. The 
requirement of vitamins by cancer cells is upreg-
ulated due to their rapid proliferation. Among the 
various types of vitamins, cancer cells especially 
require excess quantities of folate, biotin, retinoic 
acid, vitamin B12, and dehydroascorbic acid 
(DHAA) for their growth and survival (Li et al. 
2016; Chen et  al. 2010). Higher expression of 
receptors for these vitamins in cancer cells has 
been evidenced compared to normal cells (Li 
et  al. 2016). Nanocarriers functionalized with 
vitamins have been attempted by the researchers 
for the development of site-specific delivery 
strategy in different types of malignant tumors as 
described below.

 (i) Overexpression of transcobalamin-II recep-
tors is one of the characteristic features of 
different types of malignancies in the ova-
ries, kidney, uterus, testis, brain, colon, 
lung, and myelocytic blood cells. Therefore, 
B12-decorated nanocarriers offer significant 
promise for site-specific delivery of thera-
peutics and as imaging agents (Toprkiewicz 
et al. 2015).

 (ii) Folic acid or folate, one of the key members 
in the vitamin B complex family, plays a 
pivotal role in the transfer of one-carbon 
unit into various biosynthetic pathways 
especially in de novo biosynthesis of purine 
and pyrimidine nucleotides. Cellular inter-
nalization of folate takes place through 
reduced folate carrier (RFC) and folate 
receptors (FR). The affinity of folate for FR 
is much higher compared to its affinity for 
RFC and upregulated expression of FR has 
been observed in various malignant tumors 
such as ovarian, brain, head and neck, renal, 
and breast cancers (Ai et  al. 2012; Chen 
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et al. 2013; Lemon and Low 2001; Lucock 
2000). That is why folate-decorated nano-
carriers have been developed to target the 
overexpressed folate receptors for the site- 
specific delivery of theranostics (personal-
ized and precision-based medicine).

 (iii) Like FR, overexpression of biotin receptors 
(even more than FR) is seen in various can-
cer cells, namely, breast, colon, lungs, and 
renal cancer and leukemia. The overexpres-
sion of biotin receptors encourages research-
ers to develop delivery strategies with biotin 
to achieve site-specific targeting of malig-
nant cells (Russel-Jones et al. 2004).

 (iv) Retinoic acid, the metabolite of vitamin A, 
has established its potential against HCC as 
it exerts its cytotoxic potential by different 
mechanisms, such as (i) regulation of apop-
tosis and differentiation, (ii) modulating the 
sensitivity of tumor cells to the innate 
immune response, etc. It has been reported 
in the literature that among the different 
subtypes of RA receptors (α, β, and γ), the 
subtype γ is upregulated in HCC (Sano et al. 
2003). Investigations reveal that RA- 
functionalized chitosan-albumin nanoparti-
cles showed much better apoptotic potential 
than nonfunctionalized chitosan-albumin 
nanoparticles in HCC (Varshosaz et  al. 
2013).

 (v) Cancer cells upregulate the glycolysis path-
way which enables them to meet their high 
energy demand in hypoxic environment 
(Kim et al. 2006). Subsequently, the expres-
sion of GLUT 1 (glucose transporter iso-
form 1), the representative member of 
GLUT family, is enhanced due to its regula-
tory role in transporting D-glucose inside 
neoplastic cells. The structural similarity 
between dehydroascorbic acid (DHAA) and 
D-glucose drives the researchers to develop 
DHAA-decorated nanocarriers for site- 
specific targeting of neoplastic hepatocytes 
due to the overexpression of GLUT 1 iso-
forms in HCC (Guo et al. 2015).

Despite the exploration of the ability of different 
vitamin-derivative analogs for the development 

of site-specific delivery strategies to combat can-
cer, the normal expression of the receptors (where 
they also bind) is a real concern and it may 
decrease the interest in their site-specific target-
ing potential.

6.2.6  Transferrin

Transferrin, the 80 kDa iron-transporting glyco-
protein secreted by the liver and cancer cells, 
has a high demand for iron due to its rapid pro-
liferation. Therefore, the expression of transfer-
rin receptor (Tfr) is upregulated in different 
types of malignant tumors, such as HCC, gli-
oma, etc., compared to its expression in normal 
cells. Site- specific targeting of therapeutic entity 
towards malignant cells has been attempted by 
surface decoration of carriers with transferrin. 
However, expression of Tfr in normal cells 
results in significant accumulation of therapeu-
tic payloads in normal cells leading to drug-
related toxicity.

Apart from holo-transferrin and apo- 
transferrin (iron-removed transferrin), lactofer-
rin (mammalian iron-binding glycoproteins) has 
also been exploited especially in glioma for its 
ability to efficiently cross the BBB as the pres-
ent expression of lactoferrin receptor is found in 
the endothelial cells constituting the BBB. 
Glioma stem cells are the subpopulation of 
tumor cells and they are responsible for devel-
oping resistance to radiotherapy and chemother-
apy after surgery. Sun et  al. (2017) developed 
holo- transferrin (holoTf)-conjugated nanopar-
ticulate carriers encapsulating temozolamide. 
Results showed that developed nanoformulation 
was highly effective in crossing the BBB and 
delivered temozolomide in therapeutically 
effective concentrations to the glioma stem 
cells.

Kumar et al. (2017) developed temozolomide- 
loaded lactoferrin nanoparticles with an objective 
to accelerate transcytosis across the BBB through 
the lactoferrin present in the matrix of nanopar-
ticles. Results of in vitro and in vivo investiga-
tions revealed sustained accumulation of 
temozolamide in the brain with improved phar-
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macokinetic profiles. Furthermore, temozolo-
mide induced powerful apoptosis, leading to 
significant reduction of tumor volume and 
improved median survival of tumor-bearing 
mice. Therefore, they concluded that lactoferrin 
nanoparticles provided an efficient delivery plat-
form for the successful delivery of temozolamide 
to tackle glioma in a much effective manner.

In the above discussion, we have explored the 
potentials of conventional targeting (i.e., ligand- 
mediated) approaches of drug carriers, along 
with their advantages and disadvantages. Now 
we will focus on a few selective nonconventional 
drug targeting approaches of nanoformulations.

6.3  Nonconventional Methods 
of Drug Targeting

6.3.1  Nonconventional Gene 
Silencing Method of Drug 
Targeting

Radical advancements in the field of molecular 
biology and computer-aided drug design help in 
the development of a plethora of ligands, result-
ing in the development of potential site-specific 
therapeutic weapons against different types of 
cancers and other diseases. However, active tar-
geting of therapeutics always precedes passive 
targeting as passive targeting causes more accu-
mulation of chemotherapeutics in normal cells 
leading to severe side-effects. This may probably 
be a prime reason because of which  the severe 
mortality associated with cancer could not be 
tackled in an efficient manner (Yao et al. 2016; Li 
et  al. 2016). To overcome these drawbacks, 
genomics-based approaches such as antisense 
technology and RNA inference (RNAi) are rec-
ognized as much more vibrant technologies com-
pared to ligand-based active targeting to achieve 
radical improvement in therapeutic outcomes. 
The revolution in the field of molecular biology 
in the recent decade has resulted in specific and 
effective identification of gene(s) responsible for 
malignant transformation, and thus triggers the 
efficient designing of genomic-based therapeu-

tics capable of selectively blocking the expres-
sion of mutated gene(s) or its downstream 
products such as mRNA. A general active target-
ing mechanism of antisense oligonucleotides to 
block gene expression in cancer cells is depicted 
in Fig. 6.1.

The concept of their designing and their 
potentials as anticancer therapeutics are dis-
cussed below.

6.3.2  Antisense Oligonucleotide- 
Mediated Gene Silencing

Antisense oligonucleotides (ASOs), short oligo-
nucleotide fragments (<50 nucleotides long) dis-
covered by Paul Zamecnik and Mary Stephenson 
in 1978 is an example of direct targeting of gene/
mRNA and it is a nonconventional approach of 
drug targeting. Upon their entry into the cells, 
they bind with mRNA of a gene or with a gene 
against which it is designed, resulting in selective 
cellular depletion of mRNA molecules and sub-
sequent depletion of corresponding proteins 
(Fig.  6.1). Thus, gene silencing by ASOs has 
been explored to block the expressions of mal-
functioning proteins or genes such as oncogenes 
to achieve much better therapeutic outcome, 
especially in metabolic disorders or human 
genetic diseases (Watts and Corey 2012; Ghosh 
et  al. 2014). Different mechanisms have been 
proposed regarding the action of antisense oligo-
nucleotides and the mechanisms are described 
below.

6.3.3  Modulation of Splicing 
Mechanism

The formation of functionally active mature 
mRNA requires a splicing mechanism to remove 
introns. ASOs prevent the splicing of mRNA in 
different ways, such as interaction with different 
components responsible for splicing and binding 
with sequences required for splicing, resulting in 
blockage in the expressions of mRNA and subse-
quent production of oncogenic proteins.

B. Mukherjee et al.



121

6.3.4  Translational Arrest

ASOs can promote translational arrest by binding 
with the initiation codon of translation. 
Furthermore, ASOs lacking the contiguous 
stretch of DNA (or DNA-like oligonucleotides) 
can suppress translation by acting as steric block-
ers to block the function of the ribosome in pro-
tein synthesis.

6.3.5  Activation of RNase H

ASOs have the ability to bind with a complemen-
tary region of target mRNA by following the 
rules of Watson-Crick base pairing leading to 
activation of RNase H activity. Activated Rnase 
H results in the degradation of RNA from the 

DNA-RNA duplex leading to suppression of 
gene expression and subsequent production of 
oncogenic proteins (Minshull and Hunt 1986; 
Devi 2006).

6.3.6  Targeting microRNA (miRNA)

An endogenous small RNA known as microRNA 
plays a crucial role in physiological processes 
and affects metabolic disorders. ASOs have the 
ability to block miRNA.  Researchers have 
designed ASO against miRNA, (miR-122), which 
is abundantly present in the liver of patients with 
HCC and hepatitis C virus infection. ASOs pro-
vided therapeutic benefit by inhibiting the repli-
cation of the hepatitis C virus and improved the 
function of the liver (Oliveira et al. 2006).

Fig. 6.1 Antisense oligonucleotide (ASO)-mediated mRNA dysfunction for inhibiting undesired protein production
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Apart from exerting their roles as mentioned 
above, ASOs can interrupt stability, and transport 
of mRNA from the nucleus to cytoplasm by 
blocking 5′-capping and polyadenylation (Shen 
et al. 2018).

6.3.7  Cellular Delivery of ASOs

Unmodified ASOs are very much unstable as 
they are prone to degradation by nucleases. 
Therefore, several chemical modifications have 
been developed to impart the stability to ASOs. 
Majority of modifications have been done either 
at 2′ position of sugar moiety, such as 2′-O-methyl 
(2′-O-Me), 2′-fluro (2′-F), and 2′-O-methoxyethyl 
(2′-MOE), or at the phosphodiester linkage, such 
as modification by the phosphorothioate linkage. 
Furthermore, the affinity of ASOs can be 
increased by modifying them with locked nucleic 
acids (LAA) which contain a methylene bridge 
between the 2′ and 4′ positions of ribose. This 
methylene bridge is responsible for locking of 
ribose in a conformation ideal for binding with 
the complementary sequence with high affinity 
(Devi 2006; Watts and Corey 2012).

Cationic lipids have been explored widely for 
intracellular delivery of ASOs. Cationic lipids 
have a variation in transfection efficiency based 
upon the target sites as well as inducing toxicity. 
Electroporation technique seems to be highly 
effective in introducing ASO in cells in  vitro; 
however, it requires specialized sophisticated 
instruments and expertise and thus makes the 
process cumbersome (Márquez-Jurado et  al. 
2018).

Some investigations revealed the direct deliv-
ery of ASO through normal saline without the 
need for lipid. Mukherjee et al. (2014) developed 
ASOs against insulin-like growth factor–II 
(IGF-II), whose overexpression is evidenced in 
HCC and in preneoplastic hepatic foci for the 
treatment of HCC.

In the investigation, HCC was developed in 
Sprague Dawley rats by administering diethyl 
nitrosamine (DENA) as initiator and 
2- acetylaminofluorene (2-AAF) as a promoter. 
Intravenous administration of ASOs suspended 

in normal saline showed that ASOs against IGF-II 
has significant curative potential against 
HCC.  Thus, ASOs offer significant promise as 
powerful therapeutic weapons for specific target-
ing for radical improvements in 
HCC. Furthermore, their less or nontoxic nature 
augments the therapeutic response. However, 
very few ASOs have been translated into the clin-
ical trial stages. Thus, ASOs-mediated therapeu-
tic response should be investigated more 
extensively. Much sincere and delicate effort is 
warranted for proper designing of ASOs in 
increasing number to combat growing incidence 
of cancer and other diseases which need genetic 
manipulation.

6.3.8  RNA Interference (RNAi): Tools 
for Post-transcriptional Gene 
Silencing

The concept behind post-transcriptional gene 
silencing is to block an endogenous gene by the 
introduction of homologous double-stranded 
RNA (dsRNA) transgene or virus. The term RNA 
interference (RNAi) was denoted by Fire and 
Mello in 1998 upon conducting a study where 
they injected both sense and antisense strands 
into the nematode Caenorhabditis elegans. 
Results of this study revealed that dsRNA formed 
by both sense and antisense strands were found to 
be more powerful than antisense alone to block 
the target gene. RNAi is a cellular process pres-
ent in all eukaryotic microorganisms as an innate 
defense mechanisms. Upon entering cells, 
dsRNA is processed by the enzyme dicer, result-
ing in the formation of duplexes with 3′ over-
hangs known as siRNA at the starting stage. In 
the entering stage, helicase enzyme separates two 
strands of siRNA from each other. The sense 
strands are degraded by endogenous nuclease 
enzyme and antisense strands bind with the 
RNA-induced silencing complex (RISC) fol-
lowed by catalysis and cleavage of mRNA of the 
diseased gene by the enzyme slicer (Devi 2006). 
Thus, the expression of the diseased gene is sup-
pressed, and the process is known as post- 
transcriptional gene silencing (PTGS).
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Unlike siRNA, short hairpin RNA (shRNA) is 
synthesized in the nucleus. In the nucleus, they 
are processed by a complex known as Rnase-III 
family, Drosha and double-stranded RNA bind-
ing protein (DGCR8). The partially processed 
shRNA known as pre-shRNA is transported to 
cytoplasm by exportin5/RanGTPase. In the cyto-
plasm, it undergoes final processing leading to 
the formation of double-stranded siRNA respon-
sible for the destruction of mRNA of the diseased 
gene as mentioned before. Thus RNAi through 
siRNA has enormous potential to combat malig-
nancy in a safe and effective manner. Their 
in vivo delivery to the diseased sites as well as 
their stability in physiological fluid are two vital 
parameters governing enormous hope for the 
therapeutic success of siRNA (Mansoori et  al. 
2014).

Different chemical modifications in the con-
stituent purine/pyrimidine bases of mRNA or 
modifications at phosphate backbone and at sugar 
moiety have been attempted to increase the 
in vivo stability of siRNA. Examples of some of 
the chemical modifications at the backbone are 
phosphothionate, borophosphothionates, 
4- thioribonucleosides, phosphorothioates, 2 
deoxy-2 fluorouridine, 2-O-methyl, 2-O-(2- 
methoxyethyl), and locked nucleotides. 
Modifications should be done in such a way that 
it will not affect specific regions responsible for 
gene silencing activity (Shen et al. 2018).

The delivery systems for siRNA are broadly 
classified into two: viral vectors and nonviral 
vectors. Among the viral vectors, lentiviruses 
(LVs), adenoviruses (AVs), and adeno-associated 
viruses (AAVs) are popularly exploited for the 
delivery of siRNA.  However, the biosafety of 
viral vectors due to immunogenicity and inser-
tional mutagenesis is a serious concern (Márquez- 
Jurado et al. 2018). Therefore, different nonviral 
vectors have also been explored for the delivery 
of siRNA. Nonviral vectors are broadly of three 
different types: (i) lipid-based vectors, (ii) non-
lipid organic-based vectors, and (iii) nonlipid 
inorganic-based vectors. Nonviral vectors offer 
certain potential advantages over viral vectors, 
namely, biocompatibility, low or nontoxicity, sta-
bility, capability to escape endosomal degrada-

tion, and ease of production. The major drawback 
of nonviral vectors is that they are often less effi-
cient compared to their viral counterparts.

Different types of lipid carriers utilized for 
siRNA delivery fall broadly under four categories 
such as, lipoplexes, lipopolyplexes, stable 
nucleic-acid-lipid particles (SNALPs), and mem-
brane/core nanoparticles (MCNPs). Furthermore, 
lipid carriers mimic the phospholipid composi-
tion of membrane, which accelerates the cellular 
uptake of siRNA (Márquez-Jurado et al. 2018).

Lipoplexes are made up of multiple bilayers 
of cationic lipids. However, cationic lipids have a 
strong drawback of having cytotoxicity. 
Therefore, several neutral lipids are also 
attempted to develop siRNA-loaded lipopolyplex 
due to biocompatibility and ability of neutral lip-
ids to provide superior pharmacokinetic profile 
of siRNA as compared to cationic lipids. The 
backbones of lipopolyplexes are lipid and poly-
mer. Outer lipid layers enhance the penetration of 
lipopolyplex inside the cells whereas natural 
polymeric inner core encapsulates siRNA in a 
superior way. The outer layer of SNALP, on the 
other hand, is composed of neutral lipids while 
its inner layer is composed of cationic lipids. 
siRNA is loaded into the inner layer for the 
attraction between positively charged lipid and 
negatively charged siRNA (Oliveira et al. 2006).

siRNA is loaded into the inner core of MCNPs 
composed of inorganic nanoparticles, especially 
calcium phosphate because of its biocompatibil-
ity and sensitivity to acidic pH to release the 
loaded siRNA. The inner core is surrounded by 
lipid bilayer, as lipid-like molecules have the 
ability for cellular permeability for the delivery 
of siRNA.  Among the nonlipid organic-based 
nanovectors, chitosan-based nanovectors have 
attracted significant attention due to their positive 
charge, low cytotoxicity, and nonimmunogenic-
ity. However, certain disadvantages of chitosan 
are an obstacle as a delivery carrier, as mentioned 
below:

 (i) Variability in composition and molecular 
weight.

 (ii) pH of the surroundings has a strong influ-
ence on the positive charge of chitosan, 
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therefore in vivo efficacy of chitosan carrier 
is still skeptic.

Dendrimer, another popularly explored nonlipid 
base nanovector for the delivery of siRNA, offers 
significant promise due to its biocompatibility 
and nonimmunogenicity. Among the different 
types of dendrimers, amine-terminated polyami-
doamine (PAMAM) and polypropyleneimine 
(PPI) have been most successfully investigated 
for the delivery of siRNA due to their pH sensi-
tivity, leading to rapid intracellular delivery of 
siRNA (Marquez et al. 2018).

Branched and linear polyethyleneimine (PEI)-
based nanovectors offer significant promise for 
the intracellular delivery of siRNA due to their 
ability to release nucleic acids by a proton-sponge 
effect caused by cationic polymer coated on the 
nanoparticles promoting the osmotic swelling of 
endosomes, resulting in the disruption of the 
endosomal membrane leading to the release of 
the loaded DNA. Furthermore, the proton-sponge 
effect helps the nanovector to escape lysosomal 
degradation. However, the main disadvantage of 
PEI is its poor biodegradation, leading to signifi-
cantly high toxicity.

Gold nanoparticles (AuNPs) belong to the 
class of nonlipid base nanovectors that have been 
tried for use in drug delivery of siRNA due to 
their certain positive features such as nontoxicity, 
inertness, biocompatibility, and flexibility to 
functionalize with different modifications to 
enhance the cellular delivery of siRNA.

Supraparamagnetic iron oxide nanoparticles 
(SPIONs) have attracted considerable interest for 
the delivery of siRNA due to biodegradability, 
biocompatibility, and nontoxicity properties. 
Further, their ability to noninvasively detect can-
cer cells help to deliver siRNA to target sites. In 
addition, mesoporous silica nanoparticles, cell- 
penetrating peptides, and nanogels are also cur-
rently being exploited for the delivery of siRNA.

Despite the enormous future potential of 
siRNA as anticancer chemotherapeutics, sincere 
efforts are needed to address numerous important 
issues related to siRNA for rapid acceleration in 
their translation in the service to humankind as 
mentioned below:

 (i) The role of innate defense machinery (a 
naturally occurring siRNA generating sys-
tem) has strong integration with adminis-
tered siRNA, causing therapeutic response

 (ii) Their delivery especially to the target sites 
to avoid off-target silencing

 (iii) Pharmacokinetics and stability which are 
essential in governing their in vivo efficacy.

6.4  Disease-Based Targeting

6.4.1  Diabetes and Drug Targeting

In recent times, researchers are involved in the 
discovery of single-stranded noncoding microR-
NAs (miRNAs) which opened a new window for 
treatment of diabetes. Poy et al. (2009) first iden-
tified miR375 that has a negative impact on 
glucose- stimulated insulin secretion whereas its 
antagonist increases insulin secretion. They sug-
gested that miRNA not only regulates the insulin 
secretion but also has a pivotal role in pancreatic 
β-cell development (Poy et  al. 2009). miRNA 
also functions in the pathway of insulin signaling 
in different tissues. The complication of diabetes 
in different organs such as eye, kidney, and foot 
can be controlled by miRNA. Diabetic cardiomy-
opathy is associated with the levels of different 
miRNAs. Inhibition of such miRNA can alter the 
conditions of the cardiac system. Apart from dia-
betic cardiomyopathy, miRNA also has a crucial 
role in diabetic neuropathy, diabetic retinopathy, 
and diabetic neuropathic osteoarthropathy. 
Reports from different researchers altogether 
suggest that miRNA-mediated regulation is a 
possible therapeutic approach in the management 
of diabetes. Regulation of certain miRNAs can be 
helpful in tuning glucose homeostasis (Kumar 
et al. 2012).

6.4.2  Central Nervous System 
and Drug Targeting

Systemic treatment strategies in neurological 
disorders such as Parkinson’s disease and brain 
tumors require transport of the drug across the 
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blood-brain barrier (BBB) to reach the central 
nervous systems (CNS). BBB is composed of 
brain capillary endothelial cells (BCECs, its 
chief component), pericytes, astrocytes foot 
process, and nerve endings terminating at the 
capillary surfaces. BCECs differ from other 
endothelial cells present in the rest of the body 
due to the absence of fenestrations, presence of 
much extensive tight junctions (TJs), and thinly 
dispersed or scattered pinocytic vesicular trans-
port. The BBB plays a dual role as a transport 
barrier and a physiological barrier due to the 
presence of BCECs, TJs, membrane transport-
ers, and vascular trafficking mediated by 
BCECs. Generally, BBB allows transport of 
molecules whose molecular weight is less than 
400  kDa and primarily lipophilic. Therefore, 
nanocarrier-mediated transport of therapeutics, 
especially macromolecular therapeutics and 
siRNA, has been attempted for the treatment of 
various CNS disorders and glioblastoma. 
Furthermore, ligand-mediated active targeting 
of nanocarriers has also been explored by tar-
geting proteins overexpressed in various disor-
ders/diseases of the CNS, leading to penetration 
of nanocarriers into the brain through various 
mechanisms, such as transporter-mediated tran-
scytosis and receptor-mediated endocytosis. For 
example, selectins, inflammatory cell adhesion 
molecule –I (ICAM-1), vascular endothelial 
adhesion molecule-I (VCAM-I), and matrix 
metalloproteinase (MMP) functionalized nano-
carriers have been explored for the treatment of 
neuronal injury after reperfusion in brain isch-
emia and neuronal injury associated with isch-
emic conditions. Receptors for advanced 
glycation end products (RAGE) in BCECs regu-
late transport of amyloid-β-peptide from blood 
to brain and it is implicated in oxidative stress 
and neuroinflammation. About 2.5 times higher 
expression of RAGE is seen in Alzheimer’s dis-
ease. Therefore, therapeutic strategies have been 
developed to target RAGE based on 
siRNA.  Similarly, peptide-, transferrin-, and 
aptamer-mediated active targeting has been 
attempted for the treatment of glioblastoma. 
However, toxicity, the level of expression of tar-
get proteins, and stability are crucial factors 

among the various other factors governing the 
success of active-targeting nanotherapeutics.

Nanoliposomes have been widely investigated 
for their capabilities to transport drugs of either 
types – hydrophobic or hydrophilic – across the 
blood-brain barrier (BBB). However, sometimes 
nanoliposomes cannot bring the desired quantity 
of drug into the brain across the BBB.  In one 
effort, we used a brain lipid along with its usual 
composition of nanoliposomes (phospholipid 
and cholesterol) (Satapathy et  al. 2016). 
Incorporation of brain phospholipid into the con-
stituents of nanoliposomes shows a remarkable 
increase of the drug-carrier into the brain across 
the BBB (Fig. 6.2).

This shows an incredible nonconventional 
drug targeting approach into the brain crossing 
the BBB. Satapathy et al. ( 2016) reported a quite 
uncommon targeting strategy for the treatment of 
glioblastoma and it seems to be very promising. 
They incorporated 1,2-distearoryl–sn-glycero- 3-
phosphoethanolamine (DSPE) as one of the con-
stituents of nanoliposomes as DSPE that 
constitutes 45% of all phospholipids in the brain. 
Thus, it accelerates the transport of nanolipo-
somes across the BBB to reach the brain for 
superior therapeutic outcomes. Further, this tar-
geting strategy was found to be the least toxic and 
economic due to the enrichment of nanoliposo-
mal formulation by the endogenous component 
of brain lipids. In conclusion, this type of innova-
tive, simple targeting strategy will accelerate the 
development of potential therapeutic weapons 
for significant improvements in glioma and other 
CNS disorders, and the study is a classical exam-
ple of nonconventional drug targeting.

6.4.3  Peripheral Nerves and Drug 
Targeting

Due to the wide distribution of peripheral nerves 
in our  body  and  various common  peripheral 
nerve-related diseases and disorders in humans, 
targeted delivery is highly desired. Neuronal 
damage is mostly signifying partial damage of 
only one or few numbers of neuron of the entire 
system (Bronzino 1995). Selective permeability 
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through the blood-nerve barrier (BNB) causes 
very limited access to the drug in the peripheral 
nerves. However, nerves in  the peripheral ner-
vous system (PNS) involve most of the inflam-
matory and infectious neuropathies which are 
difficult to treat, and successful noninvasive tar-
geting is hardly reported. The proper delivery of 
the drug at its therapeutic level is highly essential 
for symptomatic relief and neuronal regenera-
tions. One of the approaches for this delivery 
strategy is the use of natural toxins, as they have 
the ability to bind the nervous system and can be 
manipulated for targeting peripheral neuropathy 
if the toxicity, inflammatory, and immunogenic 
complications can be avoided. In that case, cell- 
penetrating peptide or inactive form of holotox-
ins can be chosen for targeting the PNS (Surana 
et al. 2018). Tetanus toxin as a vector targets the 
ganglioside GT1b receptor on the presynaptic 
terminals of peripheral nerves and helps in target-
ing peptide cargo. This is due to the retrograde 
transport of the peptide by tetanus toxin from 

neuromuscular joint to cell body or motor and 
sensory neurons. Another 12-aminoacid peptide 
with C-terminal binding domain as tetanus toxin, 
Tet 1 shows similar affinity towards ganglioside 
GT1b (Liu et al. 2016). Botulinum toxin showed 
that retrograde trafficking of BoNT/A, a botuli-
num neurotoxin, to the motor neurons in mice 
models was effective over neuropathic pain 
(Restani et  al. 2012). Cholera toxin specificity 
towards ganglioside GM1 was recently exploited 
to target mesoporous silicone nanoparticles 
(MSNPs) to motor neurons (Porras et al. 2018). 
Nonreplicating herpes simplex virus (HSV)-
based vectors transduce neurons in the dorsal 
root ganglion to deliver encephalin successfully 
to combat neuronal pain and are effective over 
progressive sensory neuropathy caused by toxins, 
chemotherapeutic drugs, or diabetes (Kanda et al. 
2017). However, inflammatory and immunogenic 
complications are key limitations of the pro-
cesses, and alternative methods are needed to be 
established. One of such less toxic approach is 

Fig. 6.2 Transcellular delivery of brain-phospholipid-coated nanoliposomes in comparison to noncoated nanolipo-
somes through the blood brain barrier
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tagging local anesthetic. Due to their hydropho-
bic nature, local anesthetics can diffuse the BNB 
and can access motor and sensory axons 
(Angelova and Angelov 2017). As intraneuronal 
injection causes several side-effects like longer 
nerve block and even apoptosis, injury, or long- 
term neurological dysfunction, some other 
approaches, like sustained release liposome for-
mulation of bupivacaine (Santamaria et al. 2017), 
have been considered. For infectious neuropathy, 
it is essential to treat the infection as well as pro-
viding anti-inflammatory protection. But most 
antiviral drugs are unable to cross the BNB 
because of their hydrophilic nature. One of the 
recent breakthroughs is the dual delivery of anti-
viral and anti-inflammatory drugs in a single 
liposomal carrier for the application of infectious 
neuropathy. Sengupta et al. (2018) have investi-
gated the application of procaine (hydrophobic 
anti-inflammatory moiety) for peripheral nerve 
targeting of a nanoliposomal formulation con-
taining a broad-spectrum antiviral drug ribavirin 
(hydrophilic). These nanocarriers delivered drug 
successfully at the PNS in vivo in rats and proved 
to reduce neuronal excitation of the nerve as well 
as antiviral protection to the PNS, to combat dis-
eases such as herpes, hydrophobia, etc. Thus, 
incorporation of a special chemical in the chemi-
cal constituents of drug-loaded nanocarriers can 
also assist to transport a drug cargo to a desired 

target site in the body. As mentioned above 
(Sengupta et  al. 2018), procaine conjugation in 
the nanocarrier helps for the delivery of drug to 
peripheral nerves (Fig. 6.3).

Drug targeting to peripheral nerves has lots of 
significance as many viruses reside in the periph-
eral nerves at the initial stage of infections and 
even at the later stage of infections also. 
Transportation of drugs to the PNS with a desir-
able drug concentration often remains unsuccess-
ful, causing rapid progression of diseases. 
Examples of such viruses are herpes simplex 
virus, Rabies viruses responsible for causing 
hydrophobia in humans, etc. Many other diseases 
occur due to the problems associated with the 
PNS. Examples of such diseases are gout, arthri-
tis, etc. The above study shows procaine helps to 
bring the formulation to the PNS to release an 
antiviral drug ribavirin. Furthermore, procaine 
suppresses excitation of peripheral nerve to show 
a dual drug effect. This is another example of 
nonconventional drug targeting.

6.4.4  Lungs and Drug Targeting

Carcinoma and fungal infections in lungs are 
very difficult to treat resulting in severe fatal 
 consequences, because maintaining the concen-
tration of drugs in lungs, especially in the lower 

Fig. 6.3 Peripheral nerve targeting by local anesthetic conjugation
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respiratory tract, is a herculean task due to high 
blood turnover in lungs, resulting in rapid 
removal. Therefore, different nanocarrier- 
mediated passive targeting and ligand- 
functionalized nanocarrier-mediated active 
targeting have been developed to achieve ade-
quate drug concentration for therapeutic response 
for prolonged periods. Even gene silencing 
approaches through siRNA therapeutics have 
been explored for superior therapeutic outcome 
by site-specific blocking of expressions of onco-
genes responsible for lung cancer. However, their 
delivery to and retention in target sites in lungs is 
the real challenging issue.

Different devices can also deliver the formu-
lations to a target site for providing sustained 
drug action for a prolonged periods in a more 
localized way, and thereby enable more drug tar-
geting at the localized tissue. Delivery of anti-
fungal drug in nanocarriers or mucoadhesive 

polymer-coated nanocarriers into the lungs by 
DPI/nebulizer can provide prolonged drug action 
all through the lungs (Sinha et  al. 2013; Das 
et  al. 2015; Paul et  al. 2018) and this can be a 
unique example of nonconventional drug target-
ing with a highly efficacious site-specific drug 
delivery management. In case of lung fungal 
infection, drug delivery by other routes is unable 
to manage persistent desirable drug concentra-
tion in lungs due to very rapid turnover of blood 
in lungs. A high amount of antifungal drug 
should be maintained in the blood for a long 
period to provide drug in the upper, middle, and 
lower part of the pulmonary tissues to kill fungi 
and fungal spores (Fig.  6.4) (Das et  al. 2015; 
Paul et al. 2018). Since almost all available anti-
fungal drugs are highly toxic in nature, they can-
not be used for a prolonged period with a high 
blood level, as this may cause survival of spores 
and recurrence of the diseases.

Fig. 6.4 Comparison of pulmonary route with oral/parenteral route for controlling fungal infection in lungs
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6.5  Conclusion

Growing incidences of fatality associated with 
metabolic disorders and/or fungal/viral infections 
at some specific sites in the body necessitate the 
rapid development of potential target-specific 
therapeutic weapons in the near future. Despite 
several efforts for the development of site- specific 
targeting strategies, very little target-specific ther-
apeutics are available so far and it seems to be 
inadequate to combat such diseases. Numerous 
drawbacks associated with conventional drug tar-
geting approaches are probably the prime reasons 
for such poor translation of therapeutic outcomes 
from bench to bedside. The alleviated toxicity at 
the normal/healthy cells by the existing modes of 
therapies sometimes leading to even death of the 
patients should not be ignored. Therefore, a great 
amount of attention has been shifted towards non-
conventional modes of drug targeting for radical 
improvement in the development of site- specific 
therapeutics. Furthermore, different innovative 
techniques or technologies such as nanorobots 
and nanocrystals may be extensively explored for 
the development of site-specific therapeutics. In 
the near future, the biomedical field may experi-
ence a radical improvement in the quality and 
quantity of site-specific therapeutics for a signifi-
cant improvement in the quality of life.
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Abstract

The oral route of drug administration is the 
most preferred and patient-compliant route. 
When a drug is required to be delivered to the 
colon, special attention is required as the colon 
is the distal-most part of the gastrointestinal 
system. Also, a drug has to face a wide range 
of pH conditions before reaching the colon as 
it varies significantly, starting from 1.2 to 2.0 
(acidic) in the stomach, 4.5–6.8  in the small 
intestine and 7–7.4 (basic) in the colon. 
Therefore, targeted approaches are required to 
protect a drug from the variations it has to 
face/deal with in the gastric milieu in order to 
reach the colon. Though targeting to the colon 
is tedious, it has its own advantages as the 
enzymatic activity in the colon is less, the resi-
dence time is more and bioavailability of 
drugs enhances significantly. Targeting of pro-
teins and peptides can also be done easily to 
the colon as their structure remains integrated 
due to minimum enzymatic activity.

In recent years, the advancement in nano-
technology has tremendously helped target 

drugs to the colon. The nanoformulations tar-
get the drugs to the colon by using simple 
approaches that may be based on size, pH sen-
sitivity, surface charges, polymers used, 
ligand-receptor interactions, etc., and are thus 
useful in enhancing the cell specificity.

The nanoparticles conjugated with ligands 
like peptides, carbohydrates, antibodies, 
aptamers, etc. act as new-generation therapies 
for various colon-associated diseases. These 
conjugated nanoparticles are beneficial in rec-
ognizing and targeting the desired site at cel-
lular as well as molecular levels.

The upcoming outlook of the targeted 
nanoparticles stands dazzling as many prom-
ising nanoformulations targeting various 
colon-associated ailments are under preclini-
cal and clinical trials and will soon be avail-
able in the market.

In this chapter, we will discuss the anatomy 
of the colon and the associated diseases, the 
factors that influence the delivery of a drug to 
the colon, the various strategies for colon tar-
geting, types of nanoformulations used for 
colon targeting and the role and mechanism of 
nanoformulations in colon targeting, as well as 
existing nanoformulations for colon targeting.
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7.1  Introduction

The application of particulate drug delivery to the 
medical arena has tremendous potential in the 
successful development of a variety of healthcare- 
related products. This has helped to develop dos-
age forms that can effectively treat various severe 
diseases minimizing side effects (Tao and Desai 
2003). The use of a particulate delivery system is 
an effective and promising concept to deliver a 
drug in its original form at the required site, thus, 
enhancing its bioavailability and maximizing its 
beneficial effects (Allémann et al. 1998).

Targeting of drugs can be the answer for the 
treatment of various colonic diseases such as 
colon carcinoma, chronic inflammatory diseases, 
Crohn’s disease and amoebiasis. The milieu of 
the colonic region is less intimidating with lesser 
miscellany in terms of bacterial flora and inten-
sity of activity than stomach or small intestinal 
region (Vaidya et al. 2015). It has a physiological 
pH between 6.5 and 7.5, less protein and peptide 
enzyme concentrations and activity, and there are 
about 400 kinds of beneficial microbial flora. 
Thus, the colon is attracting interest as a site for 
various drug molecules (Dong et al. 2015).

If the drugs are delivered directly to the colon, 
without being absorbed in the upper gastrointes-
tinal (GI) tract a higher concentration of the drug 
will reach the colon. The colon is considered an 
ideal site for drug delivery because of longer 
retention time (up to 5  days), minimum enzy-
matic activity and least fluctuation in pH.

Two routes can be used for drug delivery to 
the colon: oral route and rectal route. Among 
these two, the oral route is a vastly preferred 
route for drug delivery to the colon as it offers 
less pain than injection using a needle and 
syringe. Also side effects and risk of infections 
reduce in the oral route (Lee et  al. 2004). Oral 
dosage forms also offer industrial advantage for 
their easy manufacture and design compared to 
other dosage forms. Sterilization is also not of 
prime importance in such dosage forms.

Drug delivery through the rectal route is chal-
lenging as the route itself is quite inconvenient, 
secondly the drug distribution depends totally on 
the spreadability and retention time of the dosage 
form.

An ideal colon-specific drug delivery system 
(CDDS) should be formulated keeping in mind 
the physical and chemical properties of the drug 
chosen, dosage form, factors influencing GI tran-
sit time and interactions between GIT and drug.

Orally administered drugs, however, can be 
ineffective due to the variations in pH it has to 
face in the gastric milieu. Therefore, the oral 
CDDS formulations must guarantee that it 
degrades neither in the acidic conditions of the 
stomach nor in the upper part of the intestine. This 
has been made possible by utilizing approaches 
that aim at delaying drug release until the delivery 
system reaches the colon (Xing et al. 2003).

Nanotechnology is of much interest to many 
pharmaceutical scientists, and nanoformulations 
hold incredible possibilities for delivering drugs 
to the target site.

However, a clear understanding is required of 
the interactions between nanomaterials and the 
biological environment of the body, possibilities 
of targeting cell-surface receptors, drug release 
mechanisms, drug administration regimes, drug- 
dosage form stability and molecular mechanisms 
involved in the pathobiology of the disease.

Several functionalized and nonfunctionalized 
nano-based drug delivery systems have been for-
mulated to target various colonic diseases. Here, 
we cover various strategies, disease-specific 
receptors, nanoformulations and functionaliza-
tion of nanoformulation with targeting moieties 
utilized to target them. The aim of the chapter is 
to familiarize the readers with the gastrointestinal 
system with emphasis on the anatomy of the 
colon, the various ailments associated with the 
colon and the treatment approaches for ailments 
thereof via nanotechnology and colon targeting.

7.2  Anatomy of the Colon

The oral cavity is the site from where the external 
substances like food, drugs, xenobiotics, etc. enter 
the body. The alimentary canal is a complex sys-
tem of tubes within tubes extending from the oral 
cavity to the rectum. The alimentary canal or the 
gastrointestinal tract (GIT) begins from the oral 
cavity and further comprises of the oesophagus, 
stomach, small intestine, cecum, large intestine, 
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colon and rectum. The GIT contains smooth and/
or striated muscles along the walls to propel the 
ingested food. The length of the GIT varies 
greatly among different species with the shortest 
in carnivores and the longest, most complex in 
herbivores (Moran 2006). The anatomy of the 
digestive tract is shown in Fig. 7.1.

In this chapter, we will discuss the colon and 
its parts in detail since it is a prerequisite to under-
standing the various aspects of colon- targeted 
delivery. The discussion of other elements of the 
GIT is beyond the scope of this chapter.

The colon serves as a reservoir for the liquids 
emptied from the small intestine. Starting from 
lower right-hand side of the abdomen and ending 
towards its lower left-hand side, the large intes-
tine forms a horseshoe-like structure surrounding 
the coiled small intestine. It has a much larger 
diameter than the small intestine, but its length is 
about one-quarter of the small intestine. The 
large intestine is about 5–6 feet (1.5 m) long and 
about 7.5 cm wide. Figure 7.2 shows the length 
(diameter) and pH variation in the gastrointesti-
nal tract.

The primary functions of the colon are water 
absorption, maintaining osmotic balance, regula-
tion of electrolyte levels in blood and storage of 
faecal material. The walls of the large intestine 
secrete mucus, which helps in the lubrication of 
the contents, thereby facilitating their easy trans-
port throughout. Each day about 1.5–2 litres of 
chyme (partially digested food) moves down the 
ileocecal valve (separating the small and large 
intestine) into the colon. This chyme is con-
densed to 150  ml after water absorption. The 
remaining indigestible food constituents along 
with dead mucosal cells and bacteria constitute 
the faeces.

Numerous beneficial bacteria are present in 
the colon which help in the synthesis of essential 
vitamins like niacin (nicotinic acid), thiamine 
(vitamin B1), vitamin K and other vitamins nec-
essary for various metabolic activities.

The large intestine can be divided into: (i) 
cecum, (ii) ascending colon, (iii) transverse 
colon, (iv) descending colon, (v) sigmoid colon, 
(vi) rectum, (vii) anal canal and (viii) anus. The 
large intestine begins with the cecum, which 
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Fig. 7.1 Anatomy of the digestive tract
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resembles a sac with a closed end occupying the 
right iliac fossa. The cecum opening from ileum 
is guarded by the ileocecal sphincter (formed by 
circular muscle fibres of the ileum and cecum). 
The ascending colon outspreads from the cecum 
to the hepatic flexure located underneath the right 
lobe of the liver. Located at the level of the tenth 
rib, the transverse colon ascends across the abdo-
men towards its left side to the bend termed as the 
splenic flexure. The colon passes inferiorly down 
to the iliac crest to the left side of the posterior 
abdominal wall in the form of the descending 
colon, just in front of the left kidney. The sigmoid 
colon consists of iliac and pelvic parts. The iliac 
colon begins from the left crest of the ilium and 
ends at the inner border of the psoas muscle.

The pelvic colon lies in the lower part of the 
pelvis (true part) and forms a loop-like structure 
that first reaches the right side of the pelvis and 
then bends back and, at the midline, turns down-
wards, where it becomes the rectum.

The layers that make up the wall of the colon 
are the taeniae, haustra and appendices epiploi-
cae. The taeniae consist of three longitudinal 
groups of muscle fibres which are each 1  cm 
wide, situated at equal distances all around the 
colon. The taeniae being shorter leads to the for-

mation of circular troughs of changing depth 
called haustra, or sacculations. The appendices 
epiploicae are collections of fatty tissue beneath 
the covering membrane. Two rows of these tis-
sues exist on the ascending and descending colon 
while one row is present on the transverse colon.

Crypts creased with mucous glands and goblet 
cells line the interior surface of the colon. The 
large intestine is devoid of villi and plicae circu-
lares, which are a feature of the small intestine. 
The compartmentalization of lumen and its con-
tents is the result of colonic contractions (Phillips 
1984; Grand et al. 1976; Moran 2006; Jayasekeran 
et al. 2013; Gelberg 2014; Mahadevan 2017).

7.2.1  Blood and Nerve Supply

The large intestine is richly supplied with blood 
by the branches of the superior and inferior mes-
enteric arteries (branches of the abdominal aorta) 
and the hypogastric branch of the internal iliac 
artery. The blood vessels form a continuous row 
of arches to drain the venous blood in the large 
intestine. This is further drained into the superior 
and inferior mesenteric veins, which join with the 
splenic vein to form the portal vein.
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7.2.2  Contractions and Motility

The contractions and propulsions ensure the mix-
ing of colonic contents as well as a good time of 
contact with the mucosa.

Motility of the colon is enhanced by the mas-
tication and by the presence of fat, bile acids and 
the hormones gastrin and cholecystokinin, but 
the role of unabsorbed bile salts is yet unclear.

The hormones secretin, glucagon and vasoac-
tive intestinal peptide act to suppress the colonic 
propulsions and contractions (Mike and Kano 
2013; Moulari et al. 2014; Vdoviaková et al. 2016).

7.3  Diseases Associated 
with the Colon

The major diseases affecting the colon are dis-
cussed in this section.

7.3.1  Inflammatory Bowel Diseases

Inflammatory bowel diseases (IBD) have an 
effect on a multitude of people worldwide. IBD is 
a chronic disease, characterized by persistent or 
recurring inflammation in the small intestine and 
colonic region. It is further classified into two 
types: (a) Crohn’s disease (CD) (b) ulcerative 
colitis (UC)).

The symptoms of IBD are periodic abdominal 
pain, vomiting, fever, bloody stool, diarrhoea and 
weight loss. These symptoms, if left untreated, 
may affect the quality of life of the patient and 
even enhance the risk of colorectal cancer. The 
major cause of intestinal inflammation in IBD 
occurs due to disturbances in synthesis and 
release of anti-inflammatory cytokines, including 
interleukins (IL-4, IL-10, and IL-11) or trans-
forming growth factor (TGF)-β, as well as proin-
flammatory cytokines, such as tumor necrosis 
factor α (TNF-α), interferons (IFN-γ, IL-1β, IL-6 
and IL-12). Enhanced levels of free radicals or 
reactive oxygen species (ROS) cause tissue dam-
age, which again leads to intestinal inflammation 
(Dinesen and Travis 2007; Jodeleit et al. 2018).

Crohn’s disease is an inflammatory bowel dis-
ease that causes inflammatory conditions in the 

gastric lining, which leads to abdominal pain, 
fatigue, diarrhoea, loss in weight and deficiency 
of nutrients.

The conventional therapy for IBD advocates 
administration of nonsteroidal anti-inflammatory 
drugs, drug that suppresses the immune response 
of an individual, corticosteroids, etc. which 
results in several side effects. Nanotechnology 
can play an important role in making the drugs to 
reach the colon, enhancing local drug delivery, 
thereby minimizing the side effects and manage-
ment and treatment of IBD more efficiently 
(Philip and Philip 2010).

7.3.2  Colon Cancer

Colon cancer, commonly known as colorectal 
cancer or large bowel cancer refers to cancerous 
growth in the colon, rectum, or cecum (Wong 
et al. 2011). Colon cancer is one of the leading 
causes of cancer morbidity and mortality among 
men and women worldwide. The incidences of 
colon cancer have risen in recent years due to 
change in people’s lifestyles and dietary habits 
(Verghese et al. 2006).

Colorectal cancer is the third most common 
type of cancer in men and women in the Western 
world. Almost 60% of cases are encountered in 
developed countries. In India, the annual inci-
dence rates for colon cancer in men and women 
are 4.4 and 3.9 per 100,000, respectively.

Importantly, colon cancer is one of the most 
curable forms of cancer, when detected early, 
90% of the patients can be cured (Elzagheid et al. 
2006; Atlanta 2015).

7.3.3  Irritable Bowel Syndrome

Irritable Bowel Syndrome (IBS) is a disorder 
related to intestinal muscle functioning which 
may also involve constipation, diarrhoea or both, 
along with pain, cramps and bloating. The symp-
toms of IBS closely resemble conditions like can-
cer, diverticulitis, depression, etc. therefore 
proper diagnosis is needed. Along with medical 
attention, mental health counselling and stress 
reduction can help relieve symptoms in patients. 
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Also, increasing the amount of liquids and bulk- 
forming foods that enable softening of stools 
may provide relief.

7.3.4  A Few Other Colon-Related 
Diseases

7.3.4.1  Constipation
A condition when typically less than three to four 
bowel movements occur in a week with hard, dry, 
small and painful stools is called constipation.

7.3.4.2  Diverticulosis and Diverticulitis
Formation of many tiny pockets (diverticula) in 
the sigmoid colon and anorectal region due to 
straining during bowel movement is called as 
diverticulosis. Usually diverticula are pea-sized 
but size may increase if the GIT wall is pressur-
ized by gas, liquid or faecal matter. The rupture 
of the diverticulum is known as diverticulitis. 
This rupture leads to infection in the surrounding 
area, which may cause tenderness, abdominal 
pain or colonic obstruction.

7.3.4.3  Anal Fissure
Small wear and tear in the lining of the anus due 
to hard, dry stool, diarrhoea or inflammation is 
termed as anal fissure.

7.3.4.4  Bowel Incontinence
It is the inability to control gas or stool release 
due to weakened anal muscles. Childbirth, nerve/
muscle injury, old age, etc. may be possible 
reasons.

7.3.4.5  Colon Polyps
Growths on the inner lining of colon are called as 
polyps. These polyps may turn cancerous if not 
treated.

7.3.4.6  Rectal Bleeding
It is a symptomatic problem when bleeding 
occurs from one or more parts of the GIT. The 
site of bleeding can be known by examining the 
colour of the blood. The more the bright red the 
blood nearer to the anus is the site of bleeding 
and vice versa.

7.3.4.7  Haemorrhoids
The condition of swelled veins around the anal 
cavity is termed as haemorrhoids. Severe forms 
of haemorrhoids are known as piles.

7.3.4.8  Peritonitis
Peritonitis occurs due to bacterial or fungal infec-
tion, which results in inflamed peritoneum (tissue 
lining inner wall of the abdomen).

7.3.4.9  Ulcer
Ulcers can occur in any part of the GIT but the 
most severe condition of ulceration occurs when 
a wound forms in the lining of the stomach or 
duodenum.

7.3.4.10  Hernias
Hernias commonly occur in the abdomen due to 
pushing of an organ into the muscle or tissue that 
holds it in place (Irving and Catchpole 1992; 
Bratten and Jones 2006).

7.4  Strategies for Colon-Specific 
Systems

The rational design of colon-specific system is 
enabled through numerous strategies such as 
macro-, micro-, and nanoparticles. Various bio-
chemical, physiological and molecular factors 
like microfold cells, pH environment, the release 
of reactive oxygen species, receptor upregula-
tion, GI tract, etc. play a dominant role in oral 
drug administration. In a specific example, nano-
materials designed for IBD treatments and colon 
cancers have discrete physiological features. In 
the normal course, colorectal cancer cells destroy 
various layers: muscularis, submucosa and 
serosa. Epithelial-enhanced permeability and 
retention (eEPR) remains valuable in maintain-
ing a large number of nanoparticles, and an enor-
mous concentration of ROS will produce 
cancerous conditions. The pathophysiological 
functions indicate the strong expression of trans-
membrane glycoprotein and the immune globulin 
molecules that act as a potential target for thera-
peutics (Lu et  al. 2016). A number of design 
strategies for achieving colon-targeted drug 
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delivery have been summarized and numerous 
physiopathological characteristics of colon sites 
are outlined.

7.4.1  Size-Dependent Nanodelivery 
Systems

NPs demonstrate superior residence time in 
inflamed colonic regions, thus proving beneficial 
in colon therapy. NPs of range <100 nm drasti-
cally enhance the delivery index and selectivity 
into the colitis tissue by mediating a better eEPR 
effect (Collnot et al. 2012; Bo Xiao and Merlin 
2012). The small size of the particles causes priv-
ileged uptake of the nanomaterials by the immune 
cells that produce a better response to the inflam-
matory conditions (Lamprecht et al. 2005). Hasty 
carrier elimination can be avoided by nano- 
delivery systems. In contrast to conventional for-
mulations, NPs provide added advantage of 
enhanced local tissue concentration, which 
proves beneficial in the treatment of IBD and 
associated diseases (Beloqui et al. 2013). In the 
GIT, it undergoes internalization by endocytosis 
or paracellular transport into the epithelial cells. 
M cells, specialized differentiated epithelial cells, 
are preferentially involved in the re-uptake of 
NPs through the process known as transcytosis. 
Translocation of NPs occurs by persorption 
through gaps in the villi (Pichai and Ferguson 
2012). Microparticulates have lesser efficacy 
than NPs due to increased targeting and bioavail-
ability as a result of small size and increased sur-
face area. The physiological barriers play a 
significant role in retaining the formulation in the 
target area. The inflamed tissues retain almost 
threefold concentration of NPs when compared 
to normal skin (Talaei et al. 2013; Lautenschläger 
et al. 2014).

7.4.2  Surface Functionalized 
Nanodelivery Systems

The development of the localized colon drug 
delivery system (CDDS) results in higher con-
centrate in the colon and lesser systemic side 

effects. Gastrointestinal tract (GIT)-specific drug 
delivery approach is found to be very useful for 
ulcerative colitis, gastroenteritis, gastric ulcer-
ation, infectious diarrhoea, gastrointestinal (GI) 
stromal tumors, Crohn’s disease, amoebiasis, 
colonic cancer therapeutics and local treatment 
of colonic ulceration. CDDS not only transports 
the drugs to the colon but also is an important 
tool to protect gene products (which get degraded 
in the stomach or small intestine) or acid labile 
drugs from adverse conditions. Colon holds the 
advantage of reduced enzyme and P-glycoprotein 
activity, thus, absorption of numerous drugs (e.g. 
simvastatin) is better in the colon than in the 
small intestine and stomach, irrespective of the 
fact that the colon has a lower epithelial surface 
area (Krishna et al. 2009). All these factors stim-
ulated interest in targeted delivery of drug mole-
cules and gene products to the colon’s surface.

Modification with hyaluronic acid (HA), chi-
tosan (CS)–Carboxymethyl Starch (CMS), near-
 IR (NIR) fluorescent human serum albumin 
(HSA), etc. stabilized the sustained and targeted 
drug delivery, improved the therapeutic efficacy, 
enhanced bioavailability and ensured superior 
anticancer activity.

Naeem et al. (2018) developed dual- functional 
Eudragit® (E) FS30D/PLGA nanoparticles 
(PNPs) and delivered cyclosporine-A to the colon 
for the amelioration of murine experimental coli-
tis. These dual-functional nanoparticles avoided 
burst release of the drug in the stomach, exhibited 
its slow and incomplete release at the ileum and 
colonic pH, followed by a sustained release of 
cyclosporine-A, thus delivering a sufficient 
amount of cyclosporine-A to the disease- affected 
colon (Naeem et al. 2018).

7.4.3  pH-Sensitive Polymer-Coated 
Drug Delivery System

The polymer that has specific solubility at colonic 
pH can shield the formulation in the stomach, 
and proximal small intestine, solubilizing and 
dissolving only in the colon (Jain 2017). The 
ileum and colon have higher pH than other gas-
trointestinal regions (Bratten and Jones 2006); 
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thus, a dosage form disintegrating at higher pH, 
preferentially, has the potential for colonic deliv-
ery. The easiest way to achieve this is to coat the 
dosage forms with a pH-sensitive biocompatible 
polymer (Karn et al. 2011). An additional enteric 
coating protects the API from the harsh GI envi-
ronment (such as bile acids, gastric juices, micro-
bial degradation, etc.). It creates an extended and 
delayed-release profile of drug to specific GI 
regions. The first coating is an acid-soluble poly-
mer and the outer coating is an enteric polymer 
(Chourasia and Jain 2004). The core of formula-
tion comprises the API and excipients. When the 
drug passes through the GI tract, the formulation 
does not degrade or release in the stomach due to 
enteric coating, and the enteric coating dissolves 
in the small intestine, where the pH is above 6. 
When the drug reaches the colon, the bacteria 
enzymatically degrade the polysaccharides into 
organic acid. This lowers the pH of the surround-
ing system and causes the dissolution of the sur-
rounding system which is acid-soluble coating, 
and subsequently the drug releases (Singh et al. 
2018). The most commonly used pH-dependent 
coating polymers for oral delivery are meth-
acrylic acid copolymers (Eudragit®).

Eudragits® can be manipulated to alter the pH 
at which they are soluble by simply changing the 
composition of attached side groups in their 
molecular structures. When drug release is 
required within pH  6–7, then a combination of 
Eudragit L100 and Eudragit S100 is utilized in 
suitable ratios as they dissolve at pH  6 and 7, 
respectively.

The delayed release of drugs is achieved by 
incorporation into a pH-sensitive polymer that 
protects it from the low pH of the stomach and 
high enzymatic activity of the small intestine. As 
higher pH is encountered, such polymers break 
down to release the drug in the colon, thereby 
ensuring colon targeted drug delivery (Das et al. 
2010; Kumar et al. 2010; Leuva et al. 2012).

Recently, Ahmadi et  al., (2019) co-delivered 
doxorubicin hydrochloride and Hydroxytyrosol 
to HT-29 colon cancer cells using a pH- responsive 
nanocarrier. It resulted in more than 94% cellular 
uptake and high apoptosis on HT-29 cancer cells 
in comparison to free drugs (Ahmadi et al. 2019). 
Using water-in-oil emulsion technique, Couce 

et al., (2019) coated dexamethasone-loaded chi-
tosan beads with a pH-dependent poly (acrylic 
acid)/poly (vinyl pyrrolidone) complex to deliver 
dexamethasone to the colon. It was found to be 
effective with reduced side effects and loss of 
drug (García et al. 2019).

7.4.4  Delayed Release Drug 
Delivery System

This approach is entirely based on the gastric 
transit time (~ 5  hr) from mouth to colon. For 
colon delivery, the reported transit time for small 
intestine is ~3 hr to 4 hr, which is based on the 
size of the formulation administered and gastric 
motility (Ratnaparkhi et al. 2013). The release of 
drug from the system depends on either swelling 
or osmosis or a combination of both. It is not 
affected by any means by intestinal microbial 
flora or pH.  Pulsincap®, a newly developed 
device fabricated for this approach, has been 
 strategically designed for producing a lag time 
for a predetermined interval. The transit from the 
mouth to the colon is fixed at a lag time of 5 hr 
and is fairly constant, not being affected by the 
type of formulation. For the management of 
colon-related diseases, for example ulcerative 
colitis and irritable bowel syndrome (IBS), these 
time-dependent systems are not appropriate to 
deliver the drug to the specific sites of the colon. 
Due to the little variability in the transmit time in 
the intestine (3  ±  1  hr), these time-release sys-
tems are more successful in colon delivery rather 
than the stomach. After gastric emptying, the 
release of the drug begins at a predetermined 
interval, and therefore the pH-sensing function 
would probably diminish the disparity in the gas-
tric residence time (Philip and Philip 2010).

7.4.5  Microbially Triggered System

When the drug is completely absorbed before 
reaching the colon, it imposes a great challenge 
to the therapeutic efficacy and the microbial trig-
gered delivery system remains a boon for specific 
targeting to the colon. In this approach, the drug 
is released alongside the degradation of polysac-
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charides by the gut microflora, such as 
Enterobacteria, Clostridia, Bacteroides, 
Bifidobacteria, Enterococci, Ruminococcus and 
Eubacteria. The microflora produces several 
imperative biodegradable enzymes such as xylo-
sidase, deaminase, arabinosidase, nitroreductase, 
glucoronidase, urea dehydroxylase and galactosi-
dase due to the process of fermentation. The drug 
is usually administered in enteric-coated formu-
lations and when it reaches the intestine, it gets 
degraded into nascent forms and eventually 
releases the drug in the local milieu. The same 
approach may be employed for specific release to 
the stomach (Vagare 2015).

A specific example quoted by Zhang et  al. 
involved modulation of colonic tumorigenesis by 
several dietary factors such as sodium butyrate, 
high-fat diet, dihydromyricetin and cholic acid 
through gut microfloral interaction and host chlo-
ride channels. It was perceived that diets high in 
fat and low in fibre presented a high CRC risk 
and strong evidence of the theory that colonic 
tumorigenesis is associated with the alteration of 
chloride ion channels. Dihydromyricetin showed 
an acute reduction in susceptibility to tumorigen-
esis and considerably advanced the gut dominant 
microbes in mice (Mishra et  al. 2019, Zhang 
et al. 2018).

7.4.6  Redox-Sensitive Polymer 
Coating

Under homeostatic conditions, a balance subsists 
between ROS formation and ant-oxidant mole-
cules that scavenge the ROS. A high quantity of 
ROS is released when the inflammatory process 
is activated. When the balance is lost in the due 
course, an enormous concentration of ROS 
results and the antioxidant capacity gets lost. 
These cause a state of oxidative stress which pro-
duces stern cellular injuries and precipitates a 
large number of diseases. For example, investiga-
tion of models of ulcerative colitis demonstrated 
a 100-fold enhancement of ROS concentrations 
in the mucosal tissues and therefore can be cor-
related with the progression of the disease 
(Simmonds et  al. 1992). Similarly, IBD tissues 
have analogous higher ROS concentrations. 

Utilizing the thioketal-sensitive polymers, coated 
formulations are developed that ultimately get 
dissolved locally (Talaei et al. 2013). Abnormally 
high concentrations of ROS lead to complete dis-
solution of polymer and provide specific activity. 
Enhanced redox nanoparticles are taken up by 
ROS-treated epithelial colonic cells more rapidly 
than ROS-untreated cells. In colitis-induced mice 
model, similar observations have been observed 
and a significant reduction of ROS is indirectly 
observed (Vong et al. 2015a). In a study, the com-
bination of irinotecan along with redox nanopar-
ticles drastically progressed the therapeutic index 
and reduces side effects considerably (Gao et al. 
2014; Vong et al. 2015b).

Based on 4-amino thiophenol-carboxymethyl 
inulin (ATP-CMI) conjugate for budesonide 
(BDS) delivery, Sun and co-workers developed 
redox-sensitive nanoparticles for treating 
IBD.  BDS-loaded ATP-CMI nanoparticles have 
been seen to accrue in inflamed sites, and 
improved intracellular drug delivery was 
detected. This type of system holds promise for 
the treatment of IBD (Sun et al. 2018).

7.4.7  Osmotic Controlled Systems

In the due course of study, for delayed or pulsed 
delivery, a well-established mechanism has 
evolved. As a result of augmentation in diffusion 
of water into the osmotic layer, an osmotic gradi-
ent occurs. In the formulation development, both 
the drug and the osmogen are compressed directly 
to form a “core,” which is further enclosed in a 
polymeric membrane, which allows sustained 
release. The geometry acquires a hole as that area 
is weaker in comparison to other places, and 
hence facilitates rapid access of fluids situated in 
the intestinal milieu, which leads to drug release 
with the driving force via a constant zero-order 
release (Kumar et al. 2010). OROS-CT, a specifi-
cally designed engineered system (enteric-coated 
hard gelatin capsule) comprising of a semiperme-
able membrane, is regulated by osmotic pressure. 
When the pH is basic, the system dissolves in the 
intestine region and permits penetration of fluid. 
The content swells and facilitates the drug to 
force out of the system. The capsule consists of 
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5–6 components as well as individual layers of 
enteric coating to bypass the corrosive acidic pH 
in the stomach region. The system covers an 
osmotic push section as well as a drug section. 
When water enters, it swells and transforms into 
a gel through the orifice, it reaches the next drug 
compartment through the membrane. First-order 
release of drug is possible through this system. 
This system may be further modified in a rational 
manner to induce a lag time between the drug 
release and the dissolution profile of the enteric 
coating (Amidon et al. 2015).

7.4.8  Pressure-Controlled Drug- 
Delivery System (PCDS)

The principle of PCDS exclusively lies on the 
lumen pressure disparity between the large and 
small intestine. The drug present in the specially 
designed water-insoluble polymer-coated cap-
sule expels out into the colonic milieu due to the 
increase in the localized pressure. This modified 
system is composed of ethyl-cellulose-coated 
gelatine capsules along with an internally engi-
neered suppository base that swiftly dissolves at 
body temperature. The mechanism involved 
enhancement of viscosity as a result of rapid 
absorption of water from the intestinal content, 
which drives out the drug content from the con-
cocted formulation. However, augmentation of 
viscosity beyond a critical limit forces the reab-
sorption of water, which often leads to high site- 
specific delivery due to amplified colonic pressure 
(Rangari and Puranik 2015).

7.4.9  Enzyme Sensitive

By the emerging applications of enzyme- 
responsive nanomaterials, a stimuli-sensitive 
approach has been fabricated by researchers. 
Enzymes play a dominant function in the physi-
ological and biochemical processes, in express-
ing therapeutic targeting, diagnostics and drug 
release, in addition to the pathophysiology of sev-
eral diseases, they play a key role in the progres-
sion. A considerable application in the vibrant 
area of nanomedicine has been taken into account 

while experimenting with the development 
of  controlled drug release formulations based 
on  enzyme-responsive systems. Azoreductase 
remains a vital enzyme that has received adequate 
attention in the recent era. It is produced in 
the  colon by the microbial flora and is known 
to  have multiple applications in the treatment  
of diseases restricted to the colon (Rao and Khan 
2013).

Rao et  al. fabricated an azoreductase- 
responsive system through amphiphilic diblock 
copolymer and azobenzene linkage via a covalent 
coupling. Through the atom transfer radical 
polymerization-based macro-initiator approach, 
the azobenzene-linked poly (ethylene glycol)-b- 
poly (styrene) amphiphilic copolymer was pre-
pared. The micellar constitution disassembles 
into two different segments: poly(ethylene 
 glycol) segment and poly(styrene) segment, 
when exposed to the azoreductase enzyme. Due 
to the selectivity and sensitivity of the azoreduc-
tase system, the recently developed azoreductase- 
responsive drug delivery systems have great 
pharmacotherapeutics in the chronic treatment of 
diseases of colonic origin (Rao and Khan 2013).

In biological detection as well as in drug 
delivery, smart biomaterials such as enzyme- 
sensitive amphiphilic polymers have found 
immense applications. Novel fluorescent amphi-
philic copolymer probes containing azo- 
tetraphenylethylene bridges have been fabricated 
by Yuan et al. for azoreductase-triggered release. 
For colonic conditions, amphiphilic block copo-
lymers have numerous applications in the con-
trolled release of the drug and also in biosensing. 
During drug release, for polymer micelles, a 
reduction-triggered drug release was confirmed 
through fluorescence (Yuan et al. 2019).

7.4.10  CODES™

For circumventing the probable troubles associ-
ated with the time-dependent drug delivery sys-
tem, microbial-triggered drug delivery system and 
pH-dependent drug delivery system, CODES™ 
was designed rationally for inimitable colon-tar-
geted drug delivery systems. This is a combina-
tion of all three systems stated above. The uniquely 
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fabricated system involves the application of lact-
ulose, which activates drug release into the colon 
region. In the administration of this system, the 
enteric-coated approach is utilized, which protects 
the drug from the acid environment. The engi-
neered material is followed by an acid-soluble 
coating that protects from the environment of the 
small intestine. Ultimately, in the colon region, 
the lactulose gets degraded and the drug gets 
released eventually (Talaei et al. 2013).

7.5  Types of Nanoformulations 
for Colon Targeting

The ideal range of nanoparticles suitable for 
colon targeting lies between 200 and 500  nm. 
Various types of nanoparticles are used for drug 
delivery and targeting. For all practical purposes, 
nanoparticles can be categorized as particulate 

systems, vesicular systems, gel systems, and oth-
ers. Figure 7.3 shows different types of nanofor-
mulation for colon drug delivery.

7.5.1  Particulate Nanosystems

7.5.1.1  Polymeric Nanoparticles
These are the most suitable and common types of 
nanoparticles used for colon drug delivery. 
Various natural and synthetic polymers are used 
in formulating polymeric nanoparticles. Natural 
polymers like pectin, chitosan, chondroitin sul-
phate, alginate, ethylcellulose, etc. and synthetic 
polymers like eudragit RS, eudragit S-100, poly-
methacrylates, etc. are used in the preparation of 
such nanoparticles.

Almost every colon-associated disease has 
been targeted using polymeric nanoparticles. 
These nanoparticles can be simply prepared by 

Fig. 7.3 Types of nanoformulations for colon drug delivery
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using techniques like polymerization, solvent 
evaporation, solvent displacement, desolvation, 
ionic gelation, etc.

7.5.1.2  Nanospheres
Nanospheres are solid particles with a matrix, 
generally ranging from 10 to 200 nm. They act as 
good carriers for both hydrophilic and hydropho-
bic drugs, enzymes, proteins, genes, etc. They 
tend to increase drug circulation time.

Nanospheres can be prepared using simple 
methods like polymerization, nanoprecipitation 
method, solvent evaporation, salting out, desol-
vation and ionic gelation (Guterres et  al. 2007; 
Makhlof et al. 2009; Zhang et al. 2015).

Budesonide nanospheres for IBD (colon- 
specific targeting) have been successfully 
designed by Makhlof et al. 2009 (Makhlof et al. 
2009).

7.5.1.3  Nanocapsules
Nanocapsules can be defined as nano-sized poly-
meric shells that encapsulate the drug in their 
core. These nanocapsules are easily surface- 
modified by decorating their surface with cell 
surface receptors or antibodies which specifically 
bind to a target-specific site.

Nanocapsules have been used to target colon- 
specific diseases like inflammatory bowel disease 
(IBD), which includes ulcerative colitis (UC) and 
Crohn’s disease (CD) (Feng et  al. 2016a, b; 
Kshirsagar et al. 2012).

7.5.1.4  Metallic Nanoparticles
The most common type of metallic nanoparticles 
used for colon-specific drug delivery are gold and 
silver nanoparticles.

Silver nanoparticles act as good carriers to 
deliver the drug to target sites, therefore are also 
being used in colon delivery (Satapathy et al. 2013).

Gold nanoparticles are used as drug delivery 
carriers for both active as well as passive target-
ing. It is reported that cisplatin-loaded gold 
nanoparticles were able to reduce colorectal- 
cancer- related fibroblasts and also prevented the 
expression of profibrotic signals like CTGF, 
TGF-β1, VEGF in-vivo via Akt signalling path-
way (Zhao et al. 2018).

7.5.1.5  Solid Lipid Nanoparticles 
(SLNs) and Nanostructured 
Lipid Carriers (NLCs)

SLNs are alternative drug carrier systems to other 
novel delivery approaches such as emulsions, 
liposomes, and polymeric nanoparticles as they 
are used to incorporate both hydrophilic and 
hydrophobic drugs easily. They also provide 
increased physical stability, low cost and easy 
scale-up (Chandran et al. 2018; Üner and Yener 
2007).

Cholesteryl butyrate (Cb) has been exten-
sively investigated as butyrate SLN formulation 
in several in vitro and in vivo studies as an anti-
cancer agent and anti-inflammatory agent, 
respectively. SLNs also have applications in 
targeting IBD and colon cancers (Dianzani 
et  al. 2017). NLCs are the next generation of 
SLNs, which have been beneficial as they over-
come the innate drawbacks of SLNs, such as 
transition of lipids and subsequent expulsion of 
drugs. The inclusion of a liquid lipid makes this 
possible.

7.5.1.6  Mesoporous Silica 
Nanoparticles (MSNs)

MSNs are nano-sized porous structures with a 
solid framework and large surface area. MSNs 
resemble a honeycomb structure. They have an 
active surface which enables ease of surface 
functionalization as different functional groups 
can be attached easily for targeting drug to spe-
cific sites (Bharti et  al. 2015). 5-fluorouracil- 
based mesoporous silica nanoparticles have been 
formulated by Kumar et al. 2017 for colon cancer 
targeting (Kumar et al. 2017).

7.5.1.7  Quantum Dots (QDs)
Quantum dots are nano-drug carriers with optical 
properties through which they can act as lumines-
cent probes for biological applications. QDs 
entrap drug by various strategies like coupling 
and adsorption, also the drug can be dispersed 
and dissolved to load in them. Quantum dots are 
not used in the treatment of cancers but they have 
efficiently been used in the diagnosis of cancer, 
including colon cancer (Park et  al. 2014; Zhao 
and Zhu 2016; Pardo et al. 2018).
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7.5.2  Vesicular Nanosystems

7.5.2.1  Liposomes
Liposomes are spherical vesicles with an external 
hydrophobic phospholipid layer, which forms an 
internal hydrophilic compartment. Liposomes 
are prepared basically by two approaches, one is 
through a mechanical procedure which utilizes 
organic solvents, and another is via removal of 
surfactant from a phospholipid surfactant mix-
ture. The factors to be kept in mind while prepar-
ing liposomes are: type and quantity of 
phospholipid, the ionic charge of the surfactant 
and also the charge of aqueous media as a whole 
(Akbarzadeh et al. 2013; Alavi et al. 2017).

Liposomes play a significant role in colon tar-
geting. Usually, coated liposomes are used for 
colon targeting to ensure that their degradation is 
prevented in upper the GIT and they reach the 
colon. The natural polymers used for coating are 
chitosan and pectin, while Eudragit is the main 
synthetic polymer that is often used.

Advancement has been made to deliver the 
liposomes to the colon by attaching antibodies to 
its surface, such as monoclonal antibodies. Such 
liposomes are termed as immunoliposomes. 
These utilize the concept of active targeting and 
hence prove to be more efficient (Garg et  al. 
2009; Gupta et al. 2013; Alavi et al. 2017).

7.5.2.2  Niosomes
Niosomes are relatively more stable vesicles as 
compared to liposomes, fabricated from non- 
ionic surfactants (e.g. alkyl ester and alkyl ether) 
and cholesterol and are suitable carriers for 
amphiphilic as well as lipophilic drugs 
(Goudanavar and Joshi 2012; Ag Seleci et  al. 
2016; Yeo et al. 2017).

Though niosomes are not often used as drug 
delivery carriers for colon targeting, Capacitabine 
niosomes have been reported in treating colorec-
tal cancers (Anbarasan et al. 2013).

7.5.2.3  Phytosomes
Phytosomes are vesicular drug delivery systems 
that carry plant-derived bioactives by encapsulat-
ing them in their core. These micelle structures 
conjugate the targeting proteins as surface deco-

rations (Azeez et  al. 2018). Many natural bio- 
actives are used in the treatment of 
colon-associated diseases. Phytosomes of silib-
inin have been formulated to check therapeutic 
efficacy against colorectal cancers(Velmurugan 
et al. 2010).

7.5.2.4  Sphingosomes
Sphingosomes are bilayered vesicles that enclose 
an aqueous volume within the lipid bilayer. These 
are more stable vesicular systems than liposomes 
and niosomes and also circumvent their draw-
backs, as sphingosomes have increased in  vivo 
circulation time and high tumor loading efficacy. 
Sphingosomes find place as agents in colon 
tumor therapy (Jadhav et al. 2012; Lankalapalli 
and Damuluri 2012; Kamboj et al. 2013).

7.5.2.5  Virosomes
A virosome is an artificial vesicular drug delivery 
vector composed of a phospholipid bilayer and 
has viral surface proteins but lacks the multipli-
cation ability. They encapsulate macromolecules 
and introduce them into the cell cytoplasm using 
their tendency to cross cell membranes. 
Virosomes find application in cancer therapy and 
are also helpful in colon cancer therapy (Saga 
and Kaneda 2013; Liu et al. 2015).

7.5.2.6  Bilosomes
Bilosomes are bilayer vesicles fabricated from 
non-ionic surfactants and bile salts that function 
as membrane-stabilizing agents for the vesicles 
in the GIT (Wilkhu et al. 2013; Aburahma 2016).

The advanced form of bilosomes used are 
probilosomes and surface-engineered bilosomes. 
Bilosomes find application in inflammatory 
bowel disease and colon tumors (Elnaggar 2015; 
Wilkhu et al. 2013).

7.5.3  Other Nanosystems

7.5.3.1  Micelles
Micelles are core-shell assemblies of a lipid/
polymer monolayer with polar hydrophilic head 
outwards and non-polar hydrophilic tail inwards 
towards the centre.

7 Recent Developments and Challenges in Nanoformulations Targeting Various Ailments of the Colon
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Polymeric micelles are used in tumor target-
ing as they are nano-sized and have a hydrophilic 
outer layer, which helps in increasing the circula-
tion time of the formulation. Also, accumulation 
in tumor cells is enhanced by their enhanced per-
meability and retention (EPR) effect. Thus, the 
efficacy of the drug improves and its systemic 
toxicity reduces (Gou et  al. 2011; Yang et  al. 
2015; Ma et al. 2016).

Polymeric micelles have their application in 
tumor targeting. Colon tumors have also been tar-
geted via polymeric micelles.

7.5.3.2  Dendrimers
Dendrimers are branched globular macromole-
cules synthetically designed to enhance the solu-
bility of drug molecules. Their highly branched 
structure makes them a good carrier for delivery 
of gene and drug moieties. Dendrimers find 
application in colon-associated diseases like IBD 
and colorectal cancers (Abderrezak et  al. 2012; 
Stanczy et al. 2012; Mignani and Majoral 2013; 
Xie et al. 2015).

7.5.3.3  Carbon Nanotubes
Carbon nanotubes (CNTs) are nano-sized cylin-
drical allotropes of carbon with unique mechani-
cal, geometrical and electrical properties. They 
have good thermal conductivity, stiffness and 
strength. Based on their structure they are catego-
rized into two: single-walled nanotubes (SWNTs) 
and multi-walled nanotubes (MWNTs). Carbon 
nanotubes, a novel drug delivery system, find 
application in colon cancer treatment (Rastogi 
et al. 2014; Zhou et al. 2014; DineshKumar et al. 
2015; Prajapati et al. 2019).

7.5.3.4  Graphene Oxides
Graphene oxide forms a solitary sheet of sp2 
hybridized carbon atoms arranged in a honey-
comb geometry. These structures contain abun-
dant functional groups on their edges (hydrophilic 
groups like carbonyl, carboxyl) and basal planes 
(hydrophobic groups like phenol, hydroxyl and 
epoxide), which make them a suitable carrier for 
both hydrophilic as well as hydrophobic drugs. 
Graphene oxides are not only promising drug 
carriers for the advancement of novel anticancer 
therapies but they also exhibit their own inhibi-

tory effects on tumor cells (Zhang et al. 2017a). 
Functionalized graphene oxide nanocarriers have 
been developed for colon cancer targeting, for 
example, aminated graphene oxide nanocarriers 
developed by Krasteva et al. 2018 (Krasteva et al. 
2019).

7.5.3.5  Nanosponges
Nanosponges are miniature porous dosage forms 
having a three-dimensional mesh-like structure 
made up of polymers. This mesh-like structure 
forms perforated insoluble nanoparticles that are 
capable of being loaded with a drug of choice. 
The resultant nanoparticles may be crystalline, 
amorphous or spherical. The release of drug 
through nanosponges may depend on the swell-
ing properties of the polymer used.

Nanosponges may be used as carriers for lipo-
philic and lipophobic or hydrophilic drugs. The 
major method of preparation of nanosponges is 
solvent method, emulsion solvent diffusion 
method and ultrasound-assisted synthesis. 
Nanosponges find application in cancer therapy 
such as breast cancer and colon cancer 
(Vishwakarma et  al. 2014; Shivani and Poladi 
2015).

7.5.3.6  Nanofibres
Nanofibres represent a new group of drug deliv-
ery carriers. They are nanosized fibres prepared 
using various biodegradable polymers like kera-
tin, collagen, silk fibroin, cellulose, gelatin, 
poly(lactic acid) (PLA), poly(lactic-co-glycolic 
acid) (PLGA), poly(ethylene-co-vinyl acetate) 
(PEVA), sodium alginate and chitosan.

They can be made by using methods such as 
extrusion, phase separation, stencil synthesis, 
electro-spinning, flocculation or self-assembly 
and so on. Nanofibres have been developed for 
inflammatory colon diseases and colon cancer 
(Shen et al. 2011; Širc et al. 2012; Akhgari et al. 
2013; Wang et al. 2015; Yang et al. 2018).

7.5.3.7  Nanoglobular Systems; Self- 
Nano- Emulsifying Drug 
Delivery System (SNEDDS)

Self-nano-emulsifying drug delivery systems 
(SNEDDSs) are an isotropic mixture of drugs, 
lipids and surfactants and/or cosurfactants that 
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form a nanoemulsion when introduced in aque-
ous media even by mild agitation (in vivo peri-
stalsis provides such agitation). SNEDDS are 
prepared by simply mixing the desired oil, sur-
factant/co-surfactant and water in the composi-
tion range obtained after plotting the ternary 
phase diagram (TPD) (Seo et  al. 2013; Mohd 
et al. 2015; Izham et al. 2019; Kazi et al. 2019). 
Bruceine SNEDDS were formulated by Dou 
et al. (2018), for the treatment of ulcerative colitis 
by improving their oral bioavailability (Gaikwad 
et al. 2017; Dou et al. 2018).

7.5.3.8  Nanogels
Nanogels are hydrogel-based porous nanoparti-
cles, which thereby act as carriers for drug target-
ing. Nanogels, when prepared with functionalized 
nanoparticles, can be made responsive to certain 
stimuli like pH, temperature and other biological 
phenomena. Nanogels can be utilized for target-
ing drugs to tumor cells, including colon cancer 
(Ashwanikumar et al. 2012; Neamtu et al. 2017; 
Zhang et al. 2017a, b).

7.6  Targeting Approaches 
(Active) and Their Molecular 
Mechanism in Colon 
Targeting

Site-specific drug delivery to colon has several 
advantages, for example rapid onset of action, 
reduction of the drug dose, minimization of harm-
ful side effects, etc. Different approaches for colon 
targeting includes chemical manipulation of a 
drug molecule to produce prodrugs, or making a 
drug delivery system with special polymers to 
make the system pH-dependent, time- dependent 
and/or bacterially biodegradable, etc. (discussed in 
detail in section 7.4) or modify them in a way that 
will enable active targeting (Sardo et al. 2019) .

Active targeting approach relies on disease- 
induced changes in the expression or overexpres-
sion of specific-receptors, proteins or adhesion 
molecules on top of the cell membranes of the 
tissue that is affected by disease. Many researches 

opting this approach use the parenteral route to 
target conditions such as cancer, infection or an 
inflammatory condition (Hua et  al. 2015) . 
Figure  7.4 shows the targeting approaches of 
nanoformulation in colon drug delivery.

To create a targeted nanoparticle it is neces-
sary to tag its surface with a molecule that will 
specifically bind to a cell-surface receptor char-
acteristic of a pathology, or at least overexpressed 
in comparison to normal tissues, or even any 
extracellular molecule of interest (Sousa et  al. 
2019).

Table 7.1 enlists numerous active targeting 
approaches against colon cancer via nanoformu-
lation approaches.

The ligands explored so far include the 
following:

 A. Aptamers: Aptamers are oligonucleotides 
from DNA or RNA. They are usually single- 
stranded, non-immunogenic and of small size 
(from 20 to 50 nucleotides) and have elevated 
affinity and specificity towards their target 
molecule. They can be conjugated to a che-
motherapeutic agent, nanoparticles, siRNA 
and solid-phase interphases for various thera-
peutic or diagnostic uses (Morita et al. 2018; 
Urmann et al. 2017).

 B. Antibodies: Monoclonal antibodies (Mabs) 
were the first ones to be shown to bind with 
specific tumor antigens and were preferably 
used because of their high affinity, specific-
ity and versatility. Antibodies have also 
been engineered to obtain a compact and 
multivalent structure, such as single-chain 
Fv antibody fragments (scFv), mini bodies, 
bispecific, diabodies, tribodies, etc. 
Antibody- conjugated nanoparticles have 
the desirable properties to overcome sev-
eral conditions or barriers (Cardoso et  al. 
2012).

 C. Carbohydrate/lectin: discussed in Sect. 7.6.1.
 D. Other Ligands: Other than carbohydrate, 

aptamers, antibodies, ligands for example 
folate, peptides, hyaluronic have also been 
explored to bind to their specific receptors.
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7.6.1  Targeting Inflammatory 
Bowel Disease

Inflammatory bowel disease is a term defining 
the group of colonic diseases, namely ulcerative 
colitis and Crohn’s disease. Both have many sim-
ilar clinical features, such as being characterized 
by relapsing cycles and remitting mucosal inflam-
mation. Certain factors that are suggested to play 
a role in causing diseases are genetics, microbi-
ome, environmental stress and immune dysfunc-
tion. The therapies for both Crohn’s disease and 
ulcerative colitis include aminosalicylates, anti-
biotics, immune-suppressive agents and steroids. 
Monoclonal antibodies and peptides are capable 
of being used as specific targeting moieties, but 
their oral administration requires further formu-
lation design to avoid encounters such as degra-
dation by stomach acid and enzymes. Mannose 
receptors and galactose-type lectin receptors are 
overly expressed by activated macrophages under 

inflammatory conditions. Other targets for 
inflamed colon tissue are transferrin receptors, 
epithelial CD98 (a glycoprotein heterodimer) etc. 
(Hua et al. 2015). Each target for specific colon 
inflammatory diseases are described below.

7.6.1.1  Targeting Ulcerative Colitis
Targeting the cells affected by ulcerative colitis 
can be done by suppressing glucose (Jodeleit 
et al. 2018) or by host-directed therapy by target-
ing interleukin-13 (Hoving 2018). Such an 
approach hardly finds application in gastro intes-
tinal tract as antibodies degrade in intestinal fluid 
due to pH-dependant denaturation or proteolysis 
(Moulari et al. 2014). The most common active 
targeting approaches for ulcerative colitis are dis-
cussed next.

Targeting CD44
Epithelial cells of colon and macrophages are 
strongly implicated in the inflammatory process 

Fig. 7.4 Targeting approaches of nanoformulation in colon drug delivery
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of colitis and CD44 is a transmembrane glyco-
protein and is overexpressed on their surface. 
Hyaluronic acid is a biocompatible polysaccha-
ride, and functionalization of nanoparticles with 
hyaluronic acid can increase cellular uptake of 
nanoparticles via hyaluronic acid-mediated endo-
cytosis. Xiao et al. (2017) applied the same strat-
egy and formulated hyaluronic acid-modified 
lysine-proline-valine nanoparticles and found the 
nanoparticles to be nontoxic, biocompatible with 
intestinal cells and enabled both mucosal healing 
as well as inflammatory relief in ulcerative coli-
tis. After incorporating these nanoparticles into 
chitosan/alginate gel and administering it orally 
in mice, prevention of mucosal damage down-
regulation of TNF-α and therapeutic efficacy was 
established to be stronger in hyaluronic acid 
nanoparticles than non-modified ones. This 
approach enabled therapeutic agents release into 
the colonic lumen, nanoparticles penetration into 
the colitis tissues and internalization. The strat-
egy also proved to be efficient when Xiao et al., 
functionalized PLGA nanoparticles with hyal-
uronic acid (Xiao et al. 2015, 2017) .

Targeting Lectins/Carbohydrate Receptors
Melo-Junior et  al. (2004) reported binding site 
alteration in ulcerative-colitis-affected tissue 
compared to healthy tissue. Wheat germ aggluti-
nin (WGA), Lotus tetragonolobus agglutinin 
(LTA), etc. were used as histological markers. It 
presented a recognition pattern for affected tis-
sues. There was a difference in carbohydrate 
expression. N-acetyl glucosamine, mannosidase 
and galactose were either not present or not avail-
able in normal tissues whereas L-fucose was 
present in the intestinal crypts of normal glands. 
There was elevated expression of 
N-acetylglucosamine and L-fucose in gland cells 
and inflammatory cells, respectively, in ulcer-
ative colitis (Melo et  al. 2004). Moulari et  al. 
(2014) decorated PLGA nanoparticles with 
wheat germ agglutinin and peanut agglutinin due 
to their good resistance to acidic pH and enzy-
matic degradation and low cytotoxicity. Wheat 

germ agglutinin provided non-specific binding to 
the mucosa throughout the GIT whereas peanut 
agglutinin was a good candidate for specific tar-
geting to the inflamed tissue. There was an 
enhanced therapeutic efficacy in the case of 
lectin- decorated nanoparticles (Moulari et  al. 
2014). In severe ulcerative colitis, lectin peanut 
binds to the N-acetyl-D-galactosamine that is 
overexpressed in the cells. It binds to the 
 glycocalyx and/or apical region of columnar 
cells, crypt goblet cells and total cytoplasm of 
“regenerative or hyperplastic” epithelium, 
whereas in normal colon, it binds to the supra-
nuclear (SN) portion of the goblet and columnar 
cells (Cooper et al. 1987).

Targeting Integrins
Integrins are the cell surface heterodimeric pro-
teins, which are therapeutic targets. Integrins are 
highly expressed in human intestinal inflamma-
tion. β-7 integrins (α4β7and αEβ7) have been the 
potential targets for treating ulcerative colitis and 
have been targeted by the use of a monoclonal 
antibody etrolizumab (Stefanich et  al. 2011; 
Goodman and Picard 2012) . Rodriguez-Nogales 
et al. (2016) functionalized silk-fibroin nanopar-
ticles with RGD peptide and there was an 
improvement in the anti-inflammatory effects in 
trinitrobenzene sulfonic acid-induced experi-
mental colitis in rats (Nogales et al. 2016).

C5a
C5a is a receptor that has found a role in inflam-
mation, C5a-aptamer-conjugated nanoparticles 
have found to cause an improvement in colitis (Li 
et al. 2017) .

7.6.1.2  Targeting Crohn’s Disease
Too much tumor necrosis factor (TNF) or inap-
propriate production of TNF provokes chronic 
inflammation such as Crohn’s disease. A 
PEGylated Antibody’s fragment (Fab’s) of a 
humanized anti-TNF-α MAB (Certolizumapegol 
(CDP870) has shown clinical response and 
remission in Crohn’s disease in Phase III trials. 
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PEGylation enhances the half-life and reduces 
the frequent dosing requirement (Dinesen and 
Travis 2007). a4bx and a5b1 can be the integrin 
targets for Crohn’s disease and can be targeted by 
TRK-170 and ATN-161, respectively (Stoeltzing 
et al. 2003; Goodman and Picard 2012; Sugiura 
et al. 2013).

7.6.1.3  Targeting Colorectal Cancer 
(CRC)

Numerous targeting approaches against colon 
cancer via nanoformulation approaches are men-
tioned in Table 7.1.

Cell-Adhesion Protein Carcinoembryonic 
Antigen (CEA)
These are also known as CEACAM5; CD66e. In 
healthy cases, the colon cells express this antigen 
through the apical side only, but once the tumori-
genic course starts, basal lamina in the tissue 
does not remain defined anymore, cells start los-
ing polarity and finally CEA is expressed in the 
entire surface. Targeting this antigen can be car-
ried out by modifying the drug-loaded nanopar-
ticles with a specific monoclonal antibody or a 
suitable aptamer (Sousa et al. 2019).

Tumor-Associated Glycoprotein-72 
(TAG-72)
The overexpression of this membrane mucin is 
correlated with increased invasion and metastasis 
and advanced stage of the tumor. TAG-72 can be 
targeted by functionalizing the nanoparticles 
with antibodies (B72.3 and CC49), a variable 
heavy-chain domain of a heavy-chain antibody 
(VHH), etc. (Xu et al. 2010).

Folate Receptor-α (FRα)
This is a protein which is overly expressed on 
most cancer cell surfaces. However, its percent-
age in a normal cell membrane is limited. The 
receptor provides the folic acid to cancer cells for 

their need to biosynthesize DNA and RNA. The 
dissociation constant of the folate receptor and 
folic acid is about 0.1–1 nM. These receptors can 
be targeted by functionalizing the nanoparticles 
with folic acid (Silindir-Gunay et  al. 2019; 
Soleymani et al. 2019).

CD44
CD44 has more than 20 isoforms, of which, 
CD44v6 is considered to be a molecular bio-
marker of breast and colorectal cancers. When a 
ligand like adaptor protein or cytoskeletal ele-
ments binds to the intracellular domains of CD44 
receptor, conformational changes takes place that 
activate various  pathways leading to cellular pro-
liferation, adhesion, migration and invasion. This 
can be targeted by conjugating the drug-loaded 
nanoparticles with ligands such as hyaluronic 
acid, chondroitin sulfate, osteopontin, serglycin 
and fibrinb (Basakran 2015; Chen et al. 2018).

Epithelial Growth Factor Receptor (EGFR)
It is also called human EGF receptor (HER) or 
c-ernB1, and has an intrinsic protein tyrosine 
kinase activity. It is expressed in 60–80% colorec-
tal cancers. The mechanisms by which it pro-
motes tumorigenesis are diverse. Using 
nanoparticles, it is most commonly targeted by 
modifying nanoparticles with antibodies (Pabla 
et al. 2015).

Serum Carbohydrate Antigen 19-9 (CA 
19-9)
The elevated serum concentration of this tumor 
marker is observed in metastatic colon cancer 
(Vukobrat-Bijedic et  al. 2013; Yu et  al. 2013). 
Specificity to detect CA 19-9 in colorectal cancer 
is 96%, but sensitivity lies only around 23%. Its 
elevated level is strongly related to poor projec-
tion in nodal-positive CRC after adjuvant chemo-
therapy completion, but not found useful in the 
case of nodal negative CRC. This antigen can be 
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embattled by modifying nanoparticles with 
ligands such as L-fucose (Yu et al. 2017).

Alpha Fetoprotein (AFP)
Limited cases have been reported with AFP over-
expressing colon cancer. The AFP-producing 
CRC are generally linked with poor prognosis 
due to frequent blood-borne metastases (Fu et al. 
2006; Yachida et al. 2003).

Vascular Endothelial Growth Factor 
Receptor (VEGFR)
This is a significant angiogenic factor linked to 
the progression of tumor and its metastasis in 
many hematopoietic and solid malignancies. 
VEGF receptor-1 (VEGFR-1) or Flt-1is a recep-
tor with high affinity for VEGF, and is found to 
be expressed in all colorectal cancer cell lines as 
described by Fan et al. (2005). Using nanoparti-
cles, they can be targeted by modifying nanopar-
ticles with polyclonal antibodies (Fan et  al. 
2005).

Transferrin Receptor Protein 1 (TfR1)
It is overexpressed in many types of cancers, but 
for colon cancer, more studies are needed (Shen 
et al. 2018).

Tyrosine Kinase Receptor c-MET
c-MET (mesenchymal-epithelial transition fac-
tor) is made active by hepatocyte growth factor 
and decides the course of numerous biological 
developments, such as cell scattering, survival 
and proliferation. Through various mechanisms, 
the genetic alteration of c-Met takes place, which 
is associated with the progression of colorectal 
cancer and its metastasis. It has also been shown 
that attribution to tumorigenesis and therapeutic 

resistance development also goes to crosstalk 
between various cell surface receptor and c-Met 
(Qamsari et al. 2017).

Epithelial Cell Adhesion Molecule (EpCAM)
It is a membranous glycoprotein (molecular 
weight: 40  kDa) that is coded by the GA733-2 
gene.

EpCAM is overexpressed in many colorectal 
cancers. It is involved in many signal transduc-
tions. It can support cell motility and is associ-
ated with the proliferation of cells, their migration 
and invasion. EpCAM is targeted most com-
monly by modifying the nanoparticles with 
EpCAM aptamers (Li et  al. 2014; Xie et  al. 
2016).

Death Receptor 5 (DR-5)
This is a cell-surface receptor which is overex-
pressed in patients suffering from stage II or 
stage III colorectal cancer. DR4 and DR5 recep-
tors are found in cells of various human tissues 
and are also detected in some tumor cell lines, 
such as HeLa, Jurkat, Ramos, Colo205, etc. 
Identification of the death and cysteine-rich 
domains of DR4 and DR5 is 64% and 66%, 
respectively. Using nanoparticle approach, these 
receptors can be targeted by modifying them with 
Mabs (Ukrainskaya et  al. 2017; Sousa et  al. 
2019).

7.7  Existing Nanoformulations 
for Colon Targeting

The nanoformulations that have been formulated 
for colon targeting are listed in Table 7.2.

N. Mishra et al.
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7.8  Conclusion

The colon is an intricate but highly suitable site 
for targeting drugs for localized as well systemic 
effects. Even highly degradable drugs like pro-
teins and peptides can be targeted to the colon. 
Nanoparticle approach for drug targeting forms 
one of the hopeful, up-and-coming approaches 
for targeting drugs to colon as they decrease the 
amount of drug required for therapeutic action, 
thereby minimizing the toxicity and reducing the 
side effects.

Thus far, several strategies using nanoparticles 
have been designed to target colon by both active 
and passive means. Despite this, millions die 
from colonic diseases. This may be due to the 
unavailability of nanoformulated products in the 
market or the higher cost at which these are pro-
duced. Even though we have attained many 
advances in nanotechnology, conventional dos-
age forms remain the most utilized for colonic 
diseases and a cure eludes the target group. 
Approaches like particle size, surface decoration 
with ligands, aptamers, carbohydrates, antibod-
ies, various materials as design strategy for tar-
geting, pH sensitivity, microbially triggered 
systems, redox-sensitive polymers coatings, 
enzyme sensitive, those that use smart polymer 
technology, and so on are all systems that can be 
used for the alleviation of colonic disease-related 
suffering. Hence, we need to take steps to trans-
late the scope of these nanosystems from bed to 
bench side. The promise to significantly, prevent, 
treat and cure colon diseases is one that should 
enable many such products to be available for 
patients in the near future.
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Nose to Brain Drug Delivery 
for the Treatment of Epilepsy
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Abstract

Drug delivery is basically the process of trans-
ferring a drug entity or formulation to the 
desired target following administration via 
various routes in the human body. In this 
chapter we will be focusing on nose to brain 
drug delivery. Nose to brain drug delivery, as 
the title indicates, is delivering a drug or tar-
geting the drug to brain via the nasal route. 
This technique is noninvasive and relies on the 
highly permeable nasal mucosa, which allows 
rapid drug absorption. Drug enters the brain 
from the olfactory region bypassing the blood- 
brain barrier. The blood-brain barrier has tight 
junctions that allows only a specific amount 
and a specific size of drug particles to enter or 
pass through to provide a desired therapeutic 
effect in brain. Nanoparticles of size below 
100  nm may only pass through blood-brain 
barrier and have been used in the form of vari-
ous formulations for the treatment of different 
neurological diseases. In recent years, nano-
formulations are widely being used for the 
treatment of CNS diseases. Epilepsy is a 
chronic neurodegenerative disease with recur-
rent seizure episodes affecting nervous system 
and it is a life-threatening disease that requires 

immediate treatment. Current conventional 
therapy has limited bioavailability via oral, 
intravenous, and rectal administration. To 
overcome these limitations, nose to brain 
delivery using nanoformulations has shown 
promising results for the treatment of 
this disease.

Keywords

Intranasal · Drug absorption · Blood brain 
barrier · Nanoparticles · Nanoformulations · 
CNS · Epilepsy

8.1  Introduction

Neurological diseases or disorders are hazardous 
to humankind, difficult to treat, and treatments 
are time consuming. Therefore, after years of 
hard work, researches and scientists have pro-
vided physicians and medicinal practitioners a 
feasible route of administration, i.e., the intrana-
sal (IN) route targeting brain for the treatment of 
central nervous system (CNS) disorders or dis-
eases. Drug delivery directly to the brain has 
always been challenging in the medical world 
(Tiwari et al. 2012). In the case of conventional 
dosage forms, drug has to pass through various 
barriers such as first pass metabolism where most 
of the drug either degrades or gets modified/
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altered. Also, there are chances for the drug to 
interact with enzymes, proteins, or receptors 
present in the GI route. Thus, it is strenuous to 
achieve the desired therapeutic effect for the 
treatment of CNS diseases. Considering these 
drawbacks of conventional strategies for deliver-
ing drug to brain, nose to brain drug delivery sys-
tem serves as an effective and more convenient 
way to treat CNS diseases. The blood-brain bar-
rier (BBB) acts as a potent guard and prevents 
approximately 90% of molecules (drug, bacteria, 
viruses, other foreign substances present in blood 
stream) from crossing it. In other words, the BBB 
is selectively permeable in order to protect brain 
from hazardous substances (Mittal et  al. 2014). 
Certain physicochemical properties, such as 
molecular weight less than 600 Daltons (Da), 
partition coefficient in the range of 1.5–2.7 
(approx.), and lipophilicity may enhance the 
chance of drug permeation. This route is viable in 
treatment of various neurological disorders, i.e., 
epilepsy, Parkinson’s disease, Alzheimer’s dis-
ease, meningitis, etc.

For chronic and acute treatment, the intranasal 
route shows promising results. Intranasal drug 
delivery shows alternative route to parenteral, 
delivering drugs rapidly into the central nervous 
system as it allows delivery directly to the brain. 
Intranasal drug delivery follows three pathways: 
olfactory, systemic, and trigeminal pathways. 
The trigeminal pathway transmits sensory infor-
mation to the CNS from the nasal cavity, eyelids, 
or cornea via maxillary nerve, ophthalmic nerve, 
and mandibular nerve. The mandibular division 
spreads to teeth and lower jaw, with no neural 
input from the trigeminal pathway into the nasal 
cavity (Clossen and Reddy 2017).

Intranasal route using colloidal carriers such as 
nanoemulsions, microemulsions,  nanoparticles, 
lipid nanoparticles, in situ gels, etc., is a promising 
route being investigated for the treatment of 
CNS and brain disorders, including epilepsy.

8.2  Nasal Anatomy

The nasal mucosa only allows smaller particles to 
absorb, which then can permeate through the 
blood-brain barrier. Thus, the nasal route may be 

used to target the brain to treat CNS diseases. 
Various components of the nasal cavity and their 
functions are captured in Table 8.1.

8.3  Blood-Brain Barrier

In 1885, the German scientist Paul Ehlrich 
observed after administering vital dye to adult 
animal by parenteral route that the dye had 
stained all the organs in that animal except the 
brain and the central nervous system. Ehlrich 
thought the reason behind the unstained CNS 
were the different affinities to bind.

In 1898, Bield and Kraus suggested the exis-
tence of a barrier at the level of the cerebral ves-
sels. In 1900, Lewandowsky coined the term 
Blood-Brain Barrier (BBB) to explain his obser-
vations. Lewandowsky observed no physiologi-
cal or therapeutic effect of cholic acid or sodium 
ferrocyanide when given intravenously but 
observed neurological symptoms after adminis-
tering the same (i.e., cholic acid or sodium fer-
rocyanide) intraventrically (Ribatti et al. 2006).

The BBB is formed by a number of endothe-
lial cells, which are connected to each other 
forming tight junctions and restricting entry of 
foreign particles into the brain. It consists of 
highly specialized capillaries. Drugs that are 
found to be highly lipid soluble can permeate 
through the BBB rather than water-soluble drugs 
(Daneman and Prat 2015). Examples of drugs 
that can cross the BBB are: dopamine, donepezil, 
rivastigmine, etc. The nasal route, with the help 
of the olfactory region, allows drugs to enter the 
CNS by crossing the BBB.

Mechanism for drug absorption via the BBB 
(Fig. 8.1):

 (a) Paracellular transport: In this process, drug 
molecules pass through the BBB in between 
the tight junctions of the endothelial cells act-
ing as guards for the brain. This process does 
not require energy or carrier. This process is 
dependent on the concentration gradient.

 (b) Transcellular transport: In this process, drug 
molecules pass through the endothelial cell 
in order to bypass the BBB. It is also called a 
carrier-mediated process or transport. 
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Table 8.1 Brief description of the nasal anatomy

S. No. Name Anatomy Function Reference
1. Nasal bone They are of four types and make 

two joints at cranium and facial 
each to provide structure to the 
nose. The upper part of the bone is 
attached to cartilage

It binds with cartilage to 
provide shape to the 
individual’s nose, allow the 
passage of air to pass for 
respiration and to protect the 
nose

Tiwari et al. 
(2012)

2. Nasal mucosa The nasal mucosa has the largest 
surface area within nasal cavity and 
it connects with the external skin of 
nose. The outermost layer consists 
of epithelium cells called as nasal 
epithelium. Other layers of the nasal 
mucosa are Stratified squamous 
epithelium and Pseudostratified 
columnar ciliated epithelium

Allows the absorption of 
drugs and restrict the entry of 
larger particles. It is 
responsible for filtering the air 
and allowing only filtered air 
to breath

Gong (2012)

3. Olfactory 
sensory neuron

They are the sensory receptors that 
are found in nasal epithelium and 
sends sensory signals to central 
nervous system after detecting odors

Help in detecting odor and 
sending signals to CNS

Gong (2012)

4. Olfactory bulb Glomeruli are present at the surface 
covering olfactory bulb

Help sensory neurons for 
signaling CNS

Mori (2009)

5. Olfactory 
epithelium

Consists of various epithelium cells 
lining olfactory region.

Restrict entry of foreign 
particles

Leinders- 
Zufall and Ma 
(2009)

6. Nasal valve They are mobile part of nose that 
can open and close in order to 
control the flow of air. They consist 
of cartilage and erectile tissues 
within the nasal cavity

Help in regulating air flow 
and fluid/liquid flow by 
opening and closing of valves

Eduardo 
Nazareth 
Nigro et al. 
(2009)

7. Turbinates 
(superior, middle 
and inferior)

They are thin bones like sausage 
and are covered by mucus 
membrane

They filter, humidify and 
warm the air we breathe

Măru et al. 
(2015)

8. Nasopharynx Epithelial layer lining muscle and 
fascia forming a cuboidal cavity

Allow to breathe in and out Baines (2014)

9. Septum Present in nasal cavity allowing the 
separation of left and right airways

Separating left and right 
airways

East (2019)

10. Palate (soft and 
hard)

They consist of fibres Soft palate is responsible for 
closing of the nasal mucosa

–

11. Uvula Muscular tissues, serous and 
sero-mucous altogether create 
uvula.

It is responsible for producing 
and may help in speech

Finkelstein 
et al. (1992)

12. Cilia Small hair-like structure present in 
nasal cavity

Restrict entry of larger 
particles, such as dust by 
moving back and forth by air 
flow while respiring

–

13. Glomerular Lining the surface of olfactory bulb Act as protective layer above 
Olfactory bulb

–

14. Axon It is part of neuron and also known 
as nerve fibre

Help in nervous system 
transmission

Ghaffarieh 
and Levin 
(2012)

15. Vestibule Squamous epithelium lining 
vestibules containing sweat glands, 
sebaceous glands and vibrissae 
glands

Filter air to breath –
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Carriers are present at the surface of the BBB 
to allow molecules to attach to them and then 
these carriers transport these molecules to 
the other side of the barrier.

 (c) Receptor-mediated transport: This process is 
somewhat similar to carrier-mediated trans-
port. In this process receptors present on the 
BBB will bind to specific molecules only (may 
change or modify molecules structure) and 
transfer the molecules across the BBB for ther-
apeutic actions in order to treat neurodegenera-
tive diseases. This transport system does not 
depend on the concentration gradient.

 (d) Efflux: It is not the transport system but it is 
also an important mechanism that plays an 
effective role in the BBB.  This mechanism 
acts by throwing out unwanted molecules 
that somehow manage to enter the endothe-
lial cells (Abbott and Friedman 2012).

8.4  Drug Transport to Brain

Drug transported by the nasal cavity is a potential 
route for nanocarriers or therapeutic modalities 
by passing the blood-brain barrier and by nonin-

vasive administration. Drug is transported by 
three pathways, namely olfactory, trigeminal, and 
systemic pathways. The transport mechanism 
from nose to brain delivery is shown in Fig. 8.2 
(Selvaraj et al. 2018).

8.4.1  Olfactory Pathway

Therapeutic substance once executed via nose 
navigate to olfactory epithelium, also known as 
olfactory mucosa. Transduction is carried out due 
to the presence of olfactory epithelium neurons 
or receptors. Transcellular or paracellular mecha-
nism is responsible for the transport of molecules 
to the olfactory receptors. Paracellular transport 
is achieved by the virtue of the nasal epithelium 
as well as with tight junctions, adherent junc-
tions, and desmosomes and at the interval of epi-
thelium cells. Drug elements accompanied with 
axon and by the route of nerve bundle move 
across the cribriform plate and reach the surface 
of the brain through the olfactory bulb. Drug may 
enter the cerebrospinal fluid (CSF) and the olfac-
tory bulb from olfactory nerves. With the mixing 
of interstitial fluid in the brain, drug can be scat-

Fig. 8.1 Various absorption pathways associated with blood-brain barrier
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tered from the CSF to the brain. In the brain, 
there are two olfactory pathways, namely, extra-
neuronal pathway and intraneuronal pathway. 
The extraneuronal pathway involves transport by 
the virtue of perineural channels, which cause the 
element of drug to reach the brain in a few min-
utes. In the case of the intraneuronal pathway, 
which involves transport by the virtue of axonal 
transport, the drug reaches different parts of the 
brain, such as the cerebellum, cortex, cerebrum, 
and deeper areas of the brain, in hours to days.

8.4.2  Trigeminal Pathway

The trigeminal nerve pathway is linked to the 
appendage part of the brain, like the medulla, spi-
nal cord, and the pons. The mechanism of drug 
transport through the trigeminal pathway is by 
intracellular or endocytosis transport from the 
nasal route. This pathway is classified into three 
sections: mandibular, ophthalmic, and maxillary. 
In nose to brain drug delivery, only the ophthal-
mic and maxillary sections play an important 
role. Neurons present in the ophthalmic and max-
illary sections directly reach the nasal mucosa. 
Segments from the ophthalmic part move to ante-
rior nose and to the back of the nasal mucosa but 
the maxillary part moves to the turbinate of the 

nasal mucosa. Drug reaches the branches of the 
trigeminal nerves after diffusion through the 
nasal mucosa in the olfactory and respiratory 
regions and through the medium of the brain 
stem it is carried to the axonal route. From nasal 
cavity, therapeutic compounds can be delivered 
to the forebrain through a part of the trigeminal 
nerve that involves passage through the cribri-
form plate. In the transportation through mucosa, 
several mechanisms are involved after crossing 
the nasal mucosa. These mechanisms are trans-
cellular, paracellular, receptor-mediated trans-
port, transcytosis, and carrier-mediated 
transport.

8.4.3  Systemic Pathways

Blood circulation also contributes to the process 
of uptake of drug via the nasal route into the 
brain. Respiratory epithelium has a rich vascula-
ture than olfactory mucosa, therefore a fraction 
of drug gets absorbed into the system circulation. 
The respiratory segment is composed of a mix-
ture of fenestrated and continuous epithelium, 
which let the transfer of large or small molecules 
into blood circulation and finally cross the blood- 
brain barrier into the CNS. Large molecules and 
hydrophilic molecules have difficulty entering 
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Fig. 8.2 Mechanism of 
drug absorption in nose 
to brain delivery
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the systemic circulation compared to small mol-
ecules which easily cross the blood brain barrier 
and reach systemic circulation. Counter current 
exchange is the process by which drug molecules 
entering into the nasal blood vessels get trans-
ferred to the carotid arterial blood supply to spi-
nal cord and brain so that the active moiety is 
distributed evenly in the systemic circulation.

8.5  Factors Affecting Nose 
to Brain Delivery

Intranasal drug delivery is influenced by various 
factors listed below:

 (i) Drug-related factors: lipophilicity, chemical 
form, polymorphism, partition coefficient 
and pKa, solubility, and dissolution of drug

 (ii) Formulation-related factors: pH or muco-
ciliary irritancy, osmolality, viscosity, 
molecular weight

 (iii) Biological factors: nasal blood flow, muco-
ciliary clearance, and enzymatic activity in 
the nose

8.5.1  Lipophilicity

Permeation of compounds through the nasal 
mucosa increases on increasing the lipophilicity 
of the molecule. Lipophilic compounds can cross 
biological barriers as they are able to cross the 
lipid bilayer of the cell membrane, and get scat-
tered into the cell. The nasal mucosa has a hydro-
philic character, but mucosae are lipophilic in 
nature and the barrier of the membrane is main-
tained by lipids. Therefore, lipophilic compounds 
tend to be well absorbed in the nasal mucosa 
rather than hydrophilic compounds 
(ChitraKarthikeyini and Kavitha 2016).

8.5.2  Mucociliary Clearance

Absorption is reduced due to mucociliary clear-
ance as the drug administered through the nasal 
cavity undergoes elimination after 15–30  min, 

and this reduces the residence time of the drug in 
the nasal mucosa. Drug is retained in the anterior 
or posterior part of the nasal mucosa when 
administered. Nasal drops are retained in the pos-
terior area but get eliminated rapidly due to pres-
ence of a large number of ciliated cells, while, 
nasal spray retained in the anterior area gets 
absorbed due to a less number of ciliated cells 
(Dhakar et al. 2011).

8.5.3  Enzymatic Activity

Enzymes present in the nasal cavity alter the 
pharmacokinetic and pharmacodynamics proper-
ties of drugs administered nasally. Nasally 
administered drugs bypass hepatic and gastroin-
testinal metabolism. Due to the presence of the 
enzyme cytochrome P450-dependent esterase, 
acid phosphates, oxidoreductase, monoxegenase, 
hydrolases, and lactate dehydrogenase, drugs 
may get metabolized in the lumen of the nasal 
cavity. Proteolytic enzymes like aminopeptidases 
or proteases are the major barriers for peptide 
drug delivery through the nasal cavity. 
Cytochrome P450 acts against drugs like cocaine, 
alcohols, nicotine, decongestants, and progester-
one (Dhakar et al. 2011).

8.5.4  Drug Solubility 
and Dissolution Rate

Drug dissolution rate and solubility is an impor-
tant factor for drug absorption, as like various 
dosage forms, nasal drug absorption also takes 
place after drug dissolution. Prior to absorption, 
the drug particles in the nasal cavity need to be 
dissolved, as no absorption will take place if par-
ticles are not dissolved (ChitraKarthikeyini and 
Kavitha 2016).

8.5.5  Partition Coefficient and pKa

The permeation through the biomembrane is 
affected not only by lipophilicity or hydrophilic-
ity of the drug but also due to drug present in 
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uncharged form. This uncharged form depends 
upon partition coefficient or pKa of the drug at 
the absorption site. According to pH-partition 
theory, nonionized drug is more permeable than 
ionized drug. Ionization degree is the major fac-
tor for the nasal absorption of weak electrolytes. 
To optimize systemic absorption, pH of the cav-
ity and partition coefficient of drug should be 
considered. To reduce nasal irritation, pH should 
be around 4.5–6.5. In the nasal secretion, lyso-
zyme is found, which destroys bacteria only at 
acidic pH. Therefore, acidic pH should be main-
tained in the range of 4.5–6.5, otherwise lyso-
zyme gets inactivated and the nasal cavity 
becomes prone to microbial infection.

8.5.6  Molecular Weight

Drug molecules having molecular size more than 
300D have highly sensitive permeation. Peptides 
and protein compounds like insulin have low bio-
availability when administered via the intranasal 
route because of high molecular weight and 
hydrophilicity. Molecules having a molecular 
weight more than 1000D have a low absorption 
rate (Dhakar et al. 2011).

8.5.7  Nasal Blood Flow

For drug absorption, the nasal mucosa is optimal 
as it has a large surface area and it is supplied 
with a rich vasculature. Drug absorption is 
enhanced by blood flow rate as more drug reaches 
the systemic circulation by passing through the 
membrane. Vasodilation and vasoconstriction 
regulate the blood flow and rate and the extent of 
drug absorbed, as most drugs are absorbed by dif-
fusion, the concentration gradient has to be main-
tained by blood flow (Dhakar et al. 2011).

8.5.8  Osmolality

Nasal absorption decreases due to hypertonic and 
hypotonic solutions, which hinder the cilia move-
ment. Therefore, nasal formulation must be iso-

tonic in nature. Isotonic formulation can be 
achieved by the addition of isotonic excipients 
such as dextrose, glycose, sodium chloride, and 
glycerin (Dhakar et al. 2011).

8.5.9  Viscosity

Drug absorption increases with the increase in 
viscosity, as contact time between drug and the 
nasal mucosa gets increased. However, at high 
viscosity, the permeability of drug alters due to 
impact on mucociliary clearance and normal cili-
ary beating. Viscosity of the solution produces a 
longer therapeutic duration of nasal formulations 
(ChitraKarthikeyini and Kavitha 2016).

8.6  Understanding Epilepsy

According to the International League Against 
Epilepsy (ILAE) (2014), “epilepsy is a disease 
characterized by an enduring predisposition to 
generate Epileptic seizures and by the neurobio-
logical, cognitive, psychological and social con-
sequences of this condition.”

In the early eighteenth century, epilepsy was 
thought to be caused due to internal dysfunction 
of the brain affecting other organs in the process. 
The explanation of the modern epileptology was 
given by Tissot, whose work also explained dif-
ferent types of epilepsies. In the early eighteenth 
century some research papers were published by 
physicians of French medical school. Those 
papers were published by Jean-Etienne 
Dominique Esquirol (1772–1840), Calmeil 
(1798–1895), and Maisonneuve (1745–1826). 
Maisonneuve emphasized on significations of 
epileptic patient’s hospitalization. He explained 
the idiopathic and sympathetic epilepsies in his 
work. Whereas Jean-Etienne Dominique Esquirol 
had described the difference between petite and 
grand mal and he also studied systematically 
insanity and epilepsy. In the mid nineteenth cen-
tury, there were publications by prestigious phy-
sicians on epileptogenesis and taxonomy and 
etiology of epilepsy in 1852 and 1867 by 
Theodore Herpin (1799–1865), in 1854 by Louis 
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J.  F. Delasiauve, in 1861 by John Russell 
Reynolds (1828–1896), and in 1881 by Sir 
William Richard Gowers (1845–1915).

In 1903, a Swedish physician Lundborg was 
the first to explain that epilepsy could be heredi-
tary. A prominent book named The Borderlands 
of Epilepsy was published in 1907 by Gower. The 
book described narcolepsy, vertigo, migraine, 
etc. In 1920, Epilepsy from the Standpoint of 
Physiology and Treatment was published by 
Lennox (1884–1964) and Cobb (1887–1968), 
describing ketogenic diet (i.e., low-carbohydrates 
diet), effects of the amount of oxygen present in 
brain on seizures, etc. The proof that the origina-
tion site of psychomotor seizures is the temporal 
lobe was provided by Jasper (1906–1999) and 
Kershmann in 1941 after the claim of a German- 
American psychologist Kluver (1897–1979) and 
an American neuropathologist Bucy, who are 
famous for discovering the Kluver-Bucy 
Syndrome in the 1940s. Kluver and Bucy 
described the chances for change in the behavior 
of monkeys caused by lesions in the temporal 
bone. In 1969, James Kiffin Penry (1929–1996) 
published his research article describing epilepsy 
mechanism, treatment for epilepsy, drugs used in 
treating epilepsy, mode of action of antiepileptic 
drugs, etc. (Magiorkinis et al. 2014).

8.7  Neurobiology of Epilepsy

The interference in the mode of action maintain-
ing a steady state between excitation and inhibi-
tion causes seizures. Mechanisms that promote 
excitation get inhibited after disruption of the 
mechanism causing seizures. The nervous system 
is a function of its ionic milieu, the chemical and 
electrical gradients that create the setting for 
electrical activity (seizures) (Schmidt and Moore 
1995). Seizure hinders this potential of resting 
membrane and may inhibit excessive discharge. 
Transmembrane gradient change can also be led 
by seizures due to excessive discharge, causing 
increase in extracellular potassium and eventu-
ally depolarizing neurons. The mechanism of 
ionic basis can also lead to seizure. For example, 
a dysfunction of the sodium channel in the cell 

membrane can reduce the threshold, and muta-
tion in subunits of the sodium channel depending 
on voltage can also lead to epilepsy. Disruption 
of mechanism leads to increased inhibition of 
neuron to reach close to their firing threshold and 
prevents seizure. Temporal lobe epilepsy (TLE) 
is a good example of epilepsy. In patients having 
TLE, the injury may not show any confirmation 
of overt seizure, but later on recurrent seizures 
may occur.

8.8  Causes of Epilepsy

Epilepsy can be caused due to following 
conditions:

 (a) Cerebrovascular disease: Epilepsy can occur 
due to the presence of cerebrovascular dis-
eases. The stroke site’s size and number of 
lesions can be responsible for epilepsy (Liu 
et al. 2016). Possibilities for epilepsy to arise 
increase with conditions like ischemic stroke, 
hemorrhagic stroke, stroke lesions getting 
stimulated mechanically, and formation of 
glial scar (Huang et al. 2014). Some of these 
conditions have been deliberated below:
• Ischemic stroke: Ischemic strokes have 

complications, such as hemorrhagic trans-
formation. That can be associated with 
thrombolytic therapy leading to epilepsy 
(Zhang et al. 2014). Elderly patients have 
chances of having thrombolytic stroke 
due to the presence of cardiovascular dis-
eases. Therefore, such patients are more 
susceptible to epilepsy. Numerous other 
factors such as smoking, depression, dia-
betes, hypertension, alcohol consumption, 
coronary heart disease, etc., can lead to 
ischemic stroke and may contribute to 
epilepsy.

• Hemorrhagic stroke: Hemorrhagic stroke 
can more likely lead to epilepsy compared 
to ischemic stroke due to the involvement 
of cerebral cortex carrying lesions. These 
lesions hinder the cerebral cortex causing 
intracranial bleeding and venous injury 
that enhance the possibility of epilepsy.
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 (b) Small vessel and multivascular disease: 
Radiographic evidence prove that high blood 
pressure, coronary arterial disease, periph-
eral arterial disease and high cholesterol 
associated with large and small vessels, and 
multivascular diseases activate epilepsy. 
Lacunar infracts and leukoaraiosis diseases 
(multivascular diseases) cause epilepsy and 
can be more crucial when they are associated 
with impaired cognition.

 (c) Alzheimer’s disease: Alzheimer’s is a neuro-
degenerative disease. Patients with dementia 
are reported to be affected more by epilepsy.

 (d) Tumor: Tumor increases the possibility for 
developing epilepsy (symptomatic and all 
other epilepsies).

Other major causes of epilepsy are:

• Lack of oxygen during child birth.
• Injury of head either during birth or due to 

accident may lead to epilepsy in the childhood 
or even in the adulthood.

• Tuberous sclerosis.
• Epilepsy can be genetic.
• Infectious diseases such as meningitis or 

encephalitis.
• Increase or decrease in sodium or potassium 

can lead to epilepsy due to dysfunction of 
sodium or potassium channels present in the 
cell membrane.

8.9  Conventional Treatment

Antiepileptic drug (AED) therapy has been the 
backbone for the treatment of most epilepsy 
patients. Such a therapy has four goals: to reduce 
the frequency of the seizures or to eliminate sei-
zures to maximum degree, to elude the side 
effects occurring due to long-term medication, to 
maintain normal life, and to restore patient’s psy-
chological or vocational activities.

AEDs should be introduced early to prevent 
seizures. The possibility of seizure varies 
amongst patients, depending on the type of epi-

lepsy or correlated with neurological conditions 
or medical problems. The ideal characteristics of 
AED should be to stop seizures and at the same 
time avoiding occurrence of adverse effects. 
Currently AED are not able to stop seizures com-
pletely and also induce adverse effects, varying 
from minimal impairment of CNS to death. 
(Mittal et al. 2014). A classification of antiepilep-
tic drugs is given in Table 8.2.

There has been rapid expansion in the type 
and number of available antiepileptic drugs for 
over the last two decades, but there is also 
increase in unwanted adverse effects. 
Approximately 75% of seizures are controlled 
through conventional treatment with AEDs, but 
nonconventional medical treatment also plays a 
major role in controlling seizures, like surgery, 
nonstandard medical treatment, dietary 
approaches, and nonpharmacological medication 
with minimum toxicity. A list of nonconventional 
treatment for epilepsy is given in Table  8.3 
(Kneen and Appleton 2006).

Table 8.2 Classification of antiepileptic drugs

S. No Class Drugs
1 Barbiturate Phenobarbitone
2 Deoxybarbiturate Primidone
3 Hydantoin Phenytoin

Fosphenytoin
4 Iminostilbene Carbamezapine

Oxcarbazepine
5 Succinimide Ethosuximide
6 Aliphatic carboxylic

acid
Valproic acid
[sodium valproate]

7 Benzodiazepines Clonazepam
Diazepam
Lorazepam
Clobazam

8 Phenyltriazine Lamotrigine
9 Cyclic gaba

analogues
Gabapentin
Pregabalin

10 Newer drugs Topiramate
Zonisamide
Levetricetam
Vigabatrin
Tiagabine
Lacosamide
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8.10  Nanoformulations 
for the Treatment of Epilepsy

8.10.1  Colloidal Carriers

Colloidal carriers are the delivery systems for-
mulated for targeted, controlled, and sustained 
release of drug. Nanoparticles, niosomes, lipo-
somes, etc., serve as colloidal carriers. They 
provide easy access to lipid-soluble drugs to 
pass through biological membranes due to 
their lipophilicity (lipophilic bilayer either 
encapsulating drug molecule or drug dispersed 
through lipophilic media), and are target 
specific.

Colloidal carriers are the most important vehi-
cles employed for successful transport of loaded 
drugs. Colloidal carriers are drug vectors, which 
secrete, retain, and transport or deliver the drug 
within or surrounding the target. Colloidal carri-
ers not only transfer the drug to the desired site 
and enhance drug therapeutic effect but also 
decrease the amount of drug and also minimize 
toxic effects. A classification of colloidal carrier 
systems is given in Fig. 8.3.

8.10.2  Nanogels

Nano gels are a 3D network of hydrogel materi-
als in a nanoscale size. They have a swellable net-
work and are cross-linked and can hold a large 
volume of water. They are prepared by synthetic 
polymers or biopolymers or both. Their physico-
chemical properties can be modified by changing 
their properties, such as size, charge, porosity, 
degradability, amphiphilicity, and softness. They 
are composed of a core-shell structure with cross- 
links and have different shapes for structural 
integrity. Nanogels are biocompatible, hydro-
philic, and have a high drug loading capacity. 
Hence, they are useful for targeted delivery. They 
exhibit stimuli-responsive behavior, which pro-
tects the drug from degradation, making them 
useful for biomedical treatments such as drug 
delivery and diagnostic tools, etc. They have a 
high drug loading capacity because when nano-
gels swell, the inner space becomes available for 
drug loading. The swelling capacity is influenced 
by various factors, such as chemical structure of 
the polymer matrix, charge density, external trig-
gers, and the degree of cross-linking. For opti-
mum drug loading, their capacity to swell and 
collapse is important. They are easily permeated 
to various physiological barriers. They are small 
in size, making them optimum for delivering 
drug to target site and enhancing cellular uptake. 
Drug release through nanogels is determined by 
the degree of gel cross-linking, degradation of 
gel network, interaction of drug with polymers, 
and molecular weight of the polymer. Nanogels 
can be used to deliver hydrophilic and hydropho-
bic drugs. They can bypass the blood-brain bar-
rier, and therefore are used to treat brain diseases. 
Nanogels are more effective because of reduced 
toxicity, high drug loading capacity, release of 
drug in a controlled manner at the target site, and 
enhanced cellular uptake. Materials used in the 
preparation of nanogels can lead to loss of epithe-
lial cell, loss of ciliary cells, and shrinkage of the 
mucosal layer (Aderibigbe 2018).

Table 8.3 Classification of nonconventional treatment 
for epilepsy

Non-conventional treatment for epilepsy
Non-AED medical 
treatment

Non-pharmacological 
treatment

Steroids Exercise
Vitamins Avoid excessive alcohol
Intravenous 
immunoglobulins

Avoid sleep deprivation

Melatonin
Dietary treatment Psychological treatment
Ketogenic diet Avoid psychiatric 

co-morbidity
Oligoantigenic diet Yoga
Surgery treatment Alternative treatment
Lesional surgery Herbal medicine
Specific surgical 
techniques

Homeopathy

Palliative surgery Aromatherapy
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Omar et  al. prepared carbamazepine [CBZ]-
loaded oil-in-water nanogel, which was charac-
terized for various parameters like oil droplet 
size, in vitro drug release of CBZ, mucoadhesion, 
and CBZ uptake by phosphatidylcholine lipo-
some for in vitro model of olfactory cells. Swiss 
albino mice were used to determine the anticon-
vulsant activity of nasal nanogel by inducing con-
vulsions chemically and electrically. The in vitro 
release of CBZ from  nanogel was found to 
be low, yet drug uptake from the liposome mem-
brane was found to be 65% in 1 hour. The onset 
time of convulsion in chemically convulsive mice 
was prolonged which also protected the animals 
from two electric shocks  along with decreased 
side effects of conventional CBZ following treat-
ment with developed nanogel (Omar et al. 2012).

8.10.3  Liposomes

Liposomes are composed of unilamellar or multi-
lamellar vesicles enclosing the central aqueous 
compartment. Liposomes are biocompatible and 
biodegradable and have the ability to encapsulate 
drugs with diverse lipophilicity and molecular 
weight. They are mostly preferred in antiepileptic 
drug delivery systems. They are ideal nanocarri-
ers due to their ability to alter the surface charac-
teristics, membrane fluidity, and dimensions. 
Liposome carriers have reduced enzymatic deg-
radation and enhanced bioavailability across the 
cellular membrane. By the use of glycolipids, 

polyethylene glycols, and variation in vesicle 
size and enhanced surface lipophilicity, the half- 
lives of liposomes can be modified. For optimal 
drug delivery, immunoliposomes are the best 
strategy. They are formulated by fusion with 
polyethylene glycol [PEG] and stabilized with 
monoclonal antibody. Immunoliposomes deliver 
drug at four times more than the PEG-liposomes. 
Certain limitations of liposomal delivery have 
been noted, including rapid clearance from blood 
through RES, fast metabolic degradation of phos-
pholipids, and low stability after extended 
release. Also compared to other nanocarriers, it 
fails in continuous delivery of drug. Drawbacks 
of liposomes-AED are overcome by improving 
stability and shelf-life (Jabir et al. 2015).

Recently, Zaafarany et al prepared emulsomes 
consisting of enclosed lipid core which was stabi-
lized by phospholipids (PC) bilayers and tween 
80 coating. The antiepileptic drug Oxcarbazepine 
[OX] was entrapped in emulsomes, localized in a 
poly(lactic acid co-glycolic acid)–poly(ethylene 
glycol)–poly(lactic acid co-glycolic acid) 
(PLGA-PEG-PLGA) triblock thermogel copoly-
mer. Drug release was found to be retarded, and 
the mean residence time (MRT) was found to 
be  increased in rats when OX emulsomes were 
incorporated in the thermogel. In vitro sustained 
drug release was found to be about 81.1% from 
OX emulsomes and 53.5% from OX emulsomes- 
thermogel within 24 hours. The pharmacokinetic 
study in rats showed systemic transport of drug 
OX after nasal administration with a higher 

• Liposomes
• Niosomes 
• Pharmacosomes
• Virosomes
• Immunoliposomes

Vesicular 
systems

• Microparticles
• Nanoparticles
• Microspheres
• Microbeads
• Nanospheres
• Nanocapsules

Microparticulate 
systems

Fig. 8.3 Classification 
of colloidal carriers
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uptake of OX emulsomes in the brain tissue and 
highest MRT in OX emulsomes-thermogel 
as compared to OX-solutions, IN OX-emulsomes 
and Trileptal® suspension. OX emulsome- 
thermogel increased systemic absorption but did 
not increase concentration in brain with respect 
to Cmax and AUC compared to OX emulsomes. 
The PLGA-PEG-PLGA can be used to enhance 
the safety of the nasal mucosa and reduce nasal 
damage of many cells. However, OX emulsome- 
thermogel extended drug MRT in the brain for up 
to 48 hours, which could have been used better to 
control seizure for a longer period of time 
(El-Zaafarany et al. 2018).

Jian-sheng liu et  al. developed a nanoscale 
delivery system to improve brain penetration and 
solubility of Lamotrigine (LTG), an antiepileptic 
drug. LTG loaded polymeric micelles were pre-
pared by loading LTG in Pluronic® P123 (P123/
LTG). The encapsulation efficiency was found to 
be 98.07%, particle size was 18.73 nm and drug 
loading was 5.63%. The solubility of drug LTG 
in polymeric micelles (P123/LTG) was increased 
to 2.17  mg/mL.  Drug showed sustained release 
properties from an in vitro release study of P123/
LTG. After IV administration in rats, drug loaded 
with polymeric micelles was accumulated more 
in brain than free drug at 0.5, 1, and 4 hours. By 
incorporating P-gp substrate in P123, micelles 
showed higher penetration by crossing the blood 
brain barrier in  vitro and in vivo. Hence P123 
micelles showed better targeted delivery of 
 antiepileptic drugs in the treatment of epilepsy 
(Liu et al. 2014).

8.10.4  Solid-Lipid Nanoparticles

Solid-lipid nanoparticles (SLNs) are colloidal 
drug carriers for intravenous application. They 
are submicron particles ranging from 10 to 
1000  nm. SLNs are made up of solid lipids 
which are scattered in water or aqueous surfac-
tant. To overcome any disadvantage solid lipid 
is combined with liquid lipid. Solid-lipid 

nanoparticles have various advantages, such as 
controlled release of drug over long periods of 
time, biocompatibility, improved stability, ster-
ilization by autoclaving or gamma radiation, 
better release kinetics of encapsulated com-
pounds, increased bioavailability, chemical pro-
tection of labile compounds, ease of 
manufacturing, avoidance of organic solvents, 
high and long-term stability, ease of industrial 
scale production, relatively cheaper and stable. 
For prolonged release or protection of drug from 
chemical degradation, solid- lipid nanoparticles 
are a proven better alternative delivery system 
than the traditional oil-in-water emulsion. SLNs 
have lower toxicity and relatively low cost 
excipients, as solvents are not used in the prepa-
ration process. Further, as SLNs are prepared by 
simple process of high-pressure homogeniza-
tion, they have high chances of large-scale pro-
duction. SLNs provide protection to drug 
against chemical degradation, as there is no or 
less water to the inner core of lipid particles 
compared to liposomes. SLNs can be delivered 
through various routes such as parenteral, nasal, 
rectal, ophthalmic and topical. Antiepileptic 
drugs loaded in SLNs may show high efficacy 
for the treatment of epilepsy by their ability to 
cross blood brain barrier (Costa et al. 2019).

Nair Rahul, et al. prepared aqueous solution of 
SLNs containing chitosan by incorporating the 
antiepileptic drug Carbamazepine (CBZ). The 
preparation of SLNs of chitosan-CBZ showed 
high encapsulation efficiency and high drug sta-
bility. The drug showed a controlled release pat-
tern for a prolonged period of time. The 
antiepileptic activity of SLNs of chitosan-CBZ 
showed better results compared to standard 
CBZ. Time for onset of convulsion in controlled 
group was less than in the standard group, i.e., 
28 ± 1.195 and 58.17 ± 6.67 min respectively. An 
in vitro model showed 66.7% of drug release in 
24  hours. Solid-lipid chitosan-CBZ showed 
improved antiepileptic  activity  as compared to 
standard CBZ in the treatment of seizures (Nair 
et al. 2012).

Pratishtha et al.



181

8.10.5  Nanoemulsions

Nanoemulsions are water-in-oil (W/O) or oil-in- 
water (O/W) emulsions with two immiscible liq-
uids dispersed and stabilized by the addition of 
surfactants. The mean diameter of a nanoemul-
sion droplet is about 100  nm to 300  nm. 
Nanoemulsions are white to milky white in 
appearance as they are smaller than the wave-
length of visible light. They can be formulated in 
various formulations such as liquid, creams, 
spray, gels, or foams. They can be formulated as 
various dosage forms such as parenteral, ocular, 
oral, in addition to nasal. Nanoemulsions have a 
high surface area due to small droplet size and 
long-term stability. The latter is attributed to small 
droplet size, which reduces destabilization phe-
nomena, such as coalescence, sedimentation, and 
creaming. Drug problems such as lack of solubil-
ity and stability in certain environments can be 
solved by formulating nanoemulsions. When drug 
comes in contact with the aqueous environment, 
which is dissolved in oily phase, the hydrophobic 
drug is released from nanoemulsion and nanopre-
cipitation occurs. Particles with high surface area 
are formed by improving the drug solubility rate 
according to Noyes-Whitney equation. 
Advantages of nanoemulsions are increased solu-
bility, reduced irritation, reduced toxicity, effec-
tive penetration of drug, and protection from 
hydrolysis and oxidation. The advantage of deliv-
ering antiepileptic drugs in the form of nanoemul-
sion is that it can easily penetrate the blood-brain 
barrier even if the drug has low bioavailability. 
Nanoemulsion is prepared by spontaneous emul-
sification process (Bonferoni et al. 2019).

Patel, et al. developed carbamazepine (CMP)-
loaded microemulsion (CMPME) and mucoad-
hesive CMPME (CMPMME)  for intranasal 
delivery for the treatment of epilepsy. Swiss 
albino rats were used to determine drug distribu-
tion in the brain. The CMPME was stable and 
crystal clear, with a size of 34.11  ±  1.41  nm. 
Brain/blood ratio of intranasal CMPMME was 
found to be 2-3 folds higher than that of intrave-
nous CMPME indicating larger extent of CMP 
distribution inbrain. Drug targeting efficacy and 
direct drug transport were found to be higher in 
intranasallly administered CMPMME as com-

pared to intravenous CMP. It was found that 
CMPMME- loaded drug had higher uptake in 
brain. CMPMME showed a better result in the 
treatment of epilepsy (Patel et al. 2014).

8.10.6  Nanostructured Lipid Carriers

Nanostructured lipid carriers (NLCs) are the 
second- generation of lipid-based nanocarriers. 
They are formed by mixing liquid lipids and solid 
lipids. They have an unstructured matrix due to 
the different moieties of the NLC constituents. 
They are designed to overcome the limitations of 
SLNs. Due to improper crystal structure, they 
have a high drug loading capacity. Furthermore, 
chances of drug expulsion can be avoided during 
storage and manufacturing by lipid crystalliza-
tion. They have high drug solubility in lipid 
matrix and show a more controllable release 
matrix than SLNs. They have a lower melting 
point than SLNs; they are solid at body tempera-
ture. Furthermore, because of their imperfect 
crystalline structure and unstructured matrix, 
they have high drug dissolution and payload in 
the liquid part of NLCs. NLCs show less gelation 
in preparation and storage than SLNs. 
Hydrophobic and hydrophilic drugs can be 
loaded in NLCs with a wide range of drug- 
loading properties. They can be surface- modified. 
The chemical and physical properties of NLCs 
are stable. As NLCs have liquid lipids, by increas-
ing the liquid lipid the solubility of drug can be 
increased and encapsulation of drug enhanced 
compared to SLNs (Ghasemiyeh and 
Mohammadi-Samani 2018).

Eskandari et al. conducted a study by incorpo-
rating valproic acid (VPA) in NLCs for the treat-
ment of epilepsy. Six groups of rats with each 
group containing six animals were used, each 
animal received VPA-NLC intranasally or intra-
peritoneally. Maximal electric shock was used to 
examine brain responses. The hind limb tonic 
extension: flexion inhibition was determined at 
different time intervals: 15, 30, 60, 90, and 
120 minutes. By using gas chromatography, drug 
concentration in plasma and brain was deter-
mined. The particle size, percent drug loading 
and percent drug release of the NLCs was found 
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to be 154  ±  64  nm, 47  ±  0.8% and 75  ±  1.9% 
respectively  after 21  days. After treatment via 
intranasal route, in  vitro studies showed differ-
ence between protective effects of NLCs VPA 
and control group at 15, 30, 90, and 120 minutes. 
Treatment via the intraperitoneal route showed 
positive result for protective effects of NLCs 
VPA and control group. Brain/plasma drug con-
centration ratio was found to be higher following 
intranasal administration of NLCs VPA as com-
pared to intraperitoneal administration. Hence, 
intranasal administration of NLCs VPA provided 
better protection from seizures (Eskandari et al. 
2011). Various nanoformulations of antiepileptic 
drugs are summarized in Table 8.4.

8.11  Toxicological Studies

Formulations need enhanced drug absorption 
in nose to brain delivery of drug in order to 
achieve the desired therapeutic effect for treat-
ment of brain- or CNS-related diseases. It can 
be achieved by the addition of some mucoad-
hesive excipients to enhance the adhesive 
property of the formulation. These mucoadhe-
sive excipients allow the formulation contain-
ing the drug molecule to adhere to the mucous 
membrane for a longer period of time, thereby 
helping in slow release of the drug and provid-
ing more time for the drug to be absorbed by 
the membrane. Gelling agents can also be used 
for this effect. Nanoformulations are prepared 
to achieve smaller particle size of the drug’s 
formulation to enable access to the formulation 
through BBB. Improvement or increase in the 
adhesiveness of the formulation may cause 
toxicity or adverse effect on the mucous mem-
brane, such as ciliotoxicity, shrinking of the 
mucous layer, or may affect the mucociliary 
clearance and respiratory system. Therefore, it 
is recommended to evaluate all formulations 
(drug or active ingredient, all excipients, final 
formulation, etc.) because certain effects of 
toxicity might be challenging to treat after-
wards. For example, once the mucous layer 
shrinks it cannot be repaired. Therefore, spe-
cial precautions are taken during preparation 
of such formulations. Biodegradable studies, 
drug compatibility studies with excipients, 
in  vivo  studies on laboratory animals, muco-
ciliary clearance studies, etc., are also per-
formed for the detection of toxicity and effect 
of formulation (Costa et al. 2019). Some clini-
cal trials on nose to brain delivery of antiepi-
leptic drugs are listed in Table 8.5.

Table 8.4 Various nanoformulations for antiepileptic 
drugs

S. No. Name of drug Formulation Reference
1. Gabapentine Nanoparticles Wilson 

et al. 
(2014)

2. Lamotrigine Pluronic 123 
micelles, lipid 
nanoparticles

Liu et al. 
(2014)

3. Carbamazepine Solid lipid 
nanoparticles

Nair et al. 
(2012)

4. Oxcarbazepene PLGA 
nanoparticles

Lopalco 
et al. 
(2015)

5. Valproic acid Nanoparticles, 
nano- 
structured lipid 
carrier

Varshosaz 
et al. 
(2010), 
Hamidi 
et al. 
(2012)

6. Diazepam Solid lipid 
nanoparticles

Abdelbary 
and Fahmy 
(2009)

7. Ethosuximide Chitosan 
nano-carrier

Hsiao et al. 
(2012)

8. Acetazolamide Nanoparticles –
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Table 8.5 Clinical trial on nose to brain delivery of antiepileptic drug

S. No Drug
Product 
name Company Phase Study Result Status

1 Midazolam – – Pre- 
clinical

Comparison between IN-MDZ 
and IV-MDZ for status 
epilectus showed IN-MDZ 
was better in controlling 
seizures than IV-MDZ

Complete

2 Oxcarbazepine – – III Able to treat uncontrollable 
focal seizures in children

Complete

3 Eslicarbazepine
acetate

I – 
Zebinix
II – 
Aptiom

I – Eisai co. Ltd
II – Sunovion 
Pharmaceuticals 
Inc.

III Partial-onset seizures were 
treated with long-term 
monotherapy
-Uncontrollable focal seizures 
were well tolerated and 
effective in patients
Tested for refractory partial 
seizure as an adjunct therapy

Complete

4 Brivaracetam Briviact Approved by FDA III To treat safety and efficacy for 
adjunctive i.v. and bolos 
antiepileptic therapy in 
patients and with partial- onset 
seizures

Ongoing

5 Cenobamate YKP3089 S K 
Pharmaceuticals

II
III

Patients with photosensitive 
epilepsy showed efficacy and 
were tolerated. Adjunctive 
therapy for partial seizure in 
patients was conducted
Adjunctive therapy for patients 
having partial seizure is being 
conducted for drug safety and 
efficacy

Complete
Ongoing

6 Verapamil – – II Children and adult with Dravet 
Syndrome showed adjunctive 
therapy for seizures

Complete

7 Diazepam NRL-1 Neurelis Inc. I Healthy volunteers showed 
tolerability for the drug

Complete

8 Midazolam USL261 Upsher smith 
laboratories

III Outpatient treatment for 
patients having seizure cluster

Recruiting

9 Diazepam Plumiaz™ Neuronex
Acorda

I Tolerability, safety, efficacy of 
nasal spray in healthy 
volunteers

Ongoing

10 Diazepam Plumiaz™ Neuronex
Acorda

II Patients experiencing a seizure 
episode, single dose through 
nasal spray was studied

Complete

11 Diazepam Plumiaz™ Neuronex
Acorda

II To examine tolerability, 
efficacy and bioavailability of 
nasal gel, rectal and nasal 
spray

Recruiting

Charalambous et al. (2019), Aboutabl (n.d.), Kaur et al. (2016)
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8.12  Conclusion

Nose-to-brain delivery is considered an evolving 
approach to overcome the BBB. Intranasal (IN) 
delivery of antiepileptic drug delivery systems 
(AEDs) has been recommended and explored by 
various researchers. The 3N rule combining nose, 
nanomedicine, and neurotherapeutics is the 
impending solution to accomplish the above- 
mentioned goal. The large number of in  vivo 
studies published over the last few years on IN 
delivery of AEDs indicates the growing interest 
in this route. Nanomedicine represents a captivat-
ing strategy to overcome some of the major limi-
tations, combined with the IN route of 
administration as investigated in preclinical stud-
ies. Some of the nanoformulations are also under 
clinical trials. These novel substitutes to tradi-
tional oral and intravenous delivery methods will 
definitely lead to more effective treatments for 
epilepsy patients in the future.
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Abstract

One of the main obstacles for the effective 
treatment of CNS disorders is the incapability 
of drug molecules to cross the blood-brain 
barrier (BBB). Conventional drug delivery 
systems are having limited adequacy to assess 
the restrictions posed by the imperative blood- 
brain barrier. Numerous drugs designed for 
the treatment of various disorders are unable 
to permeate the BBB. This hampers their abil-
ity to effectively reach in the brain. Most of 
the drugs are given in high doses to provide 
adequate concentration in the brain. 
Complicated dosage regimens along with the 
systemic side effects reduce patient compli-
ance, leading to the failure for the efficient 
disease management. A large number of deliv-
ery systems and target systems have been 
investigated to improve drug bioavailability 
and enhance drug accumulation at the targeted 
area in order to minimize systemic side effects, 
as well as to improve compliance. 
Nanotechnological approaches involve vari-
ous nano-sized carrier systems, which pro-

motes the brain availability of therapeutic 
agents for the effective management of neuro-
degenerative disorders. Over the conventional 
approaches, nanotechnological approaches 
have various promising strategies to cross 
blood-brain barrier and increase the bioavail-
ability of therapeutics in the brain. This chap-
ter elaborates upon the current and future 
utility of nano-drug delivery systems for the 
treatment of various CNS disorders.

Keywords

Blood-brain barrier · Magnetic nanoparticles · 
Solid lipid nanoparticles · Liposomes · 
Nanoemulsion

9.1  Introduction

Due to the severe impact on patients’ long-term 
health, the growing incidence of CNS diseases 
and dementia is considered a major challenge in 
human health management. Health agencies and 
scientific reports have revealed that about 
1.5 million people have CNS disorders and 11% 
of serious diseases are brain disorders (Silva 
2005; Soni et  al. 2016). Different drugs and 
therapeutic agents demonstrated not only effi-
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cacy but also shortcomings depending on the 
disease conditions of the individual patient. 
Therefore, there is a persistent demand for new 
therapies to develop better treatments for CNS 
diseases; however, the systematic implementa-
tion of such therapies poses significant chal-
lenges (Vinogradov 2010). The blood-brain 
barrier (BBB) and blood- cerebrospinal fluid 
barrier (BCSFB) inhibit site- specific therapeutic 
delivery, thus reducing their effectiveness 
against targeted diseases. The BBB can also 
reduce the concentration of a drug that enters 
the target site, thus increasing the ability to treat 
the target disease. The high-dose requirements 
of these drugs have intensified the need to 
develop nano-enabled drug delivery systems 
(DDSs) (Vashist et al. 2018), which have many 
advantages over conventional drugs and DDSs 
(Vashist et al. 2017). Such DDSs can noninva-
sively bypass the BBB.  They can also easily 
modify their structure to encapsulate the desired 

drug, making it ideal for the treatment of CNS 
diseases.

The term “nanotechnology” comprises all the 
systems, as represented in Fig. 9.1, and materials 
having novel and improved physical, chemical, 
and biological properties, attributed to the 
nanoscale size range (Leyva-Gomez et al. 2015). 
Nanotechnology has been applied to improve the 
treatment of CNS disorders (Leyva-Gomez et al. 
2015). Nanotechnology can be modulated to 
obtain preferred pharmacokinetics profiles, drug 
targeting to the specific site of action (Cupaioli 
et al. 2014). The major merits of using nanotech-
nology drug delivery systems include site- 
specific delivery for targeted action in the CNS, 
improved drug penetration, enhanced brain avail-
ability, and therapeutic performance of CNS 
drugs. The nanoparticles (NPs) intended for drug 
delivery of therapeutic agents are usually solid 
colloidal particles ranging from size 1 to 1000 nm 
(Fernandes et al. 2010; Md et al. 2015). NPs can 

Fig. 9.1 Several 
different techniques that 
are currently under 
considerations for the 
nanodelivery to the brain
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be thermoprotective for such as proteins, pep-
tides, or DNA and can also be modified to exe-
cute site-specific drug targeting. Also, these 
systems can be used to maintain therapeutically 
desirable drug concentrations in plasma by 
increasing the half-life, solubility, and permeabil-
ity of drugs.

9.2  BBB in a Normal Healthy 
Brain Condition

The BBB is a specific arrangement of fine endo-
thelial cells which is imperative for providing 
basic supplements for normal working of brain 
and restrains the entry of harmful substances 
from the blood to the brain as represented in 
Fig.  9.2. BBB serves as a hindrance which is 
made up of endothelial cells (ECs), in conjunc-
tion with pericytes, astrocytes, perivascular neu-
rons, tight junctions, and basal layer which adds 
to the intricate structure of the BBB (Guerra et al. 
2017; Komarova et al. 2017; Lécuyer et al. 2017; 

Dong 2018). The endothelial cells in the cere-
brum are not designed in a manner that prohibits 
disseminating drug particles. Endothelial cells 
are connected through intersection, creating a 
ceaseless hindrance, which limit the infiltration 
of hydrophilic drug substances (Umlauf and 
Shusta 2019). The penetrability of the barrier 
chiefly is monitored through these intersections 
which have proteinaceous nature, for example, 
adherens junctions, tight junctions, and gap junc-
tions (Komarova et  al. 2017; Dong 2018). 
Adherens intersections basically control the pen-
etrability of the endothelial boundary. Tight junc-
tions assume an imperative part in supporting the 
penetrability obstruction of epithelial and endo-
thelial cells, which control tissue homeostasis 
(Lécuyer et al. 2017). Rather than behaving as a 
permanent feature, the barrier is consistently 
adjusting because of different physiological 
changes occurring in the brain (Banks 2016; 
Komarova et al. 2017; Dong 2018).

Physiochemical properties of the drug mole-
cules affect the passively diffusing particles. 

Fig. 9.2 Diagram of the various components of the neuro-
vascular unit. The BBB mainly consists of the endothelial 
cells, connected by adherens and tight junctions (TJs) 
tightly; glial cells such as star-shaped astrocytes, having 

diverse functions such as axon pathfinding, neuronal syn-
apse transmission, BBB regulation, and flow of blood; and 
other cells such as pericytes, found toward the outer surface 
of the blood vessels placed inside the basement membrane
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Major factors impacting the penetration include 
the size, surface properties, lipophilicity, and 
charge on the surface of molecules. Physiological 
factors which can impact the BBB permeability 
includes action by enzymes, binding efficiency of 
molecule to the plasma protein, efflux transport-
ers like P-glycoprotein (P-gp), and cerebrum 
blood flow (Banks 2009). Water-soluble mole-
cules like proteins and peptides permeate into the 
brain through specific receptor-mediated trans-
porters such as insulin transporter, transferrin 
transporter, and GLUT-1 (Ballabh et  al. 2004). 
Transportation through receptor-specific mecha-
nism has been widely examined for the drug’s 
transport to the brain (Mäger et al. 2017).

9.3  CNS Disorders 
and Pharmacotherapy

Healthcare statistics conclude that the prevalence 
of CNS diseases, including neuroinfections and 
neurocognitive disorders, is increasing rapidly 
throughout the globe (Albert 2007; Brew and 
González-Scarano 2007; Hirtz et al. 2007; Nair 
et  al. 2016; World Health Organization 2016) 
with a global economic burden of 6–8% due to 
neurological disorders. Advances in existing 
medical therapies have played a key role in treat-
ing and controlling CNS disorders, leading to 
higher survival rates, but full treatments remain 
lacking for most CNS disorders, including 
Alzheimer’s disease (AD), Parkinson’s disease 
(PD), depression, Huntington disease, and epi-
lepsy (Kaushik et al. 2014, 2016a, b; Ruiz et al. 
2015; Nair et al. 2016).

9.3.1  Alzheimer’s Disease

Alzheimer’s disease (AD) is one of the most 
severe neurological problems among the older 
population, with more than US$ 600 billion of 
socioeconomic burden (Kaushik et al. 2016a, b). 
AD is a brain disorder that results from the brain’s 
diminished ability to repair neurons, resulting in 
loss of memory, changes of mood, depression, 
and anxiety (Kaushik et al. 2016a, b). There is a 

lack of AD-specific therapeutic agents at the 
moment, and this condition is therefore hard to 
treat and difficult to deal. Smart diagnostic sens-
ing systems have been developed to monitor AD 
development under therapy (Kaushik et al. 2016a, 
b, c).

In 1906, a German neuropathologist, Alois 
Alzheimer, first described Alzheimer’s disease 
(AD). At the beginning of the twenty-first cen-
tury, Alzheimer’s disease (AD) was identified as 
the most common form of dementia among geri-
atric individuals. In 2016, it was estimated that 
over 47.5 million people worldwide are diag-
nosed with dementia. The estimate is expected to 
rise to 75.6 million by 2030. (Chisholm et  al. 
2016). AD is a neurodegenerative disorder that 
usually occurs in adulthood. Various other mental 
capacities are correlated with a gradual and rather 
permanent deterioration in memory. Throughout 
AD, neuronal disruption and weakening of neural 
connections in the brain’s cerebral cortex region 
are associated with a major loss of brain mass 
(Perl 2010). It is among the main five most com-
mon causes of death in the US population. Rarely, 
it occurs in people in their 40s and 50s, but still it 
is an old-age disorder. Two neuropathological 
marks, i.e., extracellular Aβ plaques and intracel-
lular Tau neurofibrillary tangles (NFTs), are 
characterized by AD.

Treatment of AD is quite complex, and it is 
unlikely to be successfully treated by any drug or 
other intervention. Current pharmacotherapeutic 
strategies are focused on helping patients retain 
mental abilities, control behavioral effects, and 
delay progression, thus delaying the onset of dis-
ease symptoms. All current medications work by 
monitoring the brain levels of some neurotrans-
mitters, mainly acetylcholine and glutamate.

9.3.1.1  Conventional Pharmacotherapy 
of AD

The existing drugs used in the medication of AD 
can be categorized broadly as:

 (a) Acetylcholinesterase inhibitors: rivastig-
mine, donepezil, galantamine, and tacrine

 (b) NMDA antagonist (glutamate inhibitor): 
memantine
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9.3.1.2  Nutraceuticals for AD
Nutraceutical agents, commonly referred to as 
medical foods, are noticed to be useful in improv-
ing the quality of life in patients with AD.

 (a) Tramiprosate
It is a small mimetic compound of glycos-
aminoglycan that can be orally taken. This 
binds to soluble Aβ and inhibits the accumu-
lation and eventual deposition of amyloid 
plaques.

 (b) Phosphatidylserine
The main component of the membrane in the 
nerve cells is phosphatidylserine, a lipid 
compound. Not only does it provide nourish-
ment to the brain, it can also increase brain 
function, alleviate mental pressure, and 
enhance intelligence, memory, and force of 
response. This is also often referred to as a 
“brain nutrient” (Amaducci et al. 1991).

 (c) Axona
It is a dietary supplement used in Alzheimer’s 
treatment (Henderson et  al. 2009). Axona’s 
active ingredient is caprylic acid. It is a great 
source of triglycerides, and from processed 
coconut oil, it could also be obtained. To 
form β-hydroxybutyrate, a ketone mass, 
caprylic acid undergoes hepatic metabolism. 
These ketone bodies represent brain cells as 
an alternate form of energy. It is used as an 
additional food in AD (Thaipisuttikul and 
Galvin 2012).

9.3.2  Parkinson’s Disease (PD)

Parkinson’s disease (PD) is the most common 
neurodegenerative disorder associated with age. 
This disease affects an individual’s motor or cog-
nitive ability due to the loss of midbrain’s dopa-
minergic neurons (Newland et al. 2016). The lack 
of PD vaccines, drugs, or therapies makes it dif-
ficult to manage this disorder.

Neurodegenerative disease causing cognitive 
impairment affects 1–2% of the elderly and is 
mainly the result of a dopamine deficiency due to 
the loss of dopaminergic neurons in the substantia 
nigra pars compacta (SNpc) (Dauer and Przedborski 

2003; Sarrafchi et  al. 2016; Steger et  al. 2016). 
However, ongoing research indicates that oxidative 
stress, mitochondrial dysfunction, and genetic fac-
tor might be the causative factors. Oxidative stress 
is the result of an imbalance among antioxidant 
activity and reactive oxygen species (ROS) produc-
tion from enzymes such as tyrosine hydroxylase 
(TH) and monoamine oxidase (Hwang 2013). PD 
is generally treated through either surgical manage-
ment or supplement drug therapy. The most com-
mon clinical approach for PD treatment is drugs 
like L-3,4-dihydroxyphenylalanine (levodopa, 
L-dopa), which is a dopamine analog. This 
approach is recognized as the gold standard in the 
treatment of PD. (Jadavji and Metz 2009; 
Abbruzzese et al. 2016).

A few drugs, mostly dopamine agonists, have 
been developed to treat PD, and they are recom-
mended to be used based on various stages of PD 
symptoms. PD can be classified as motor or non- 
motor symptoms. Motor symptoms such as weak-
ness, bradykinesia, and tremor are caused by the 
destruction of dopaminergic neurons and are con-
sidered to represent a progressively worst stage of 
PD (Seppi et al. 2011; Xia and Mao 2012). In the 
early stage of PD, non-motor symptoms such as 
olfactory problem, indigestion, anxiety, and rapid 
eye movement disorder occur. In its initial stage, 
non-motor symptoms could be used to locate PD 
(Chaudhuri et al. 2006; Seppi et al. 2011). L-Dopa, 
dopamine agonists (pramipexole, ropinirole, roti-
gotine, cabergoline, and pergolide), monoamine 
oxidase B inhibitors (selegiline and rasagiline), 
and catechol-O- methyltransferase inhibitors 
(entacapone and tolcapone) are generally used to 
treat motor symptoms. It may be enough to treat 
patients in the first year after PD has been identi-
fied. Due to the presence of motor fluctuation and 
dyskinesia, patients will need elevated doses and 
L-dopa levels (Antonini 2007; Morgan and Fox 
2016). Paroxetine, citalopram, sertraline, fluox-
etine, atomoxetine, nefazodone, pergolide, and 
omega-3 fatty acids for depression; methylpheni-
date and modafinil for fatigue; amantadine for 
pathological gambling; donepezil, galantamine, 
and memantine for dementia; and quetiapine for 
schizophrenia are used to treat non-motor 
symptoms.
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9.3.3  Depression

According to the World Health Organization, 
depression is a disorder characterized by sadness, 
loss of interest, feelings of guilt, disturbed sleep 
and appetite, feelings of tiredness, and poor con-
centration. Depressive disorders can be long last-
ing and recurring, impairing an individual’s 
ability to perform their daily activities. It is an 
intense and debilitating mental condition that 
occasionally prompts suicide or sudden passing 
because of unattended physical issues (Miller 
et al. 2014).

Almost one of every five individuals will 
encounter a noteworthy major depressive episode 
sooner or later in their lives (Kessler et al. 2003); 
in this, genes, psychosocial adversity in child-
hood, and progressing psychosocial stress may 
affect multiple neurobiological systems relevant 
to major depressive disorder. There are different 
types of depression ranging from mild to severe, 
such as mental depression, wherein patients 
experience various manifestations such as decep-
tion and hallucinations. Coexistence of other 
mental disorders such as anxiety, which includes 
severe phobias, social anxiety disorders, post- 
traumatic stress disorder (PTSD), and obsessive- 
compulsive disorder (OCD) makes its diagnosis 
complex.

Coincidence invented the first antidepres-
sants, following concise clinical investigation 
that iproniazid demonstrates mood elevating 
response, a drug refined for the therapy of tuber-
culosis. Similarly, imipramine, which demon-
strates antidepressant response, is a so-called 
antipsychotic drug. Based upon the above con-
sideration a guiding plan was established for 
developing antidepressants drugs like Tricyclic 
antidepressant and monoamine oxidase inhibi-
tors and to the pathological perception of 
depression (Yildiz et  al. 2002; Jacobsen et  al. 
2012). Regulating the brain monoamine neuro-
transmission is the operating strategy of many 
of the available antidepressant drugs. Escalating 
the long-term monoamine synaptic concentra-
tion (norepinephrine, serotonin together with 
dopamine) is the underlying mechanism of these 
drugs. By adhering to the specific neurotrans-

mitter transporter together with obstructing 
their reuptake by the presynaptic neuron by 
reversible or irreversible hindrance of MAO, 
monoamine-destructing enzyme, they attain this 
(Holtzheimer and Nemeroff 2008). To modify 
the neurotransmission, some of the antidepres-
sants also operate on neurotransmitter receptors 
present at presynaptic as well as postsynaptic 
part. In the market atypical antidepressants are 
also appearing, and it comprises neurokinin 1 
(NK-1) antagonist, GR antagonists, and anti-
psychotics together with melatonergic drugs 
(Brain and Cox 2006; Kasper and Hamon 2009; 
Šagud et al. 2011). As conferred, after medica-
tion with antidepressants, there is a time lag on 
the commencement of the response. Long- 
lasting neuronal reworking may influence trans-
porters or receptors that modify the 
neurotransmission. Monotonous in modification 
such as axonal sprouting, synaptic plasticity, 
and neurite expansion, as well as advancement 
of cell endurance, is believed to result from the 
stimulation of the neurons by these drugs, 
accompanied by intricate cellular signal trans-
action system, including neurotrophins together 
with diverse transcription factors (Yildiz et  al. 
2002).

9.3.4  Huntington Disease (HD)

Huntington disease (HD) is an inherited autoso-
mal dominant neurodegenerative disorder char-
acterized by gradual motor, psychological, and 
cognitive impairment, leading to death within 
15–20 years of diagnosis. The pathological muta-
tion consists of an expanded CAG  (cytosine- 
adenine- guanine) repeat on chromosome 4 in the 
huntingtin gene (HTT), encoding the huntingtin 
(htt) protein, resulting in an excessively long 
stretch of polyglutamine near this protein’s 
N-terminus. The traditional clinical trial in HD is 
(1) a progressive motor disorder; (2) gradual cog-
nitive disturbance with dementia; and (3) psychi-
atric conditions, including depression, anxiety, 
apathy, obsessive-compulsive behavior,  outbursts, 
addictions, and sometimes insanity. A common 
feature is weight loss.

A. Sarwal et al.



193

HD does not have any cure. In addition, there 
is no documented therapy that slows down clini-
cal degeneration or decline rate. A major area of 
HD research is this unmet need. Many symptoms 
can be handled pharmacologically, while others 
can be managed only through nonpharmacologi-
cal support measures. Conditions of HD vary in 
response to medication. Psychiatric symptoms 
may be the most resistant to pharmacotherapy. 
Chorea is the most readily reactive of the motor 
symptoms. The least responsive are cognitive 
symptoms and dementia. Most people with cho-
rea are either unaware of their involuntary move-
ments or are not affected by chorea. Reassurance 
and education (especially from family members) 
are crucial in these situations. When chorea 
requires treatment since it affects the quality of 
life, function, or well-being of a patient, it best 
responds to drugs that minimize neurotransmis-
sion of dopaminergic substances. Dopamine 
receptor antagonists have been prescribed more 
frequently in the past. Haloperidol, risperidone, 
and olanzapine are examples of this. These agents 
have the benefit of increasing depression treat-
ment and helping with irritability, outbursts, and 
major depression.

As per the available current scenario, diseases 
of the central nervous system (CNS) are growing 
rapidly globally. The efficacy of therapeutic 
agents presently used in the treatment of CNS 
diseases is significant. Nevertheless, the failure 
of these medications to cross the blood-brain bar-
rier (BBB) and the invasiveness of technology to 
achieve targeted drug delivery in disease-specific 
parts of the brain have hindered pain-free and full 
treatment of CNS diseases. The presence of the 
blood-brain barrier (BBB) remains a bottleneck 
in the brain delivery of CNS drugs and is one of 
the main factors behind therapy failure. Their 
capacity to cross this biological obstacle is a 
determining feature for the efficacy of central 
drugs. Because treatment efficiency with CNS 
drugs depends on the levels of drugs at the bio 
phase (brain), oral and parenteral therapies are 
restricted as they require the drug to cross the 
BBB. Given the abovementioned facts, there is 
an emerging need for efficient dosage forms that 

controllably release the drug straight into the 
brain, reducing its systemic exposure, adverse 
effects, and drug-drug interactions (DDIs), and 
eventually circumvent pharmacoresistance prob-
lems. Therefore, significant research attention is 
currently being given to the effective, noninva-
sive, and targeted delivery of drugs to the brain 
using nanocarriers. Here, we discuss develop-
ments in state-of-the-art personalized nanomedi-
cine for the treatment of CNS disorders (with an 
emphasis on dementia), relevant problems, 
potential solutions, and prospects for individually 
tailored nano-enabled medicine.

But many of the advancements are still in the 
initial stages and in a range of animal models that 
require more detailed preclinical testing. Security, 
effectiveness, and regulatory issues are major 
issues in the clinic for the development of cus-
tomized nanomedicine to treat CNS disorders.

9.4  Brain-Targeted Delivery 
of CNS Drugs

The presence of the blood-brain barrier (BBB) 
remains a bottleneck in the development of brain 
drugs and is one of the main factors behind ther-
apy failure. Their capacity to cross this biological 
obstacle is a determining feature for the efficacy 
of central drugs. The BBB is complicated and 
involves endothelial cerebral cells that contain 
transmembrane efflux proteins, especially those 
of the ATB-binding cassette family, primarily 
P-glycoprotein (P-gp) and breast cancer resis-
tance protein (BCRP) (Bicker et al. 2014). These 
carriers limit the transport of lipophilic com-
pounds to the brain and are reported to be over- 
expressed in refractory patients’ brains (Tang 
et al. 2017). Antidepressant drugs have currently 
been recognized as substrates, inhibitors, and 
inducers of P-gp, although their interaction with 
BCRP remains unknown at present (O’Brien 
et  al. 2012). Because efficient treatment with 
antidepressant drugs depends on the levels of 
drugs at the biophase (brain), oral and parenteral 
therapies are restricted as they require the drug to 
cross the BBB.
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9.5  Approaches to Deliver Drug 
Through the BBB

Various attempts have been tried to enhance the 
partitioning of various molecules through the 
barrier as represented in Fig. 9.3 . Some of the 
formulation approaches for brain-targeted deliv-
ery of CNS drugs are listed in Table 9.1.

9.5.1  Invasive Methods for Brain- 
Targeted Delivery

Drug molecules from blood circulation to the 
brain are restrained by the BBB. Hence, via vari-
ous physical and pharmacological methods, we 
can momentarily open this barrier to increase the 
pore size. This momentary opening of the barrier 
can help in the penetration of various compounds 
or nanoparticles into the brain (Gao 2016) by 
intracerebroventricular and intrathecal infusion 
and alteration in tight junctions via receptor- 
mediated and focused ultrasound (FUS). 
Intrathecal implants deliver the drugs directly 
into the brain parenchymal space. The drugs can 
be administered by either direct injection via 
intrathecal catheter or by control release matrices 
and microencapsulated chemicals. The basic 

mechanism is diffusion. It is useful in the treat-
ment of different CNS diseases, e.g., brain tumor 
and Parkinson’s disease. In the case of intracere-
broventricular infusion, pharmacological effect is 
seen if the target receptors of the drug are located 
near the ependymal surface of the brain. The drug 
is infused using an ommaya reservoir, a plastic 
reservoir and implanted subcutaneously in the 
scalp and connected to ventricles. In focused 
ultrasound (FUS) thermochemical stimulation of 
the blood vessels occurs through the stable 
expansion and contraction of microbubbles 
which results in transient opening of the BBB.

9.5.2  Nanocarriers: 
Nanotechnology-Mediated 
Noninvasive Brain-Targeted 
Delivery

The noninvasive method includes chemical, bio-
logical, colloidal, and intranasal methods. In this 
context, nanosystems are considered to be prom-
ising approach for the target-specific drug deliv-
ery to the brain.

With the beginning of nanotechnologies, 
nanoparticles have been projected as an alluring 
tool to possibly improve drug delivery across the 

Fig. 9.3 Structural outline representing various approaches/strategies to deliver the drugs across the BBB
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BBB.  When nanoparticles are used for brain 
drug delivery, the first thing in mind should be 
the ability of the nanoparticles to cross the brain 
by themselves (Wohlfart et  al. 2012). 
Nanoparticles offer several advantages as they 
can convey drug payloads, provide controlled 
drug release, and modify the pharmacokinetics 
of the drug.

Compared to conventional approaches used 
for brain delivery, NPs offer better tolerance 
and accurate targeting, leading to better thera-
peutic response at lower doses. This strategy 
demises the adverse effect, improves patient 
compliance, and treats the disease (Xie et  al. 
2019). In this context, nanosystems are consid-
ered to be promising approach for the target-
specific drug delivery to the brain. Some of the 
formulations based on nanocarriers are listed in 
Table 9.2.

9.5.3  Types of Nanocarriers

9.5.3.1  Liposomes
Liposomes are tiny vesicles consisting of one or 
more bilayers of phospholipid containing an 
aqueous core. Their surface charge, size, lipid 
formation, and content of cholesterol can be 
adjusted to regulate the delivery of drugs and 
tissue uptake (Samad et  al. 2007); therefore, 
apart from their low toxicity and capacity to 
supply both lipophilic and hydrophilic com-
pounds, liposomes are likely the most well-
studied and clinically acknowledged form of 
nanocarriers. Cationic, PEGylated, and immu-
noliposomal formulations are the most preva-
lent liposomal formulations for BBB 
(Garcia-Garcia et al. 2005). PEG grafted on the 
liposome surface allows them to avoid the retic-
uloendothelial system, thus extending their cir-

Table 9.1 Formulation approaches for brain-targeted delivery of CNS drugs

Drug Dosage form Relevant therapeutic outcomes References
Levetiracetam Thermoreversible gel Noninvasive and safe intranasal administration route Gonçalves 

et al. (2019)
Docetaxel Liposome Improved targeting ability and significantly increased 

brain concentration
Xiao et al. 
(2019)

Paclitaxel Liposome Superior targeting ability Peng et al. 
(2018)

Desvenlafaxine 
SNRI

PLGA-chitosan 
nanoparticles

PLGA-CS NPs intranasal administration significantly 
enhances the level of monoamines in the brain in 
comparison with orally administered DVLF. It 
enhanced the pharmacokinetic profile of DVLF in 
brain

Tong et al. 
(2017)

Paroxetine SSRI Nanoemulsion (O/W 
type)

Biochemical estimation results revealed that the 
prepared nanoemulsion was effective in enhancing 
the depressed levels of glutathione and decreasing 
the elevated levels of TBARS

Pandey 
et al. (2016)

Venlafaxine 
hydrochloride 
(VLF)
SNRI

Alginate-chitosan 
nanoparticles (Alg-CS 
NPs)

VLF AG NPs intranasal treatment significantly 
improved the behavioral analysis parameters, i.e., 
swimming, climbing, and immobility in comparison 
to the VLF solution intranasal and VLF tablet oral

Haque et al. 
(2014)

Duloxetine SNRI NLC Intranasal administration exhibited about eight times 
higher concentration of DLX in the brain when 
compared with the intravenous administration of 
DLX solution

Alam et al. 
(2014)

Rivastigmine Liposomes Showed an enhanced ex vivo diffusion through goat 
nasal mucosa. Higher concentrations in the 
hippocampus, cortex, and olfactory region

Yang et al. 
(2013)

Levodopa Polymeric 
nanoparticles

Improved uptake, avoid degradation of levodopa in 
peripheral circulation, enhanced residence

Sharma 
et al. (2013)
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culation time and allowing them to slip past the 
BBB (Xiao et al. 2019).

Liposomes are designed to cross the BBB and 
deliver therapeutic molecules to the neurological 
disorder site only. Different mechanisms by 
which liposomes can reach the brain are:

 1. Transport of liposomes via receptor-mediated 
transcytosis

 2. Adsorption of endothelial cationic liposomes 
that increased the concentration of therapeutic 
molecules in brain cells

 3. Antibody- or peptide-conjugated liposomes 
used to transport and target encapsulated 
drugs via transcytotic pathways into the brain

 4. Efflux inhibition by combining liposomes 
with transporter-inhibitory compounds, such 
as PgP

 5. BBB disruption

Liposomes, in addition, have the ability to 
revolutionize drug development for neurological 
disease treatment and/or diagnosis. In addition, 
liposomes are structures that are biocompatible 
and biodegradable, making them suitable for 
neuromedicine. Normally, liposomes increase 

the therapeutic index of new or proven medicines 
by enhancing the biological half-life and reduc-
ing their adverse effects. Liposomes can be an 
effective therapeutic method for the treatment 
and diagnosis of neurological disorders because 
of their ability to cross the BBB and deliver med-
ications and/or contrast agents to the CNS 
effectively.

9.5.3.2  Polymeric Nanoparticles
Polymeric nanoparticles offer substantial drug 
delivery capacity to the CNS.  Over the past 
40  years, this technology has been rapidly 
expanding and is now prepared for clinical 
translation. Polymeric nanoparticles can supply 
not only traditional small molecular drugs but 
also proteins (Demento et  al. 2009), nucleic 
acids (Woodrow et  al. 2009), and diagnostic 
agents (Fahmy et  al. 2007). Nanocarriers are 
colloidal systems containing a therapeutic 
agent, ranging in size from 1 to 300 nm. These 
can be made from a number of substances, 
including polymers, lipids, ceramics, and nano-
tubes of carbon. The systemic delivery of poly-
meric nanoparticles to the CNS is mainly based 
on their capacity for receptor-mediated trans-

Table 9.2 List of nanocarriers used for CNS delivery

Drug Technology Indication Therapeutic benefit References
Methotrexate Polymeric 

nanoparticle
Antitumor Increased drug level in the brain and 

cerebrospinal fluids
Vakilinezhad 
et al. (2019)

Amphotericin Liposome Antifungal Severalfold increase in brain uptake Gao et al. (2019)
Doxorubicin SLN Antitumor Improve the circulation time and 

brain accumulation
Stella et al. 
(2018)

Camptothecin SLN Antitumor Drug release up to a week, highest 
enhancement in AUC was observed 
in the brain

Du et al. (2018)

Paclitaxel SLN Antitumor Higher brain drug level Xu et al. (2018)
Cisplatin Liposome Brain tumor Increase drug concentration and cell 

killing in brain tumor-invaded area
Dou et al. 
(2017)

Stavudine Liposome Brain tumor Reduce HIV-p24 levels in MT2 cells Nayak et al. 
(2017)

Temozolomide Polymeric 
nanoparticle

Antitumor Enhance BBB uptake Ananta et al. 
(2016)

Vincristine sulfate Liposome Brain tumor Diffuse distribution and tissue 
binding

Deitcher et al. 
(2014)

Vasoactive 
intestinal peptide

Polymeric 
nanoparticle

Peptide 
hormone

Drug level in the brain increased by 
5.6–7.7-fold

Xu et al. (2015)

Saquinavir Nanoemulsion Antiretroviral 
drug

Increased brain drug concentration Vyas et al. 
(2008)
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cytosis and adsorptive- mediated transcytosis 
through the BBB (Medina et al. 2019). This can 
be improved by adding cell- penetrating peptides 
and/or targeting ligands to the surface of the 
nanoparticles. Poly(butylcyanoacrylate) 
(PBCA) nanoparticles were the first nanoparti-
cles based on polymer to be applied to the 
CNS(Kreuter et al. 1995).

Ideal polymer nanoparticles delivery system 
features:

 1. Affordable and scalable
 2. Biodegradable/biocompatible
 3. Free from toxicity
 4. Diameter less than 100 nm
 5. Non-immunogenic

Today the most common polymers for con-
trolled drug release applications are poly(D,L- 
lactide- co-glycolide) (PLGA), poly(aspartic 
acid), poly(e-caprolactone) (PCL), poly(lactic 
acid) (PLA), poly(butylcyanoacrylate) (PBCA), 
poly(glycolic acid) (PGA), and poly(amino 
acids), with PGA, PLA, and PLGA being the 
most commonly used in CNS drug delivery 
(Béduneau et al. 2007).

9.5.3.3  Solid Lipid Nanoparticles 
(SLNs)

Solid lipid nanoparticles (SLNs) are nanospheres 
made of solid biocompatible lipids with unique 
advantages for drug carriers: they can be used as 
carriers for crossing the BBB. SLNs consist of a 
solid hydrophobic core of lipids such as mono-, 
di-, and triglycerides or fatty acids with phos-
pholipid coating monolayers (Kaur et al. 2008). 
Like polymeric nanoparticles, they can be con-
trolled for release up to several weeks and can 
also be coated or grafted with drug targeting 
ligands (Kaur et al. 2008). They are also biode-
gradable and stable and under physiological con-
ditions have a high drug loading capacity for 
both lipophilic and hydrophilic drugs (Yadav 
et al. 2014).

SLN provides a considerable improvement in 
the delivery of drugs via topical, oral, and paren-
teral routes. The encapsulation of drugs in SLN 
in particular can aid to:

 1. Solve problems, because of their low water 
solubility

 2. Safety against physical and chemical pro-
cesses of degradation and evaporation

 3. Provide slow release to the environment
 4. Guide the trapped substance to a specific 

target

SLN is used to carry drugs to the CNS for differ-
ent purposes; SLN can be used in general:

 1. Used to stabilize molecules with physical or 
biological instability

 2. Improved the bioavailability of a drug which 
is capable of crossing the BBB

 3. Increased the permeation of a drug via the 
BBB

9.5.3.4  Magnetic Nanoparticles (MPs)
Magnetic nanoparticles most often consist of a 
core of iron oxide maghemite (γ-Fe2O3) or mag-
netite (Fe3O4). The core of iron oxide is a signifi-
cant feature that allows motion in a magnetic 
field (Tomitaka et al. 2019). At present, magnetic 
nanoparticles are used for various in  vivo and 
in vitro purposes such as:

 1. Contrast agents for magnetic resonance imag-
ing (Carvalho et al. 2014)

 2. Cell labeling and separation (Ruan et al. 2011; 
Madsen et al. 2013)

 3. Delivery of drug via magnetic targeting 
(Boyer et al. 2010; Halamoda Kenzaoui et al. 
2013; Pilakka-Kanthikeel et  al. 2013; 
Varallyay et  al. 2013; Zhao et  al. 2013; 
Shevtsov et al. 2014)

Magnetic nanoparticles can be coated with poly-
mer; moreover, they can also be encapsulated in 
liposomes, resulting in magnetoliposomes 
(Saiyed et  al. 2010; Carvalho et  al. 2014; Ding 
et al. 2014).

In other words, this can be classified into two 
subdivisions: paramagnetic nanoparticles 
(PMNPs) and super-paramagnetic iron oxide 
nanoparticles (SPIONs). PMNPs are greater than 
100 nm but still within the range of the nanome-
ter, and SPIONs are smaller than 100 nm. SPIONs 
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of less than 50 nm in size are also known as ultra-
super paramagnetic iron oxide nanoparticles 
(USPIONs) (Boyer et al. 2010; Fan et al. 2013; 
Wadghiri et al. 2013). The physical properties of 
SPIONs are of great importance as they cause the 
particles to become magnetic with a strong mag-
netic sensitivity in the presence of an external 
magnet as opposed to the much poorer magnetic 
sensitivity of PMNPs with a larger diameter 
(Boyer et al. 2010). This feature makes SPIONs 
highly attractive for drug delivery purposes, as 
they are easier to attract to a magnet over long 
distances compared to PMNPs (Boyer et  al. 
2010). SPIONs are a suitable candidate for both 
targeting and biotherapeutic conjugation, as they 
can persist in tissues for long periods of time and 
are still biocompatible. Within liposomes, they 
can also be encapsulated (Wahajuddin 2012; 
Mok and Zhang 2013).

9.5.3.5  Nanoemulsion
Nanoemulsions (NEs) are water-in-oil (W/O) or 
oil-in-water (O/W) dispersions of two immisci-
ble liquids with suitable surfactants (Comfort 
et al. 2015), with an average droplet diameter of 
100  nm (Rodrigues et  al. 2015). NEs are also 
referred to as miniemulsions, ultrafine emul-
sions, or submicron emulsions (Solans et  al. 
2005). NEs appear as transparent or clear to 
milky white. NEs can also be used to alleviate 
problems such as drug stability and solubility 
(pH, oxidation, hydrolysis, and mucosal enzyme 
degradation under physiological conditions) 
(Mahajan et al. 2014; Comfort et al. 2015). NEs 
can also be designed using various techniques 
which can be divided into two distinct catego-
ries: low-energy methods and high-energy meth-
ods. In the case of high-energy methods such as 
high-pressure homogenization and ultrasonica-
tion, small droplets are made up of a mechanical 
device that produces destructive forces breaking 
up oil and water phases to produce small oil 
droplets, a process which consumes significant 
energy (Bonferoni et  al. 2019). Low-energy 
methods involve specific physicochemical pro-
cesses such as the inversion temperature of the 

phase and the inversion of emulsion points to 
produce small droplets without significant 
energy consumption. The droplets are consti-
tuted in low-energy methods when the device 
undergoes a phase inversion in response to 
changes such as composition or temperature, 
thereby going through a low interfacial pressure 
state (Gupta et al. 2016).

9.6  Points of Concern

Nanoparticles have numerous merits like the ten-
dency to cross the BBB noninvasively, better 
residence time in the systemic circulation, and 
quite limited commercial application. Toxicity 
due to overexposure to the nanoformulations 
containing polymers, lipids, etc., these excipients 
comprise the major percentage of the formula-
tions; upon repeated dosing there can be chances 
of accumulation in the brain. Till date no conclu-
sive evidence is available for the long-term toxic 
effects of nanoparticles in the brain. The scale-up 
of nanoformulation from lab scale to commercial 
scale is extremely intricate. Maintenance of the 
encapsulation efficiency rate is quite a tedious 
task. The formulation process optimization is 
also crucial for providing the clinical efficiency 
of the nanoformulations. The high cost of the 
scale-up and organic solvents used during the 
formulation of nanomedicines limits the process. 
Working for a cost-effective technique could be 
crucial for the realization of the commercial 
success.

9.7  Current Scenario 
for the Brain-Specific 
Delivery of Nanoparticles

Nanomedicine could be exploited in a diligent 
manner for the treatment of CNS diseases. In 
spite of numerous hurdles, nanomedicines are 
exhibiting its clinical presence. Nanotechnology 
can be applied to various complicated drugs. 
They are of great benefit to the BCS III and IV 
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drugs which are really tough to formulate. A 
wide range of molecules along with polymers, 
peptides, and lipids have been encapsulated or 
conjugated with complicated pharmacological 
agents. Nanotechnology by virtue of its nanosize 
range has been found to have the utmost potential 
for treating the CNS diseases. Instead of all the 
progressive researches, brain-specific delivery 
through nanotechnology has not been taken up on 
the commercial front. Complicated federal regu-
lations involved with nanotechnology are respon-
sible for the low investment by the pharmaceutical 
industry. Drafting conclusive guidelines could 
prove to be a lease in resolving the treatment for 
the CNS disease.

Current update in targeted brain delivery 
includes antibody-mediated delivery of therapeu-
tic agents and facial intradermal injection. 
Antibody-mediated delivery of therapeutic agents 
is an upcoming new trend and is successful in the 
treatment of CNS diseases such as Alzheimer’s 
disease, multiple sclerosis, epilepsy, stroke, and 
neuro-inflammatory diseases. Facial intradermal 
injection is a method to bypass the BBB via tri-
geminal neural pathway. Trigeminal nerve com-
municates with the facial skin, facial muscles, 
meninges, and respiratory mucosa, and delivery 
through the facial skin is another method to cross 
the BBB.

9.8  Future Perspective

It should be recognized that nanotechnology is 
moving toward the production of safe and effi-
cient nano-drugs capable of crossing BBB for 
the treatment of different CNS diseases. The 
noninvasive drug administration approach 
along with improved treatment and reduced 
side effects would greatly contribute to the 
advantages of crossing BBB provided by 
nanoparticulate systems. In this regard, the 
ability of different FDA- approved biodegrad-
able polymers to deliver impermeable BBB 
drugs has been considered. Subsequent inter-
ventions will not only be helpful in minimizing 
successful therapeutic drug doses but may be 

also responsible for increasing the optimal 
blood retention time required for effective drug 
absorption. Nonetheless, as discussed, the sys-
temic toxicity profile of nano-drugs should be 
considered seriously before the pharmaceutical 
industry moves toward their merchandizing. In 
fact, the level of damage caused by nano-drugs 
to the brain should be another important factor 
in the development of potential drugs to cross 
BBB.  All of the above-listed apprehensions 
require extensive testing with advanced diag-
nostic techniques to assess the CNS-related 
toxicity of nano-drugs. Although the current 
state of nano-drug developments in the treat-
ment of brain diseases is still under initial 
stages, recent promising advances in both 
research and clinical outcomes related to brain-
oriented nanotherapeutics may provide safe and 
effective nano-drugs for the treatment of brain 
diseases in the years to come.

9.9  Conclusion

Nanotechnology has emerged as a topic of great 
interest over the past few decades. It comprises a 
wide range of highly advanced biomaterials and 
devices for targeted delivery of drugs, genes, or 
proteins. It also involves early diagnosis of dis-
eases, leading to more effective treatment out-
comes. Nanotechnology is immensely crucial for 
CNS disorders. Nanopharmaceuticals enhance 
the bioavailability, decrease toxicity, minimize 
non-specific interactions, and are able to perme-
ate the BBB. It was optimistic that this scientific 
approach could be used for the treatment and 
diagnosis of CNS diseases. Using polymer-based 
technologies and nanomaterials, several nano- 
approaches focusing on enhanced drug adminis-
tration for patients with CNS disorders are being 
investigated. Targeted nanotherapy and high- 
resolution imaging and modeling techniques help 
to understand the pathophysiology of CNS disor-
ders, leading to new preventive approaches and 
treatments. It appears that nanointerventions dur-
ing the course of time would improve the health-
care system drastically.
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Abstract

Glaucoma is a serious and complex eye disor-
der with worldwide occurrence in the aging 
societies and if left untreated at a precise time 
may lead to the irreversible loss of vision plac-
ing great financial burden on the patient and 
their families. It is a life-long disease that war-
rants individualized and multifaceted treat-
ment approach. The standard treatment for 
glaucoma has been focused on the reduction of 
the intraocular pressure (IOP) by pharmaceuti-
cal and/or surgical means. Various conven-
tional formulations are available in the market 
for the noninvasive and invasive delivery of 
drugs for the treatment of glaucoma, which 
include eye drops, eye ointment, periocular 
injections, etc. Eye drops are widely used for 
anterior segments application, being a conve-
nient formulation; however, they are also asso-

ciated with some limitations in terms of 
pharmacological profile, pharmacokinetic pro-
file, dosing frequency, systemic untoward 
effect, and poor patient compliance. Low drug 
bioavailability due to transient contact time, 
rapid washout by tearing, nasolacrimal drain-
age are some of the major issues related to the 
ocular pharmacotherapy. To overcome these 
challenges, novel biocompatible nanocarriers 
have been widely explored and investigated for 
ophthalmic application. The nanocarriers for 
glaucoma treatment may have manifold advan-
tages, viz., augment drug residence time on the 
ocular surface and concomitantly ocular bio-
availability, and also enhance surgical success 
by optimization of postoperative scarring and 
endow a wider safety window. The novel carri-
ers explored include nanoparticle, solid lipid 
nanoparticle (SLN), nanostructured lipid car-
rier (NLC), in situ gel, vesicular carrier, nio-
somes, mucoadhesive system among others. 
Additionally, biocompatible nanocarriers offer 
potential benefits like biodegradability, non-
toxicity, self-degradability, protection of drug 
from degradation, controlled drug release, and 
site specific delivery. However, more studies 
are required to establish the cellular fate, clini-
cal efficacy, and cytotoxicity of the nanocarri-
ers. This chapter presents a broad overview of 
the application of biocompatible nanocarriers 
and reports the clinical findings and patents for 
the effective management of glaucoma.
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10.1  Introduction

Delivery of the drug to the ocular segments is one 
of the most challenging areas for the pharmaceuti-
cal scientist (Gonjari et  al. 2010). The major 
 ocular illnesses like glaucoma, conjunctivitis, 
inflammation, dry eye disease, and bacterial infec-
tion require timely dosing of the drug to the eye. 
The conventional ophthalmic formulations have 
the restricting limitation of low ocular bioavail-
ability (< 1%). The major cause for the low bio-
availability is the precorneal loss of the drug from 
the anterior segment of the eye, and this can be 
attributed to rapid tearing, nonproductive absorp-
tion, less residence time of the drug in the cul-de-
sac, and low permeation profile of the drug to the 
corneal surface (Sah and Suresh 2017) (Fig. 10.1).

Presently, eye drops and ocular suspensions 
are the most popular and acceptable formulations 
to treat the ocular disorders due to convenience 

and ease of instillations. However, these conven-
tional formulations have limited efficacy and 
may prove to be inefficient to combat the disease 
due to extensive loss of the drug by rapid tearing 
and drainage (Mysore et al. 1996). To overcome 
these limitations of the conventional formula-
tions, novel nanocarriers have been explored and 
include polymeric nanoparticles, nanosuspen-
sions, vesicular systems, dendrimers among oth-
ers (Fig. 10.2). Other novel systems like ocular 
implants, hydrogels, ocular inserts, and in situ 
gels have also been investigated. Nanocarriers 
offer several benefits over the conventional for-
mulations like improving drug bioavailability, 
avoid drug systemic toxicity, improving drug 
therapeutic efficacy, and better patient compli-
ance (Wadhwa et al. 2010).

10.2  Glaucoma

Glaucoma is one of the major causes for the irre-
versible vision loss worldwide and thereby 
impinging on human health and economic 
growth. It is triggered by the elevation of the 
intraocular pressure (IOP) above the normal lev-
els (Sah and Suresh 2017) (Fig.  10.3). Chronic 
glaucoma associated with open-angle glaucoma 

Fig. 10.1 Major constraints for the ocular drug delivery
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Microsphere Solid lipid nanoparticles

Cubosomes

Micellar systems

Nanoparticles

Niosomes

Liposome

Nanocarrier for ocular delivery

Microemulsion

Fig. 10.2 Nanocarrier for ocular delivery of drugs/bioactives

Fig. 10.3 Stages of development of glaucoma by 
increased intraocular pressure: (a) Normal eye ball, (b) 
obstruction in vitreous fluid flow by the ciliary body, (c) 

creation of pressure on vitreous fluid, (d) augmentation of 
intraocular pressure, damage to the optic nerve and loss of 
vision
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(OAG) has been recognized as a major vision-
related health problem worldwide and it is 
expected that by 2020; the number of glaucoma 
patients will be raised to approximately 79.6 mil-
lion (Hashim Abu et al. 2014) and 111.8 million 
by 2040 globally(Tham et al. 2014).

Glaucoma can be corrected by either dimin-
ishing the production of aqueous humour (AH) 
or by augmenting the drainage of aqueous humor 
from the eye. Surgical procedures like trabecu-
lectomy are employed to create new gaps to pro-
mote drainage of aqueous humor and subsequently 
lower IOP. But this process can lead to abnormal 
wound healing and scarring. Most of the current 
treatment strategies, such as medication or sur-
gery, focus on lowering IOP. Increased IOP is not 
the only risk factor associated with glaucoma as 
downstream of IOP elevation, retinal ganglion 
cell degeneration leads to irreversible blindness 
in this disease (Ibrahim et al. 2013). Elevated IOP 
leads to the damage of the optic nerves and it pro-
motes the irregular drainage of the ocular aque-
ous fluid (Hsiao et al. 2014).

Eye drops, suspension, and ointment are the 
preferred choices of treatment, but these conven-
tional formulations are associated with inherent 
limitations including low ocular bioavailability 
(<1%), nasolacrimal drainage, drug systemic 
toxicity, and limited drug residence time in pre-

corneal segments and poor patient compliance 
(Suresh and Sah 2014). To overcome these asso-
ciated shortcomings, there is a strong need for 
novel biocompatible formulations which prolong 
drug release and improve drug therapeutic profile 
with enhanced patient compliance. Also, in the 
natural course, glaucoma progresses towards the 
degeneration of posterior segment. But the cur-
rent drug treatments only aim towards the regula-
tion of aqueous humor production or 
subconjunctival scarring and this call for devis-
ing novel and effective strategies for the anterior 
segment of the eye.

10.2.1  Classification of Glaucoma

Glaucoma has numerous types and basically it is 
classified into three types, primary, secondary, 
and developmental glaucoma (Fig. 10.4).

10.2.1.1  Primary Glaucoma
Primary open-angle glaucoma (POAG) is an 
asymptomatic optic neuropathic ocular disease 
characterized by enlarging optic disc cupping 
and visual field loss. World Health Organization 
(WHO) has reported that glaucoma is the second 
most common cause of blindness worldwide, and 
topical ocular hypertensive medication is effec-

Fig. 10.4 The general classification of glaucoma
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tive in delaying the onset of open-angle glaucoma 
in individuals with elevated ocular pressure 
(El-Saied et al. 2018).

Primary Open-Angle Glaucoma (POAG)
Primary open-angle glaucoma (POAG) com-
prises both conventional POAG and normal-ten-
sion glaucoma (NTG). Increased intraocular 
pressure (IOP) leads to the progression of POAG 
and weakening of optic nerve located in the pos-
terior segments of the eye, and therefore, POAG 
and NTG cannot be differentiated. The normal 
limit of the IOP is in the range of 19.9–20.0 mmHg 
and ± 2 can be treated as the standard deviation 
for counting normal IOP. POAG is characterized 
by the chronic development of optic neuropathy. 
In this ocular disorder thinning of the optic disc 
margin and retinal nerve fiber occurs, while other 
disorders and congenital abnormalities are absent 
and the gonioscopy images also reveal normal 
anterior segments.

Patients with NTG have normal IOP with the 
progression and development of glaucomatous 
optic neuropathy. However, etiological response 
and finding conclude that factors free from IOP 
like circulatory injury may play a crucial role in 
the development of this type of glaucoma.

Primary Angle-Closure Glaucoma
Primary angle-closure glaucoma, the main cause 
of increment in the IOP is the closure of the angle 
of the anterior chamber. In this glaucoma, rela-
tive papillary block and plateau iris are involved 
as the main mechanism. Narrow angle eyes that 
progress angle closure but not develop glaucoma 
are specified as primary angle closure. This 
symptom in cases of the angles of anterior cham-
ber express peripheral anterior synechiae, indi-
cated the system of angle closure, however, avoid 
elevation of IOP or glaucomatous optic neuropa-
thy (Guideline for Glaucoma 2006).

The primary angle-closure glaucoma with the 
relative papillary block is subdivided into the 
acute and chronic types. In the plateau iris glau-
coma, there are morphological anomalies of iris 
root and the angle of anterior chamber closes due 

to the dilation of papillary without the block of 
iris. In this case, the optic neuropathy cannot be 
observed even though angle closure occurs. 
However, in the primary angle-closure glaucoma, 
there is combination of plateau iris mechanism 
along with the papillary block system (Guideline 
for Glaucoma 2006; Kitazawa 1996).

Mixed Glaucoma
This type of glaucoma is the combination of pri-
mary open-angle and primary closure glaucoma.

10.2.1.2  Secondary Glaucoma
In secondary glaucoma, the IOP is increased by 
other ocular medical conditions, systemic dis-
eases, or even due to the use of certain drugs. This 
condition presents complexity in determining the 
morphological changes and various functional 
alterations due to glaucomatous optic neuropathy 
caused by another disease. Additionally, this 
glaucoma can be differentiated by numerous 
dimensions including etiology, mechanism for 
increasing IOP along with type of medication. 
This method of classification offers a few benefits 
but also pose limitations like dividing according 
to classification etiology, it becomes increasingly 
difficult to show the mechanism by which neo-
vascular glaucoma starts as open-angle glaucoma 
and thereafter progress to angle-closure glau-
coma. The differentiation according to mecha-
nism for elevation of IOP is mostly considerable 
and beneficial as an aid to assessing the etiology 
and optimum medication. The most attention is 
needed in cases, when the circumstances having a 
similar etiology show contradictory mechanism 
for increasing IOP and/or the IOP increase occurs 
in one and the same eye. For the investigation of 
secondary glaucoma, gonioscopic examination of 
the eye is crucial to confirm the mechanism of 
increasing IOP (Guideline for Glaucoma 2006; 
Kitazawa et al. 2004).

Open-Angle Mechanisms in Secondary 
Glaucoma
It is generally described by resistance in an out-
flow of aqueous fluid between the trabecular 
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meshwork and anterior chamber into the eye, and 
this irregularity of drainage is due to the fibrocas-
cular membrane and conjunctival epithelium and 
as an upshot of pseudoexfoliative, inflammatory 
material, macrophages, and iris pigment deposi-
tion. Additionally, these elevations of IOP can also 
be due to the elevation of episcleral venous pres-
sure along with increased pressure in the superior 
vena cava (Guideline for Glaucoma 2006).

Angle-Closure Mechanisms in Secondary 
Glaucoma
The angle closure in the secondary glaucoma is 
primarily because of the papillary block, and it 
occurs mostly due to swelling of the lens, luxa-
tion of the lens, and goniosynechiae (Guideline 
for Glaucoma 2006; Iwase et al. 2004). Another 
mechanism involved in the secondary glaucoma 
is the anterior movement of the intraocular lens 
and ciliary edema.

10.2.1.3  Developmental Glaucoma
The developmental or congenital glaucoma refers 
to glaucoma that is related to developmental 
anomalies that present at birth. Developmental 
glaucoma consists of three stages.

Early Onset Developmental Glaucoma
In this case of glaucoma, the congenital disorder 
is restricted to the trabecular meshwork. However, 
it is associated with mild hypoplasia as a conse-
quence of progressive abnormality of iris. In 
addition, pathological condition like the increased 
diameter of cornea (normally referred as buph-
thalmos), corneal opacity can also recur.

Late Onset Developmental Glaucoma
This involves the hereditary disorders in the ante-
rior segment of the angle, while the commence-
ment of the glaucoma is delayed due to the minor 
abnormalities.

Developmental Glaucoma with Other 
Congenital Anomalies
This classification includes a wide range of medi-
cal condition like aniridia, Marfan syndrome, 

Axenfeld-Rieger syndrome, Peters’ anomaly, 
Sturge-Weber syndrome, and neurofibroma 
(Guidelines for Glaucoma, 2006).

10.3  Glaucoma Therapies

The majority of work on glaucoma therapy is pri-
marily focused on two strategies viz., delivery of 
hypotensive drugs and scar-inhibiting nucleo-
tides. A number of hypotensive drugs like prosta-
glandin analogs (latanoprost, travoprost, 
unoprostone), beta blockers (metipranolol, timo-
lol, propranolol), and carbonic inhibitors (acet-
azolamide, ethoxzolamide, methazolamide) have 
proven to be useful in reducing the production of 
aqueous humor Ong et al. 2013. Although topical 
eye drops are the most preferred for the applica-
tion of drugs into the eye, these formulations 
have certain limitations, for example, approxi-
mately 95% of the drugs present in the drops is 
wasted due to the rapid tear drainage, metabolic 
degradation, corneal impermeability, or absorp-
tion via the conjunctiva. The existing ophthalmic 
formulation like solution, suspension, and oint-
ment are no longer sufficient to combat the deliv-
ery barriers and achieve successful drug delivery 
in different ocular pathological conditions (Nair 
et al. 2015). Another serious issue that warrants 
urgent attention is that huge percent of the drug 
reaches the blood stream via conjunctival absorp-
tion and may be actively involved in triggering 
systemic side effects (Sah and Suresh 2017). The 
various conventional marketed products are 
enlisted in Table 10.1.

10.4  Biocompatible Nanocarriers 
for Ocular Application 
in Glaucoma

10.4.1  Nanoparticulate System

Polymeric colloidal particles with a diameter from 
10 to 1000 nm have found wide application for 
ocular drug delivery (Ameeduzzafar et al. 2016). 
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Table 10.1 List of marketed product for the treatment of glaucoma

Brand name Formulation Composition Manufacturer
Alpha Drops® Eye drops Apraclonidine 0.5%, Benzalconium 

chloride0.01%
Cipla

Alphagan® P Eye drops Brimonidine tartrate 0.1%, 0.15% Allergan, Inc.
Azopt™ Suspension Brinzolamide ophthalmic suspension 1% Alcon Laboratories, Inc.
Betagan® Eye drops Levobunolol HCI 0.25%, 0.5% Allergan, Inc.
Betoptic® S Eye drops Betaxolol HCI 0.25%, 0.5% Alcon Laboratories, Inc.
Betimol® Eye drops Timolol hemihydrate 0.25%, 0.5% Akorn Inc.
Careprost® Eye solution Bimatoprost 0.03% Sun Pharma
Cosopt® Cosopt PF Eye drops Dorzolamide HCI & Timolol maleate Akorn Inc.
Combigen® Eye solution Timolol maleate + brimonide tartrate Allergan, Inc.
Combigan™ Eye solution Brimonidine tartrate & Timolol maleate 

ophthalmic solution 0.2%/0.5%
Allergan, Inc.

Dorzox eye drop® Eye drops Dorzolamide 2% Cipla
Diamox® Sequels® Eye drops Acetazolamide Teva
Glucomol® Eye drops Timolol maleate 0.25% w/v Allergan
Glucotim LA® Eye drops Timolol maleate 0.5% w/v Centaur
Iopidine® Eye drops Apraclonidine HCI

0.5%, 1%
Alcon Laboratories, Inc.

Iotim® Eye drops Timolol maleate 0.25% w/v FDC
Isopto® Carbacho Eye drops Carbachol 0.75%, 1.5%, 3% Alcon Laboratories, Inc.
Isopto® Carpine Eye drops Pilocarpine HCI 1%, 2%, 4% Alcon Laboratories
Iobrim® Eye drops Brimonide tartrate 0.2% FDC
Istalol® Eye solution Timolol maleate ophthalmic solution 0.5% Bausch & Lomb, Inc.
Lumigan® Eye drops Bimatoprost 0.01%, 0.03% Allergan
Latocom® Eye drops Latanoprost 50mcg, Timolol 5 mg Sun Pharma
Lupitors® Eye drops Travoprost 0.004% Lupin
Neptazane® Eye drops Methazolamide Fera Pharmaceuticals
9 PM Eye Drops® Eye drops Latanoprost 50 mcg/ml Cipla
OptiPranolol® Eye drops Metipranolol 0.3% Bausch & Lomb, Inc.
Ocupres® Eye solution Timolol 2.5 mg, 5 mg/ml Cadila Pharma
Optipres eye drop® Eye drop Betaxolol 0.5% Cipla
Pilocar® Eye drop Pilocarpine nit. 1%,2%,4% FDC
Pilopine HS® Gel Eye drops Pilocarpine HCI gel 4% Alcon Laboratories
Pilocarpine HCI 
Ophthalmic Solution 
USP

Eye drops Pilocarpine HCI 1%, 2%, 4% Bausch & Lomb, Inc.

Simbrinza™ Suspension Brinzolamide/Bromonide tartrate 1%, 0.2% Alcori
Simbrinza® Eye drops Brinzolamide & Brimonidine tartrate 

1%/0.2%
Alcon Laboratories, Inc.

Travatan® Z Eye drops Travaprost 0.004% Alcon Laboratories, Inc.
Timoptic in Ocudose 
(PF)

Eye solution Timolol maleate Ophthalmic Solution 0.25%, 
0.5% in Ocudose dispenser

Bausch & Lomb

Timoptic-XE® Eye solution Timolol maleate ophthalmic gel forming 
solution 0.25%, 0.5%

Bausch & Lomb

Timolo® Eye solution Timolol maleate 0.25%, 0.5% Bell
Timoblu® Eye drops Timolol maleate 0.5% w/v Lupin
Trusopt® Eye drops Dorzolamide HCI 2% Merck & Co., Inc.
Timoptic-xe® Ophthalmic 

gel
Timolol maleate 0.25%, 0.5% Merck and Co, Inc.

Xalatan® Eye drops Latanoprost 0.005% Pfizer
Xalacom® Eye drops Latanoprost 50mcg, timolol 5 mg Pfizer
Zioptan™ Eye drops Tafluprost ophthalmic solution 0.0015% Akorn Inc.

10 Application of Biocompatible Nanocarriers in Glaucoma: Challenges and Advances



214

Due to its nano size range, it assists in the capil-
lary penetration and improving the uptake by the 
cells which translates into higher therapeutic con-
centration at the site of action. The nanoparticu-
lates can be either nanospheres or nanocapsules 
depending upon the morphology and method of 
preparation. In case of nanospheres therapeutic 
agents are entrapped in the matrix structure within 
the particle. Likewise, in nanocapsules drug is 
present in the form of reservoir as a liquid or semi-
solid core and encapsulated with solid surface. 
This colloidal dispersion has been extensively 
used for the ocular delivery of the drug due to its 
several benefits over the other carriers including 
improved durability, stability, enhanced bioavail-
ability, sustained drug release at the site of action, 
low ocular irritation, and improved drug retentiv-
ity on to the precorneal surface (Ameeduzzafar 
et al. 2016). In this context, various polymers are 
being used for medical and pharmaceutical appli-
cations for the development of nanoparticle and 
these have been already approved by WHO and 
FDA. These polymers include polylactides (PLA), 
polyglycolides (PGA), and poly(lactide-co-gly-
colides) (PLGA) (Stevanovic and Uskokovic 
2009). PLGA-based nanoparticles are most 
widely used due to their superior biocompatibility 
and biodegradability profiles (Zhao et al. 2014). 
For the ocular drug-delivery applications,  
polymer like polylactides, poly(D, L-lactides), 
poly-(D, L, lactide-co-glycolide) (PLGA) (Sah 
et  al. 2017), e-caprolactone (Fessi et  al., 1989; 
Aksungur et  al. 2011; Gupta et  al. 2011),  
polyacrylamide, and polycyanoacrylate and 
poly(methyl methacrylate) (Zimmer et  al. 1991; 
Wenger et al., 2011) have been widely reported. 
Latanoprost acid (LA)-loaded controlled drug 
delivery system for the treatment of glaucoma has 
been reported. In this case, poly(lactide)/mono-
methoxy-poly(ethyleneglycol) (PLA-PEG) 
nanoparticles (NPs) were prepared by using an 
emulsification-solvent evaporation method. The 
prepared formulation NPs were in vitro character-
ized for the various parameters including particle 
size, zeta potential, drug entrapment efficiency 
(EE), and drug release. For the assessment of 

intraocular pressure (IOP), four groups of rabbits 
were taken (Giarmoukakis et  al. 2013). In the 
Group A, LA-loaded nanoparticle (equivalent to 
8.5  μg LA) was administered subconjunctivally 
into the normotensive rabbits. In group B, a plain 
drug solution of LA was administered. Likewise, 
dummy NPs were administered in Group C and 
Group D untreated served as control. The IOP was 
continuously assessed for 8 days by using tonom-
eter (Tono-Pen XL®). Additionally, the quantifica-
tion of LA in the aqueous humor (AH) was 
assessed by HPLC for 6 day post administration. 
The mean particle size and EE was found to be 
80 nm and 18.3%. Drug-loaded NPs were found 
to have significantly IOP lowering effect on group 
A, while IOP level remained significantly lower 
than other groups throughout the experiment 
(p = 0.04). After the quantification of LA aqueous 
humor, the concentration was found to decrease 
with respect to time in group B, while in group A, 
it increased. The concentration of LA on sixth day 
was found to be quite higher in group A as com-
pared to group B (344  ±  73.5  ng/ml and 
228 ± 41.01 ng/ml), respectively, along with no 
ocular inflammation (Fig.  10.5). These results 
advocate that subconjunctival administration of 
LA-loaded nanoparticle provided sustained drug 
release in vivo and holds potential for the treat-
ment of glaucoma (Giarmoukakis et  al. 2013). 
Table 10.2 presents a summary of the studies with 
other nanocarriers for treatment of glaucoma.

10.4.2  Solid Lipid Nanoparticle 
(SLNs)

Solid lipid nanoparticle (SLNs) are the colloi-
dal particles composed of lipids with the diam-
eter falling in the size range of 10–1000  nm 
(Goyal et  al. 2016). These colloidal particles 
show a solid state at normal body temperature 
as well as room temperature. SLNs circumvent 
the limitations associated with other colloidal 
particle and are, therefore, considered as prom-
ising substitutes for ocular delivery. The bene-
fits of SLNs include very low irritation, high 
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penetration profile into the deeper layer of ocu-
lar tissue among others. These features of SLNs 
contribute to potential enhancement in the ther-
apeutic profile of the drug in the treatment of 
glaucoma. In this context, Li et al., reported the 
Methazolamide (MTA)-loaded SLNs for the 
ocular application for the treatment of glau-
coma (Li et al. 2011). The nanocarrier was pre-
pared by a modified emulsion-solvent 
evaporation technique and characterized for 
their physicochemical properties. The therapeu-
tic potential of nanocarrier was assessed by 
intraocular pressure (IOP) lowering effect, and 
ocular irritation was evaluated by Draize test. 
Additionally, the in  vivo studies showed 
improved therapeutic activity and prolonged 
drug release profile as compared with plain 
drug solution and marketed product. These 
results indicated that MTA-loaded SLNs would 
be a promising nanocarrier for ocular delivery 
in the treatment of glaucoma along with better 
patient compliance.

10.4.3  Nanostructured Lipid Carrier 
(NLC)

These types of biocompatible nanocarrier are the 
modified forms of the solid lipid nanoparticle 
(SLN) and consist of solid lipid outer membrane 
incorporated with liquid lipids. The availability 
of liquid lipid along with various types of fatty 
acid C chain developed NLC with less organized 
crystalline structure and consequently improved 
drug loading (DL) potential. In this context, 
Shrivastava et  al., investigated timolol maleate 
(TM)- and brinzolamide (BRZ)-loaded nano-
structured lipid carrier (NLC) for the effective 
treatment of glaucoma to improve the pharmaco-
kinetic, permeation profile along with residence 
time on the precorneal segment Shrivastava et al. 
2018. The novel formulation was developed by 
the melt emulsification method and characterized 
for various parameters including particle size, 
polydispersity index (PDI), entrapment effi-
ciency (EE), drug loading (DL), in  vitro drug 

Free drug group
Day 0
a

c d

b

Day 8
Free drug group

Nanoparticle group

Nanoparticle group

Fig. 10.5 Clinical 
assessment of LA-NPs 
after subconjunctival 
administration (a), (b) 
zero day, (c), (d) after 
eighth day. (Adapted 
from Giarmoukakis 
et al. 2013)
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release, and ex vivo drug penetration studies. For 
the TM-loaded NLC particle size, PDI, EE, and 
DL of the optimized NLC were found to be 
110.36  ±  0.47  nm, 0.24, 77.12  ±  0.64%, and 
0.360 ± 0.01%. While for BRZ-loaded NLC, the 
EE and DL were found to be 70.73 ± 0.64% and 
0.71  ±  0.02%, respectively. The in  vitro drug 
release profile for the first 5  h exhibited initial 
burst release pattern of 34 ± 2.90% for TM and 
38 ± 3.10% for BRZ followed by sustained drug 
release of 72.29 ± 5.90% and 70.08 ± 6.40% for 
TM and BRZ-NLC for 24  h. The ex  vivo drug 
penetration profile for 24  h was found to be 
72.30 ± 6.40% and 67.69 ± 6.50% for TM and 
BRZ, respectively. The clinical findings reported 
that there was significant improvement in the 
pharmacokinetic, therapeutic profile along with 
the permeation profile of the NLC as compared 
with their drug suspension. Some other NLC for-
mulations studied are listed in Table 10.2.

10.4.4  In Situ Gel

Lai and Hsieh developed the biodegradable in situ 
gel formulation for intracameral administration 
of the antiglaucoma drug (Lai and Hsieh 2012). 
For the development of these formulations, ami-
nated gelatin was grafted with carboxylic end-
capped poly(N-isopropylacrylamide) (PN) using 
carbodiimide-mediated coupling reaction. Fourier 
transforms infrared (FTIR) spectroscopy were 
used for the conformation of chemical copolymer 
gelatin-g-PNIPAAm (GN). The stage of molar 
ratio for NH2/COOH was 0.36, and the grafting 
ratio, grafting degree along with efficiency, 
weight ratio of PN to aminated gelatin was found 
to be 25.6, 18.6%, 52.6%, and 1.9, respectively. 
The GN exhibited improved thermal gelation 
capacity along with adherence, and it also demon-
strated better transition features of the copolymer 
as compared with PN. In vitro cytocompatibility 
studies were conducted on the cell culture of ante-
rior part of the eye. It was reported that in situ gels 
do not change production with small effect on 

inflammation. High encapsulation efficiency and 
cumulative drug release were also attained 
(approximately 62% and 95%, respectively) 
which attributed to initial rapid temperature trig-
gered capture for pilocarpine following progres-
sive degradation of gelatin network.

In vivo study was also performed for the 
assessment of IOP in established rabbit glaucoma 
model and pilocarpine-loaded GN displayed bet-
ter ocular bioavailability and pharmacological 
effect as compared to eye drop or plain drug 
injection or drug-loaded PN. The various in situ 
gel formulations are listed in Table 10.2.

10.4.5  Vesicular Carrier

10.4.5.1  Niosomes
Niosomes are the vesicular drug-delivery car-
rier developed by self-assembly of nonionic 
amphiphiles in liquid media resulting in an 
enclosed bilayer arrangement. This bilayered 
vesicular system permits entrapment of hydro-
philic as well as a lipophilic therapeutic agent 
either in the liquid film or in the lipid layer 
(Carafa et  al. 1998). Additionally, sparingly 
soluble drugs can also be entrapped in the 
vesicular carriers (Arunothayanun et al. 2000). 
Vesicular carriers have been widely investi-
gated for the ocular delivery owing to its spe-
cial features like prolonged and controlled drug 
release in the ocular tissues along with protec-
tion from enzymatic drug degradation in the 
corneal segments (Kaur et al. 2004). Moreover, 
vesicular carrier facilitates drug transport 
across the corneal segment. Hashim et  al., 
reported atenolol-loaded niosomal hydrogel for 
the ocular application in the treatment of glau-
coma (Hashim Abu et al. 2014). The niosomes 
were prepared by film hydration technique 
using span 60 and cholesterol and followed by 
the in  vitro characterization. The entrapment 
efficiency was found to be high at 80.7% with 
2:1 molar ratio of span 60/cholesterol. Good 
stability profile of niosomes was found up to 

10 Application of Biocompatible Nanocarriers in Glaucoma: Challenges and Advances



220

3  months at 4  °C.  Niosomal hydrogel com-
posed of Carbopol 934P showed sustained drug 
release profile as compared to free drug solu-
tion and polymeric hydrogel. The IOP lowering 
potential of niosomal hydrogel was found to be 
high as compared with plain drug solution, and 
it was concluded that prepared atenolol-loaded 
niosomal hydrogel formulation could be prom-
ising carrier for ocular drug delivery in the 
treatment of glaucoma.

10.4.5.2  Liposomes
Liposomes are self-closed phospholipidic bilay-
ers that have a spherical vesicular form and an 
aqueous core. They entrap mostly hydrophilic 
drug in the aqueous core and hydrophobic drug in 
the lipid bilayer system. These structures have 
been known for their large potential as drug car-
riers for optimized drug-delivery systems as well 
as for membranes model studies (Sah et al. 2018). 
These lipid carriers have several benefits over  

Fig. 10.6 Gamma scintigraphic study revealed improved 
drug retentivity profile on the precorneal surface as com-
pared to commercial eye drops. Formulation labeled with 
99mTc: (a) TM-CH-coated liposomes, (b) TM liposomes, 

(c) TM eye drops. RIO: 1—Reference spot, 2—Corneal 
surface, 3—Inner canthus, 4—Nasolacrimal duct. 
(Adapted from Tan et al. 2017)
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Fig. 10.7 Histopathological images of ocular tissue after 
treatment with different formulations for 7  days: (a) 
Conjunctiva, (b) Cornea: 1—TM eye drops, 2—TM lipo-

somes, 3—TM—CH coated liposomes, 4—Control. 
(Adapted from Tan et al. 2017)

the other drug-delivery systems including  
high biocompatibility, high corneal penetration, 
prolonged clearance time, absence of immunoge-
nicity, low toxicity and, therefore, it has been 
extensively investigated for ocular drug-delivery 
application (Ebrahim et  al. 2005). Additionally, 
these carriers offer ease in local application and 
maintain high drug therapeutic activity. Other 
advantages include simple technology for liposo-
mal preparation along with flexibility of its phys-
ical profile (Bourlais et  al. 1998; Meisner and 
Mezei 1995). It is reported that liposomes com-
posed of phospholipids and cholesterol are 
restricted by their clearance into the tear fluid 
applicable for negative charge and neutral lipo-
somes. It has been also suggested that cationic 
liposomes have superior binding affinity to the 
corneal surface and improved precorneal reten-
tion of the drug and which may translate into 
improved drug absorption (Tan et  al. 2017). 
Recently, timolol maleate-loaded chitosan-
coated liposomes (TM-CHL) have been reported 
to improve the ocular permeation along with 

improved therapeutic profile (Tan et  al. 2017). 
The mean particle size of the prepared formula-
tion was found to be 150.7 nm with 75.83 ± 1.61% 
of entrapment efficiency. The formulation exhib-
ited considerable mucin adhesion properties as 
compared to traditional eye drops. TM-CHL 
showed 3.18 fold more permeability coefficient 
and as a result significantly improved corneal 
permeation profile of the lipid carrier. 
Additionally, the gamma scintigraphic study 
revealed improved drug retentivity profile on pre-
corneal surface as compared to commercial eye 
drop (Fig.  10.6). Also, no ocular irritation was 
evident in the corneal epithelial cells (Fig. 10.7), 
and therapeutic profile indicated that maximum 
reduction in IOP was produced by TM-CHL 
(19.67 ± 1.14) mmHg as compared with TM eye 
drops (23.80 ± 1.49) mmHg. The result gave an 
affirmation that CHL is a promising carrier for 
ocular drug delivery with improved therapeutic 
efficacy. The various patents of nanocarrier-
based system for the treatment of glaucoma are 
listed in the Table 10.3.

10 Application of Biocompatible Nanocarriers in Glaucoma: Challenges and Advances



222

Ta
bl

e 
10

.3
 

So
m

e 
pa

te
nt

s 
of

 n
an

oc
ar

ri
er

s 
fo

r 
oc

ul
ar

 d
el

iv
er

y 
in

 th
e 

tr
ea

tm
en

t o
f 

gl
au

co
m

a

Pa
te

nt
 N

o.
A

ss
ig

ne
e

D
el

iv
er

y 
sy

st
em

D
ru

g
In

ve
nt

io
n

R
ef

er
en

ce
W

O
20

16
04

82
42

 
A

1
N

an
ya

ng
 T

ec
hn

ol
og

ic
al

 U
ni

ve
rs

ity
L

ip
os

om
e

T
im

ol
ol

 
m

al
ea

te
T

im
ol

ol
 m

al
ea

te
-l

oa
de

d 
lip

os
om

es
 f

or
 th

e 
m

an
ag

em
en

t o
f 

gl
au

co
m

a
V

en
ka

tr
am

an
 

et
 a

l. 
(2

01
6)

U
S 

20
11

/0
20

67
73

 
A

1

Y
al

e 
U

ni
ve

rs
ity

; U
ni

ve
rs

ity
 o

f 
Io

w
a 

R
es

ea
rc

h 
Fo

un
da

tio
n

M
ic

ro
pa

rt
ic

le
–

D
ru

g-
lo

ad
ed

 p
ol

ym
er

ic
 m

ic
ro

pa
rt

ic
le

 f
or

 th
e 

ef
fe

ct
iv

e 
tr

ea
tm

en
t o

f 
el

ev
at

ed
 in

tr
ao

cu
la

r 
pr

es
su

re
 in

 th
e 

ey
e.

 T
he

 
pr

ep
ar

ed
 f

or
m

ul
at

io
n 

de
liv

er
s 

th
e 

th
er

ap
eu

tic
 a

ge
nt

 f
or

 
m

or
e 

th
an

 1
4 

da
ys

 in
 e

xp
er

im
en

ta
l a

ni
m

al
. T

he
 th

er
ap

eu
tic

 
ag

en
t i

m
pr

ov
es

 in
 th

e 
op

tic
 n

er
ve

 r
eg

en
er

at
io

n 
an

d 
ef

fe
ct

iv
el

y 
lo

w
er

in
g 

th
e 

el
ev

at
ed

 in
tr

ao
cu

la
r 

pr
es

su
re

.

L
av

ik
 e

t a
l. 

(2
01

1)

U
S 

7,
99

3,
63

4 
B

2
A

lle
rg

an
, I

nc
., 

Ir
vi

ne
, C

A
 (

U
S)

O
il-

in
-o

il 
em

ul
si

fie
d 

im
pl

an
ts

/
m

ic
ro

pa
rt

ic
le

s

Pr
os

ta
m

id
e

Fa
br

ic
at

io
n 

of
 in

tr
ao

cu
la

r 
bi

oc
om

pa
tib

le
 im

pl
an

t c
on

si
st

in
g 

of
 o

/w
 o

r 
m

ic
ro

pa
rt

ic
le

, w
hi

ch
 in

cl
ud

ed
 th

e 
pr

os
ta

m
id

e 
as

 a
 

bi
od

eg
ra

da
bl

e 
po

ly
m

er
 f

or
 e

xt
en

de
d 

re
le

as
e 

in
 th

e 
tr

ea
tm

en
t 

of
 g

la
uc

om
a

H
ug

he
s 

et
 a

l. 
(2

01
1)

U
S 

20
10

/0
10

46
54

 
A

1

A
lle

rg
an

, I
nc

., 
(U

S)
B

io
co

m
pa

tib
le

, 
bi

oe
ro

di
bl

e 
im

pl
an

t, 
m

ic
ro

sp
he

re
s

L
at

an
op

ro
st

L
at

an
op

ro
st

-l
oa

de
d 

in
tr

ao
cu

la
r 

im
pl

an
ts

 a
lo

ng
 w

ith
 

m
ic

ro
sp

he
re

s 
fo

r 
th

e 
oc

ul
ar

 d
el

iv
er

y 
in

 th
e 

tr
ea

tm
en

t o
f 

gl
au

co
m

a

R
ob

in
so

n 
et

 a
l. 

(2
01

0)

U
S 

7,
58

9,
05

7 
B

2
A

lle
rg

an
, I

nc
., 

Ir
vi

ne
, C

A
 (

U
S)

M
ic

ro
pa

rt
ic

le
–

B
io

co
m

pa
tib

le
 o

/w
 e

m
ul

si
fie

d 
m

ic
ro

pa
rt

ic
le

 f
or

 e
ff

ec
tiv

e 
tr

ea
tm

en
t o

f 
gl

au
co

m
a 

co
m

pr
is

in
g 

al
ph

a-
2 

ad
re

ne
rg

ic
 

re
ce

pt
or

 a
go

ni
st

 a
s 

a 
th

er
ap

eu
tic

 a
ge

nt
.

C
ha

ng
 e

t a
l. 

(2
00

9)

U
S 

20
06

/0
18

27
81

 
A

1

A
lle

rg
an

, I
nc

., 
Ir

vi
ne

, C
A

 (
U

S)
B

io
co

m
pa

tib
le

 
m

ic
ro

pa
rt

ic
le

s
–

B
io

co
m

pa
tib

le
 m

ic
ro

pa
rt

ic
le

 c
om

pr
is

in
g 

ac
tiv

e 
cy

cl
ic

 li
pi

d 
al

on
g 

w
ith

 b
io

de
gr

ad
ab

le
 p

ol
ym

er
 f

or
 th

e 
ef

fe
ct

iv
e 

tr
ea

tm
en

t o
f 

gl
au

co
m

a 
or

 A
M

D

H
ug

he
s 

et
 a

l. 
(2

00
6)

U
S 

20
06

/0
24

61
45

 
A

1

A
lle

rg
an

, I
nc

., 
Ir

vi
ne

, C
A

 (
U

S)
B

io
co

m
pa

tib
le

 
m

ic
ro

pa
rt

ic
le

s
–

B
io

co
m

pa
tib

le
 m

ic
ro

pa
rt

ic
le

 f
or

 th
e 

op
ht

ha
lm

ic
 a

pp
lic

at
io

n 
in

 th
e 

tr
ea

tm
en

t o
f 

gl
au

co
m

a 
an

d 
ag

e-
re

la
te

d 
m

ac
ul

ar
 

de
ge

ne
ra

tio
n 

(A
M

D
).

C
ha

ng
 e

t a
l. 

(2
00

6)

U
S 

6,
36

9,
11

6 
B

1
O

cu
le

x 
Ph

ar
m

ac
eu

tic
al

sI
nc

., 
Su

nn
yv

al
e,

 C
A

 (
U

S)
Im

pl
an

t
–

O
cu

la
r 

im
pl

an
t a

nd
 m

et
ho

d 
fo

r 
im

pr
ov

em
en

t i
n 

w
ou

nd
 

he
al

in
g 

an
d 

re
sc

ue
 th

e 
in

fe
ct

io
n 

in
 g

la
uc

om
a 

fil
tr

at
io

n 
su

rg
er

y.

W
on

g 
et

 a
l. 

(2
00

2)

A. K. Sah et al.



223

10.5  Mucoadhesive System

Park et  al. 2015 investigated brimonide-loaded 
mucoadhesive microparticle for ocular applica-
tion in the treatment of glaucoma. The micropar-
ticles were adorned with nanostructured surface 
and comprised of poly(lactic-co-glycolic acid) as 
a diffusion wall material and polyethylene glycol 
(PEG) as a mucoadhesive polymer. The presence 
of PEG in the nanostructured surface of the mic-
roparticle showed 13-fold higher specific surface 
areas along with improved adherence profile on 
to the ocular mucous layer as compared with the 
conventional microparticle. The clinical finding 
reported that novel mucoadhesive microparticle 
improved the therapeutic profile of the drug and 
improved bioavailability ensuring better patient 
compliance as compared with the commercial 
eye drop. The other mucoadhesive carriers are 
listed in Table 10.2.

10.6  Current and Future 
Developments

Glaucoma is a vision-threatening disease that 
warrants life-long treatment and patient noncom-
pliance can cause irreversible loss of vision. The 
various conventional formulation are available in 
the market but they fail to achieve their pharma-
cological potential and ensure better patient com-
pliance. Advancements in the area of 
biocompatible nanocarriers like nanoparticles, 
solid lipid nanoparticles, nanolipidic carriers, 
vesicular systems, and hydrogels have shown 
encouraging results for the effective treatment of 
glaucoma. Recently, one of the researchers 
reported the development of noninvasive 
 brimonidine tartrate (BT)-loaded poly(lactic-co-
glycolic)acid (PLGA) microspheres incorporated 
in thermoresponsive hydrogels eye drop for the 
treatment of glaucoma (Fedorchak et  al. 2017). 
These biocompatible nanocarriers can be used 
for the delivery of newer therapeutic agents 
including genes, antibodies, and bioactive pro-
teins (Dewangan et al. 2018).

Moreover, the major challenges with the bio-
compatible nanocarriers that need to be addressed 

are the technical concerns like establishing safe 
manufacturing technologies and stability profile. 
The technological advancement in biocompatible 
nanocarrier has opened new avenues for improv-
ing ocular pharmacotherapy along with better 
patient compliance. However, more studies are 
required to establish the cellular fate, clinical 
efficacy, and cytotoxicity of the biocompatible 
nanocarriers.
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Abstract

This chapter focuses on current updates in the 
development of nanotechnology-based sys-
tems for the therapy of ocular disease. The 
aim of this chapter is to provide the perspec-
tive of nanotechnology and existing chal-
lenges in conditions of glaucoma and 
age-related macular degeneration (AMD) 
with deeper insights into clinical aspects and 
pathophysiological mechanisms. Topical drug 
delivery has been quite challenging for the 
ocular conditions especially in wet AMD, 
which mostly require intravitreal injections 
owing to the tear layer and the anatomy of the 
ocular surface. Sustained ocular therapies to 

both anterior and posterior segments of the 
eye have been made possible only with the 
significant contribution of nanotechnology. 
Nanotechnology-driven platforms (nanoscale 
formulations and smart coatings) offer just a 
minute fraction of nanotech’s potential by 
plummeting the requirement for intravitreal 
injections and may lead to hassle-free thera-
peutic management of ophthalmic conditions 
like glaucoma and AMD.  The intent behind 
this compilation of literature was to warrant 
the advances in basic and clinical research in 
ophthalmology, which may foster better 
understanding of the disease physiology by 
providing the impetus for better design and 
development of dosage froms for  intractable 
ocular diseases such as glaucoma and 
AMD. Therefore, a comprehensive analysis of 
the impact of nanomedicine in pathological 
conditions like glaucoma and AMD has been 
undertaken in the present study to ensure bet-
ter disease prevention, new diagnostic proce-
dures, and novel drug treatments whose final 
endpoint may be preclinical or clinical 
testing.
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11.1  The Nano-State: Impact 
of Nanomedicine on Ocular 
Drug Delivery

It is no wonder these days why the “small” mat-
ters in pharmaceutical science. With the advent 
of nanotechnology, the fabrication of nanosys-
tems has emerged as an effective tool to over-
come the obstacles in the therapeutic management 
of ocular diseases and has reshaped the science of 
ophthalmology. The application of emerging 
nanotechnological strategies and nanoscience 
methods has been increasingly adopted for  the 
management of ocular diseases by improving the 
drug delivery design (bioadhesive enhancement, 
sustainable release, stealth function, specifically 
targeted delivery, and stimuli-responsive release) 
and targeted approaches to both anterior and pos-
terior segments of the eye (Weng et  al. 2017). 
Nanotechnology-driven systems have the ability 
to deliver both ocular drugs (imagine prescribing 
eye drops to treat wet AMD) and delivering genes 
to the retina (in patients with retinitis pigmen-
tosa) or eye tissue via corneal absorption, peri-
ocular injection, and intravitreal injection, for 
ocular disease therapy and diagnosis.

Advances have been carried out for encapsu-
lating conventional drugs in order to broaden the 
treatment spectrum in ocular clinical settings by 
increasing bioavailability, decreasing toxicity, 
and better tissue adherence of the nanocarriers. 
Further, it is a well-debated argument that the 
majority of the preclinical studies in the ocular 
segment are highly focused on the drug targeting 
and therapeutic efficacy; however, it is warranted 
that more impetus should be laid on the bio- 
distribution and fate of the nanocarriers as well 
as clearance from the ocular tissues.

11.2  Challenges in the Ocular 
Drug Delivery

Despite the enormous insufficiencies, the main-
stay option of ocular therapy is a topical applica-
tion on the  ocular surface, which accounts for 
>90% of ophthalmic preparations in the global 
markets. Figure  11.1 highlights the anatomy of 

the eye, its protective mechanisms, and elimina-
tion processes such as tear turnover, nasolacrimal 
drainage, protein binding, systemic absorption, 
enzymatic degradation, and complex ocular bar-
riers (corneal barrier, blood–aqueous barrier, and 
blood–retinal barrier) which pose major obsta-
cles for the ineffective ocular drug delivery.

Further, the administration of any dosage form 
via topical mode occurs through anatomical (cor-
neal or non-corneal routes) and physiological bar-
riers (such as tear film). The cornea is a very 
tightly multilayered tissue in which corneal epi-
thelium acts as a principal barrier due to the for-
mation of high paracellular resistance by tight 
junctions. However, the other layers of the cornea 
(such as Bowman’s membrane, stroma, 
Descemet’s membrane, and endothelium) are 
more permeable to hydrophilic molecules (Sridhar 
2018). Non-corneal route circumvents the cornea 
and encompasses movement across layers—con-
junctiva and sclera, which are more suited for the 
permeation of large hydrophilic molecules (as 
these layers exhibit low expression of tight junc-
tion proteins with respect to corneal epithelium).

Furthermore, topical delivery to cornea 
becomes herculean task when it influences 
another physiological barrier, i.e., aqueous layer 
of the tear film, which rapidly washes away any-
thing in an aqueous formulation, whereas mucus 
layer with sticky molecules (glycosylated 
mucins) arrests any foreign particles or patho-
gens progressing toward cornea, binds them, 
and prepares for its removal (Hodges and Dartt 
2013). In the same way, the blood ocular barrier 
prevents systemically administered drugs from 
effective penetration. Further, topical applica-
tion to the retina is totally ineffective; however, 
scientists have experimented with alternate 
modes of drug delivery that can overcome ana-
tomical and physiological barriers presented by 
conventional routes. These include injections 
(such as intravitreal (commonly used in wet 
AMD) subconjunctival, retrobulbar and peribul-
bar, sub-tendon, and intracameral) through vis-
ible portions of the sclera targeting various 
sections of ocular structures by a trained spe-
cialist (Kwatra and Mitra 2013; Mandal et  al. 
2018).
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Recently in 2019, Ozkan and Willcox eluci-
dated the significant immunomodulatory role of 
ocular surface microbiota (low diversity microbi-
ome) and its compositional changes in various 
ocular surface disorders such as blepharitis, tra-
choma, and dry eye. The study also revealed the 
role of the ocular and non-ocular microbiome in 
retinal diseases including AMD, glaucoma, uve-
itis, and diabetic retinopathy (Ozkan and Willcox 
2019). Therefore, the key challenges of conven-
tional drug delivery systems comprise of multiple 
drug administrations, dependency on caregivers 
for drug administration especially in pediatrics 
and geriatrics, patient-dependent dose precision, 
physiological barriers, poor bioavailability due to 
low corneal permeability, and drugs with shorter 
half-lives. Further, these challenges (such as the 
role of ocular microbiome in eye homeostasis) 
and requirements vary tremendously for the ante-
rior and posterior ocular segments.

Nanotechnological approaches have provided 
a platform, not only to encase the existing drugs 
employing nanocarriers, they have also  given a 
huge impetus in the efficient delivery of the next 
generation of medicine especially in ocular dis-
eases. Nanosystems such as nanoparticles, nano-
crystals, nanodiamonds, liposomes, dendrimers, 

nanoemulsions, and nanodevices (including 
nanoparticle composed contact lenses) have been 
developed to provide better tissue adherence, tar-
geted drug release, noninvasive routes of admin-
istration with high patient compliance, higher 
solubility and bioavailability profiles, controlled 
rate of drug delivery, longer shelf life and dura-
tion of action, biocompatibility, biodegradability, 
stability, and minimal tissue toxicity as depicted 
in Fig. 11.2.

Hence, it can be postulated  that nanoparticle 
based topical systems (eye drops/solutions) shall 
be able to penetrate through protective mucins in 
the tear film, into ocular surface tissue, via cornea 
into the anterior chamber. These systems also pos-
sess capacity of gene delivery and delivery of ther-
apeutically active  biomolecules to the posterior 
segment with enhanced residence time. Moreover, 
significant progress has been made in the field 
of nanomedicine to improve the efficiency of anti-
glaucoma medications. Nanofabrication systems 
such as microelectromechanical systems have 
overcome the limitations of nanodevices and tissue 
regeneration vesicles for developing glaucoma 
treatments independent of  intraocular pres-
sure (IOP)  management based approaches (Cetinel 
and Montemagno 2016). The first commercial oph-

Lipid layer

Aqueous layer

Mucus layer

Epithelial cells

Bowman’s layer

Stroma

Descemet’s membrane

Iris

Pupil

Lens

Ciliary body
Blood-aqueous barrier

Retina

Choroids
Blood-retinal barrier
Retina

Optic
nerve

Blood-retinal
barrier

Choroids

Sclera

2: Corneal barrier

1: Tear film

6: Vitreous humor

6

Overcoming ocular barriers

3: Conjunctival barrier 4: Choroids

Posterior
segment

Anterior
segment

5: Blood-retinal barrier

Endothelial cells

Goblet cells

Endothelial cells

Blood vessels Lymphatic vessels

Fig. 11.1 Eye anatomy and various protective mechanisms, elimination processes, and ocular barriers. (Reproduced in 
original from with licenced permission from Elsevier)
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thalmic preservative-free anionic nanoemulsion 
(trade name—Restasis® containing 0.05% cyclo-
sporin A) was developed in early 2000 and 
approved by US FDA in 2002 for a dry eye condi-
tion. Another topical nanoemulsion was marketed 
as Cyclokat® based on Novasorb® technology by 
Santen Pharmaceutical Co. Ltd. Further, a  drug 
delivery ophthalmic platform named “Durasite” 
based on biodegradable polymer polycarbophil has 
also been commercialized for the condition bacte-
rial conjunctivitis (pink eye). Since then numerous 
nanotechnologies and drug delivery platforms for 
ocular conditions related to anterior and posterior 
eye have been successfully marketed.

11.3  Emerging Ocular 
Manifestations Related 
to Anterior Segment 
of the Eye

Disorders of the anterior segment of the eye are 
the leading causes of ocular morbidity. Such 
conditions include dry eye conditions, infec-

tions, and traumas of various types, inflamma-
tory reactions, hereditary disorders, and 
cataracts. The conventional drugs and formula-
tions which are fabricated for the major  dis-
eases related to anterior chamber (i.e., dry eye, 
keratitis, conjunctivitis, and cataract) primarily 
suffer from poor bioavailability because of 
corneal barrier and precorneal factors. Studies 
have revealed that conventional systems such 
as eye drops may cause damage to the corneal 
surface, film instability, and inflammation 
(Chung et al. 2016). Figure 11.3 illustrates the 
major disease burden to both the segments of 
the eye.

11.4  Emerging Ocular 
Manifestations Related 
to the Posterior Segment 
of the Eye

In contrast to diseases of the anterior eye, dis-
eases related to posterior segment  occur most 
commonly in the retina and choroid.

Fig. 11.2 Various novel nanocarriers for ocular drug delivery
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11.4.1  Glaucoma

11.4.1.1  History and Prevalence
The use of the term “glaucoma” (glaukos means 
bluish gray) first featured in Aphorisms of 
Hippocrates (460–375 BC) primarily due to char-
acteristic color assumed by the anterior segment 
of the eye and not due to depiction of any disease 
form. The term was largely misinterpreted with 
cataract until the characteristic features of the 
disease appeared in the first English book of oph-
thalmology by Richard Banister.

As far as prevalence is concerned, glaucoma is 
the second leading cause of irreversible vision 
loss worldwide. According to the World Health 
Organization (WHO) statistics, it is responsible 
for blindness to >12% of patients (approx. 4.5 
million cases) globally. Further, the projections 
indicate that approximately 79.6 million people 
will be affected by glaucoma by 2020 (Tham 
et  al. 2014). Some of the potential risk factors 
which may lead to glaucoma are as follows:

• Age > 40 years
• African, Hispanic, or Asian heritage
• Family history of glaucoma
• Myopic/poor vision
• Diabetes, migraines, high blood pressure, and 

poor blood circulation
• High eye pressure
• Chronic use of steroids
• Injury/trauma to the eye
• Corneas that are thin in the center
• Thinning of the optic nerve

11.4.1.2  Pathobiogenesis 
and Mechanism

This multifactorial disorder is primarily a group 
of optic neuropathies characterized by progres-
sive degeneration of retinal ganglion cells (cen-
tral nervous system (CNS) neurons having their 
cell bodies in the inner retina and axons in the 
optic nerve). The pathological progression of the 
disease in the inner retina is indicated by degen-
eration of the optic nerve head termed as “cup-
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Fig. 11.3 Major disease burden to both segments of the eye
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ping of optic disc” (neuroretinal rim thinning, 
and sectoral retinal nerve fiber layer thinning) 
(Chang and Goldberg 2012; Lee et  al. 2019). 
Figure 11.4 depicts the schematic view of healthy 
state of retina (Fig.  11.4a) along with normal 
optic cup and disc regions of retina (Fig. 11.4b) 
in comparison to glaucomatous retina (Fig. 11.4c) 
along with neurodegenerative disease progres-
sion possessing relative high cup/disc ratio 
(CDR) (Fig. 11.4d). This neurodegenerative pro-
gression transpires owing to abnormally  high 
IOP, ocular blood flow, oxidative stress, decreased 
axoplasmic flow, and genetic predisposition 
which may be asymptomatic in the earlier stages 
(a primary reason for the frequently delayed 
diagnosis) (Weinreb et al. 2014). However, dur-

ing the late stages of the disease, progressions of 
neuronal loss include the lateral geniculate 
nucleus and the visual cortex. Figure 11.5 sum-
marizes the cascade of the events involved in the 
pathobiogenesis of glaucoma and the manage-
ment strategies (based on IOP-dependent and 
non-IOP-dependent approaches) to resolve the 
ocular condition. The normal range  of IOP is 
2–22  mm Hg, whereas eye pressure of greater 
than 22 mm Hg is considered higher than normal. 
When the IOP is greater than 22 mm Hg without 
any symptom, the condition is termed as state of 
ocular hypertension, and the person with high 
IOP is referred to as “glaucoma suspect”. This 
term may also be used in case of suspicious optic 
nerve or with strong family history of glaucoma. 

Fig. 11.4 Schematic illustration of regions: (a) healthy 
retina, (b) normal optic disc regions of retina, (c) glauco-
matous retina, and (d) optic disc and optic cup regions of 

retina with neurodegenerative changes associated in glau-
coma and relatively high CDR. (Reused in original form 
with licenced permission from Elsevier)
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The vertical cup/disc ratio (CDR) for normal 
individuals is 0.3 which is used for the assess-
ment of the glaucoma suspect, as cup size is 
related physiologically to disc size and patholog-
ically to glaucomatous damage. Further, IOP 
compensation is also highly indispensable 
for maintaining the physiological homeostasis of 
the eye. A significant quantitative relationship for 
IOP determination is

 IOP F C PV= +/  

(where F denotes for aqueous fluid formation 
rate, C is outflow rate, and PV is episcleral venous 
pressure). Although the elevated IOP is one of the 

prime causes for glaucoma, however, it is not the 
only contributory factor for glaucoma. Further, 
exfoliation syndrome also causes glaucoma due 
to defects in the microfibrils, which alter the bio-
mechanical properties of surrounding tissue and 
affect the signaling. The biological mechanism of 
glaucoma has not been still fully elucidated, and 
several key factors (such as mechanical compres-
sion, ischemia, oxidative stress, neurotrophic 
growth factor deprivation, intracellular calcium 
toxicity, activation of autoimmunity, and gluta-
mate neurotoxicity) play a significant role in its 
progression, which are yet under investigation 
(Tian et al. 2015).

Fig. 11.5 Schematic representation of pathogenesis and management of glaucoma
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In the literature, glaucoma is commonly clas-
sified into primary and secondary based on the 
anatomy of the anterior chamber and the drain-
age pathway (open and narrow angles). However, 
on the basis of combined pathologies including 
comorbid conditions (i.e., infection, mechanical 
injury, or neovascularization that often affect a 
single eye alone), it may be best classified as 
shown in Fig. 11.6.

Open-angle  glaucoma (OAG)  or wide-angle 
glaucoma (WAG)  is the primary form of the dis-
ease with 80% rate of incidence and occurs due 
to inadequate drainage in front of the eye. 
Figure 11.7 represents the anatomical representa-
tion of primary OAG, which is characterized by 
the abnormal elevated IOP levels transmitted 
from anterior segment to posterior segment of 
globe containing retina and optical disc (where 
retinal ganglion cells (RGCs) and axons reside) 
(Fig  11.7a). In aqueous outflow pathways, the 
entrance to the drainage canals remains clear, but 
congestion occurs inside the drainage canals (the 
drain space between iris and cornea becomes too 
narrow), which results in aqueous humor accu-
mulation leading to abnormal IOP (Fig  11.7b). 
Thus, the occurrence of primary OAG is primar-
ily characterized by elevated IOPs or signifi-

cantly low IOPs (known as normal-tension 
glaucoma, which affects 40% of glaucoma 
patients and results in visual loss).

The secondary type is angle-closure glau-
coma  (ACG) or narrow-angle glaucoma  (NAG) 
in which IOP elevates due to coverage or conges-
tion of drainage angle. Secondary glaucoma 
 provides the most convincing evidence that 
 elevated IOP may cause optic nerve damage. 
Sometimes, an acute attack of glaucoma may 
occur having any of such symptoms such as 
blurredness, eye pain, headache, nausea, and 
vomiting.

The causative factors for the congestion of 
drainage angle could be trauma, certain medica-
tions such as corticosteroids, inflammation, 
tumor, or conditions such as pigment dispersion 
or pseudo-exfoliation.

11.4.2  Conventional Therapies 
(IOP-Dependent Approaches)

Among the non-invasive applications, topical 
administration of eye drops, eye lotions, and 
solutions is still widely preferred to maintain the 
aqueous humor production, IOP, facilitate tra-

Fig. 11.6 Classification of glaucoma
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becular meshwork (TM), and enhance uveo-
scleral outflow. Table  11.1 summarizes the 
top-listed (based on IOP-dependent approaches 
involving maintenance of IOP) ocular products 
approved by US FDA during the last decade in 
chronological order, which is currently under 
clinical use for glaucoma treatment.

To date, there are numerous drugs that control 
IOP, which are most commonly used as a topical 
solution applied to the eye (eye drops)—a conve-
nient noninvasive method of administration. These 
topical drugs (which primarily act to decrease the 
production of aqueous humor and facilitate drain-
age through the TM, increasing uveoscleral out-

flow) majorly belong to five categories: β-blockers, 
carbonic anhydrase inhibitors, prostaglandin ana-
logs, sympathomimetic drugs, and parasympatho-
mimetic drugs as shown in Table 11.2.

In addition, some fixed combination thera-
pies have  also been approved by US FDA for 
effective IOP control when the patient does not 
respond to one pure form of medication. Some 
of the fixed combination therapies for glau-
coma mainly include prostaglandin analogs/β-
blockers, carbonic anhydrase 
inhibitors/β-blockers, and α2-adrenergic 
agonists/β-blockers and carbonic anhydrase 
inhibitors/α2-adrenergic agonists.

Fig. 11.7 Schematic anatomical representation of pri-
mary form of open-angle glaucoma: (a) abnormal ele-
vated IOP levels transmitted from anterior segment to 
posterior segment of globe containing retina and optical 

disc; (b) aqueous outflow pathways from anterior seg-
ment. (Reused in original form with licenced permission 
from Elsevier)
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11.4.3  Novel Therapies (Non-IOP- 
Dependent Approaches)

There is a wide acceptance among the clini-
cians and technologists that management of 
glaucoma based on IOP-dependent approaches 
only is not sufficient enough to provide com-
prehensive treatment of the disease. Thus, more 
attention has been focused on non-IOP-based 
approaches which include neuroprotectives and 
neurodegenerative procedures to preserve neu-
ronal structure and function. Another view is 
the combination of IOP (use of IOP-lowering 
drugs) and non-IOP approaches (neurotrophic 

factors and antioxidants) simultaneously for 
effective management of glaucoma (Nafissi and 
Foldvari 2015).

11.4.3.1  Neurotrophic Factor (NTF)
With the advent of genome engineering and the 
profound understanding of the mechanism of 
neurodegenerative disorders related to ocular 
diseases such as glaucoma, novel gene thera-
pies such as neurotrophic factor (NTF), cell 
replacement, and therapeutics have shown the 
potential to become the new ray of hope for the 
patient’s nonresponsive IOP-dependent 
approaches.

Table 11.1 Top-listed US FDA approved products for glaucoma during the last decade in chronological order

Ocular 
Condition Formulation

Trade name/
company

Active agent/mechanism of 
action

Therapeutic 
indication

Approved 
year

Glaucoma Eye solution 
(drops)

Rocklatan (Aerie 
Pharmaceuticals)

Netarsudil and latanoprost Elevated IOP in 
OAG or ocular 
hypertension

March 
2019

Vyzulta (Bausch 
& Lomb)

Latanoprostene (nitric 
oxide-donating 
prostaglandin F2-alpha 
analog)

Elevated IOP in 
OAG or ocular 
hypertension

November 
2017

Rhopressa (Aerie 
Pharmaceuticals)

Netarsudil (Rho kinase 
inhibitor)

Glaucoma or 
ocular 
hypertension

December 
2017

Zioptan (Merck) Tafluprost (fluorinated 
analog of prostaglandin F2a)

Elevated IOP February 
2012

Lumigan 
(Allergan)

Bimatoprost Reduction of IOP 
in open-angle 
glaucoma or 
ocular 
hypertension

March 
2001

Travatan (Alcon) Travoprost Reduction of 
elevated IOP 
in OAG or ocular 
hypertension

March 
2001

Cosopt (Merck) Dorzolamide hydrochloride 
and timolol maleate 
(combination of a topical 
carbonic anhydrase inhibitor 
+ beta-adrenergic receptor 
blocker)

Glaucoma or 
ocular 
hypertension

April 1998

Ophthalmic 
suspension or 
drops

Betaxon (Alcon) Levobetaxolol hydrochloride 
(beta-adrenergic antagonist)

Lowering IOP in 
chronic OAG or 
ocular 
hypertension

February 
2000

Ophthalmic 
solution

Rescula (Ciba 
Vision)

Unoprostone isopropyl OAG or ocular 
hypertension

August 
2000

Ophthalmic 
Solution

Alphagan 
(Allergan)

Brimonidine OAG and ocular 
hypertension

September 
1996
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Table 11.2 Classification of commercial proprietary drugs available in the market with historical timeline of treatment 
options for the management of glaucoma

Class of drugs/methods currently used in glaucoma
Timeline of drugs introduced for 
IOP reduction in glaucoma

Sympathomimetic drugs—Brimonidine (Alphagan, Αlphagan-p, 
Bimonidintartrat, Brimoratio, Glaudin); apraclonidine (Iopidine); dipivefrin 
(Propine); epinephrine (Gluacon, Epifrin)
Parasympathomimetic drugs—Pilocarpine (Pilokarpin, Isopto Carpine, 
pilocar, Pilopine HS); echothiophate (Phospholine Iodide)
Beta-blockers—Timolol (Optimol, Timacar Depot, Timoptol-LA, Timolol, 
Nyogel L.P., Timogel, Timosan, Aquanil); levobunolol; carteolol (Ocupress); 
metipranolol (OptiPranolol); betatoxol (Betoptic); nipradilol
Carbonic anhydrase inhibitors—Dorzolamide (Trusopt, Arzolamid, 
Dorzolamid); brinzolamide (Azopt); acetazolamide (Diamox); methazolamide 
(Neptazane)
Prostaglandin analogs—Tafluprost (Taflutan, Saflutan, Zioptan); latanoprost 
(Xalatan, Monoprost, Latanoprost); bimatoprost (Lumigan); travoprost 
(Travatan); unoprostone isopropyl (Rescula)
Surgery—Laser trabeculoplasty; iridotomy

Pilocarpine—1875
Epinephrine—1925
Diamox—1956
Timolol—1978
Pilocarpine/timolol—1992
Dorzolamide—1994
Latanoprost and 
brimonidine—1996
Brinzolamide and dorzolamide/
timolol—1998
Bimatoprost—2000
Travoprost and latanoprost/
timolol—2001
Brimonidine/timolol—2005
Bimatoprost/timolol and 
travoprost/timolol—2006
Tafluprost—2008
Brinzolamide/timolol—2009
Monoprost—2013
Brimonidine/brinzolamide and 
tafluprost/timolol—2014

Recently in August 2018, US FDA has 
approved an ophthalmic product (trade name–
Oxervate®, by Dompe), a novel recombinant 
human nerve growth factor (rhNGF; structurally 
similar to NGF protein synthesized in the body 
including ocular tissues), for neurotrophic keratitis 
(which causes corneal scarring and vision loss).

NTF belongs to a group of proteins secreted 
by the central and peripheral nervous system 
which are critical for its role in neuroprotection 
during  glaucoma. The various NTF’s nerve 
growth factor (NGF) family members such as 
glial cell derived neurotrophic factor 
(GDNF),  brain derived neurotrophic factor 
(BDNF), and cerebral dopamine neurotrophic 
factor (CDTF) have been the subject of compre-
hensive investigation and have shown experi-
mentally immense application for the long-term 
effective management of glaucoma (Kimura 
et al. 2016).

Many investigators have vowed for the exog-
enous supplementation of NTF, apoptotic inhibi-
tors, and survival factors for the regeneration of 
RGC in glaucoma. Targeted gene therapies for 
the delivery of transgenes employing viral/nonvi-

ral vectors encoding NTFs have also been studied 
(Pietrucha-Dutczak et al. 2018). However, direct 
targeting of NTFs by living cells and direct 
replacement of growth/survival factors, apoptosis 
inhibiting factors manipulated genetically ex vivo 
would be highly beneficial and facilitate long- 
term expression for sustained neuroprotection. 
Some authors have revealed the useful applica-
tion of stem and progenitor cells expressing and 
secreting NTFs for neuroprotection and long- 
term expression in preclinical animal models of 
glaucoma (Johnson et al. 2011; Chamling et al. 
2016).

11.4.3.2  Role of DNA Therapeutics
The management of neurodegenerative disorders 
such as glaucoma employing DNA vectors owing 
to their small sizes offers a potential substitute to 
the conventional plasmids for superior biosafety 
standards, immune and biocompatibility, and 
improved gene transfer in rapidly dividing cells 
and tissues with higher regenerative capacity 
(Khar et  al. 2010). Therefore, the gene therapy 
for glaucoma requires sustained and stable 
expression of tightly controlled DNA vectors as 
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most of the DNA vectors become diluted after 
subsequent mitosis.

11.4.3.3  RGC Survival Therapies
The progression of optic neuropathy in glaucoma 
is primarily characterized by loss of RGCs and 
typical visual field defects. Some of the other rea-
sons for RGC death are the reduction in neuro-
trophic factors owing to local vascular 
insufficiency at optic nerve head. In some cases, 
if neuroprotection is overdue because of severe 
cell loss, RGC replacement therapy  could be 
preferably used in such cases.

With the advent of the concept of neuroprotec-
tion, various neuroprotectives have been investi-
gated to minimize the RGC loss and retinal 
damage. Guo et al. studied the topical application 
of CoQ10 on RGC apoptosis in  vivo in a rat 
model. It was observed that CoQ10 (0.1%) sig-
nificantly regressed the staurosporine-induced 
RGC apoptosis with respect to 0.05% CoQ10. 
The possible mechanism for this apoptosis inhibi-
tion could be potentiated by inhibition of mito-
chondrial depolarization, cytochrome c release, 
and caspase-9 activation (Guo and Cordeiro 
2008). In addition to RGC survival, the role of 
CoQ10 has also been implicated in the IOP- 
lowering treatment in glaucoma. Another signifi-
cant neuroprotective agent is citicoline, which 
promulgates the stimulation of phospholipid syn-
thesis and phosphatidylcholine in the inner mito-
chondrial membranes. Various investigations have 
embarked on the basis of experimental evidence 
which confirms the neuroprotective role of citico-
line. In an investigation, Matteucci et al. studied 
the role of citicoline in terms of apoptosis and cas-
pase activation in retinal cultures (extracted from 
rat embryos) in a concentration- dependent man-
ner. It was observed that citicoline restricted neu-
ronal cell damage both in glutamate- treated and 
high glucose-treated retinal cultures by decreas-
ing proapoptotic effects and conflicting synapse 
loss (Matteucci et al. 2014). Few other investiga-
tions have also hypothesized the antiapoptotic 
effect of citicoline in  mitochondria- dependent cell 
death and axon regeneration (Oshitari et al. 2002; 

Park et  al. 2005; Schuettauf et  al. 2006; Nucci 
et al. 2018).

11.4.3.4  Gene Therapy
Gene therapy is also another approach for neuro-
protection employed to deliver protective or 
 antiapoptotic genes for regeneration and small 
interference RNA (siRNA) molecules for silenc-
ing inhibitory factors in advanced stages of glau-
coma (Martínez et al. 2014). Investigations have 
been carried out to study axon regeneration (or 
by blocking axonal growth-inhibitory factors 
such as oligodendrocyte myelin glycoproteins 
and myelin-associated glycoproteins) using 
siRNA protein system (Yang and Schnaar 2008; 
Schnaar and Lopez 2009).

Few approaches such as cell-based regenera-
tion of TM tissue or whole tissue regeneration 
have been studied as a part of future treatment 
strategies. TM stem cells have been investigated 
in terms of their localization into TM and then 
further differentiated into functionalized TM 
cells. The replacement therapy using artificial 
TM tissues with improved cell attachment has 
also been studied in cultured human TM cells.

11.4.3.5  Role of Nanomedicine 
in the Management 
of Glaucoma

Nanotechnology-based treatments show a great 
deal of promise in overcoming these complica-
tions and form the basis for next-generation glau-
coma treatment strategies, with the help of 
applications such as controlled release, targeted 
delivery, increased bioavailability, diffusion limi-
tations, and biocompatibility. Although topical 
application in glaucoma still exhibits significant 
primary and adjunctive role, however, diverse 
novel strategies have been devised with the appli-
cation of nanocarriers. During the last two 
decades, the prime focus of preclinical investiga-
tions involving antiglaucomatic nano-drug deliv-
ery approaches (as summarized in Table  11.3) 
has been to revolutionize the mode of drug 
administration in ocular tissues by improving the 
precorneal residence time (e.g., formulating sus-
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pensions and ointments, viscous vehicles, bioad-
hesive vehicles, and in situ gelling systems), 
sustained corneal permeation (e.g., pro-drugs, 
penetration enhancers, ion pairs, iontophoresis, 
and cyclodextrins), improved tissue adherence 
(e.g., liposomes, emulsions, nanoparticles, and 
nanocapsules), ocular biocompatibility (e.g., 
degradable/non-degradable matrices, collagen 
shields, nanoparticle embedded contact  lenses, 
drug loaded into performed lenses and membrane- 
controlled devices), and  lowering ocular irrita-
tion  with improved patient compliance 
(e.g., implantable devices).

11.4.4  Age-Related Macular 
Degeneration (AMD)

11.4.4.1  Prevalence
Age-related macular degeneration (AMD), or 
also known as age-related maculopathy, is one of 
the most prominent and commonest causes of 
adult blindness in industrialized nations and peo-
ple age more than 50 years. Globally, AMD ranks 
third as a cause of blindness after cataract and 
glaucoma (WHO, 2019). Approximately, 11 mil-
lion people in the United States have some form 
of AMD, and these numbers are expected to dou-
ble to nearly 22 million by 2050. The statistical 
projections about AMD indicate that the number 
of people living with macular degeneration is 
expected to reach 196 million worldwide by 2020 
and increase to 288 million by 2040 (Pennington 
and DeAngelis 2016).

As per the statistics of Macular Society, UK, 
nearly 600,000 people are affected by vision loss 
due to some form of AMD, and around 70,000 
new cases are being reported annually (with a 
rate of 200 cases per day). It has been projected 
that by 2050, the number of AMD patients will be 
more than double to 1.3 million. In terms of cost, 
it is estimated that AMD burdens huge health 
costs to at least £1.6bn a year. Some of the caus-
ative factors which may lead to AMD condition 
are as follows:

• Obese/overweight population (or patients 
with high cholesterol)

• Smoking; alcohol consumption
• Age (>50 years)
• Arterial hypertension
• Cardiovascular disease or high cholesterol 

levels
• Light exposure (UV-A or UV-B rays)
• Low dietary intake of antioxidants, zinc
• Family history (siblings with AMD have four 

times more chances to get AMD than the no 
relatives with AMD)

11.4.4.2  The Current Line 
of Treatment Options

Dry AMD
During the initial phase of dry AMD (or atrophic 
AMD), oral vitamin supplementation (such as 
lutein, zeaxanthin, lycopene, or tocopherol or 
centrophenoxine, vitamin C, and beta carotene) 
and zinc are prescribed in order to ameliorate the 
lipofuscin accumulation and reduce the symp-
toms in AMD (Age-Related Eye Disease Study 
Research Group 2001; Birch and Liang 2007; 
Khoo et  al. 2019). However, patients  with 
advanced dry AMD, also called geographic atro-
phy (GA), have no effective treatments available 
to them.

Wet AMD
The pharmacological interventions for wet AMD 
are based on periocular or intraocular drug 
administration. These intravitreal injections 
achieve improved therapeutic concentrations at 
the target tissues; however, the rapid clearance of 
these agents is still a big challenge. Moreover, 
frequent intravitreal injections are not desirable 
due to the risk of surgery. Although some treat-
ments to slow the progression of AMD are avail-
able, there is currently no cure for this irreversible 
disease. For Wet AMD, intravitreal injection of 
therapeutic agents (commercially available as 
Eylea®, Lucentis®, or Avastin®) that block vas-
cular endothelial growth factor (VEGF) helps the 
patient to mitigate the symptoms only for 
4–8 weeks; therefore, repeated therapy of these 
intraocular injections at monthly intervals in 
patients with wet AMD is required to preserve 
their vision. Nanotechnology can devise novel 
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approaches to target VEGF and simultaneously 
can assist in reducing the injection frequency.

Other therapies such as argon laser for the 
photocoagulation of abnormal vessels, photody-
namic therapy with verteporfin, and vitreoretinal 
surgery are also being employed (Lin et al. 2015). 
Table  11.4 summarizes the top-listed range of 
ophthalmic products or devices approved by US 
FDA for the AMD condition during the last 
decade.

11.4.4.3  Pathobiogenesis 
and Mechanism

This multifactorial disease occurs due to envi-
ronmental as well as genetic factors. It involves 
damage to the macula (a part of retina) which 
causes irreversible loss of central field of vision 
[i.e., sharp/fine details cannot be seen at far and 
near distance (e.g., inability to read, drive, see 
color, and recognize face), or “straight head 
vision loss”]. The exact causes and underlying 
pathophysiological mechanisms for AMD are yet 
to be fully understood. Among several forms of 
AMD, it can be classified primarily into two 
types: dry AMD (involve 90% of cases and 

undergoes slow progression) and wet AMD 
(rarely involves only 10% of the cases and results 
in severe progression). It has been investigated 
that wet AMD affects one eye at a time, and it 
takes nearly more than 5  years of period to 
develop this condition in another eye in the 
majority of the wet AMD population (Birch and 
Liang 2007). The cascade of events and detailed 
mechanisms of progression of the disease have 
been elucidated in Fig. 11.8.

 Several preclinical investigations have estab-
lished the efficacy of nutraceuticals and func-
tional foods rich in antioxidants in conjunction 
with anti-AMD pharmacological treatments. 
However, a new dimension of the role of gut 
microbiome in the pathophysiology of AMD has 
been the focus of scientific attention in recent 
years (Andriessen et al. 2016). The alteration of 
gut microbiota has been associated with various 
intestinal and extraintestinal disorders or inflam-
matory conditions (inflammatory bowel disease, 
colon cancer, obesity, and fatty liver disease) 
causing permeation of endotoxin lipopolysaccha-
rides and pathogen-associated molecular pattern 
molecules, which ultimately induce low-grade 

Table 11.4 Top-listed US FDA approved products for AMD during the last decade in chronological order

Ocular condition Formulation Trade name/company
Active agent/
mechanism of action

Therapeutic 
indication

Approved 
year

Age-related 
macular 
degeneration 
(AMD)

Intravitreal 
injection

Eylea (Regeneron 
Pharmaceuticals)

Aflibercept 
(VEGF inhibitor)

Neovascular 
type AMD

November 
2011

Lucentis (Genentech) Ranibizumab Neovascular 
(wet) 
age-related 
macular 
degeneration

June 2006

Macugen (Eyetech 
Pharmaceuticals)

Pegaptanib (Pfizer) Wet age- 
related 
macular 
degeneration

December 
2004

Injection or 
photosensitive 
therapy/laser 
(non-thermal) 
therapy using red 
light

Visudyne (QLT 
Phototherapeutics)

Verteporfin Wet AMD April 2000

Injection or 
photosensitive 
therapy/laser 
(non-thermal) 
therapy using red 
light

Visudyne (QLT 
Phototherapeutics)

Verteporfin Wet AMD April 2000
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inflammation through pattern recognition recep-
tors. Scientific reports have revealed similar links 
or concepts of “gut–retina axis” in the pathogen-
esis of ocular conditions (such as in case of RPE 
cells in AMD) (Rinninella et al. 2018). Further, 
some studies have underscored the significant 
immunomodulatory role of ocular and non- ocular 
microbiota (low diversity microbiome) and their 
compositional changes in various ocular and reti-
nal disorders including AMD (Ozkan and Willcox 
2019).

11.4.4.4  Dry AMD
The dry AMD (also known as atrophic or non- 
exudative AMD or geographic atrophy) occurs 
due to thinning of the macula with an accumula-
tion of yellowish deposit, a protein ‘lipofuscin’ 
as tiny clumps within the retinal pigment epithe-
lial (RPE) cells known as ‘drusen grow’ which is 

a non-curable condition. The accumulation of 
these clumps leads to the gradual death of associ-
ated photoreceptors, and then, the patients pro-
gressively become blind. It has been found that 
the disease progression of dry AMD is quite slow 
with respect to wet AMD. Dry AMD is often dif-
ficult to diagnose in early stages. The stages of 
AMD are characterized by early, intermediate, 
and late.

The soft drusen of particle size <63 μm indi-
cate early-stage characteristics and dry nature of 
AMD, which are the discreet, round, and slightly 
elevated clumps capable of causing hyperpig-
mentation or hypopigmentation within the RPE 
of the macula and fundus in the eyes. A small 
number of medium drusen (63–125 μm in size) 
also lie under the retina. However, the intermedi-
ate form of AMD is characterized by at least one 
large druse (>125  μm). Late form of AMD is 

Fig. 11.8 Pathophysiology of various types of AMD
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quite threatening leading  to irreversible vision 
loss. The overlying RPE indicates thinning, 
whereas RPE between drusen is indicative of 
thickening (De Jong 2018).

11.4.4.5  Wet AMD
The wet AMD (as known as neovascular or exu-
dative AMD) is the leading cause of central 
vision loss due to macular edema from vascular 
hyperpermeability (i.e., leakage of blood and 
fluid under the macula) and abnormal new blood 
vessel growth behind the macula (Daruich et al. 
2018).

Basically, the movement of the growth of new 
blood vessels occurs from the side of the retina 
and tends to grow toward the center. The newly 
formed blood vessels (which happen to be very 
fragile and tend to leak easily) initiate from the 
choriocapillaris (through Bruch’s membrane) 
under or above the retinal pigment epithelium 
(RPE). Finally, the growth of blood vessels 
moves toward macula within a span of a few 
weeks. The abnormal blood vessel growth tends 
to reoccur even till years. The consequence of 
this growth is hemorrhage, scar formation, retinal 
detachment, and irreversible loss of central field 
of vision with 2 years from the day of its progres-
sion in most of the cases (if left untreated).

The pathophysiological mechanism of AMD 
involves multifactorial pathogenesis. IL-17 path-
way has been reported to be involved in the AMD 
pathogenesis (Parmeggiani et al. 2012; Kauppinen 
et al. 2016). Further, studies have shown that vas-
cular endothelial growth factor (VEGF), a pro-
tein essential in angiogenesis and vascular 
hyperpermeability, is highly associated with wet 
AMD (Pechan et  al. 2014; Al-Khersan et  al. 
2019). Some studies have reported the identifica-
tion of few genetic factors (such as the comple-
ment factor H (CFH) Y402H polymorphism) 
responsible for AMD (Landowski et al. 2019).

Another significant factor that plays a critical 
role in vascular leakage and neovascularization is 
the angiopoietin pathway (Ng et  al. 2017; 
Saharinen et al. 2017). Angiopoietin-2 inhibitors 
such as RG7716 and nesvacumab are under the 
developmental phase and have been investigated 
for their potential role (in the angiopoietin path-

way) by Genentech and Regeneron 
Pharmaceuticals, respectively (Hussain and 
Ciulla 2017). Further, AKB-9778 another mole-
cule under investigation (Aerpio Therapeutics) 
activates Tie-2 an intermediate found in endothe-
lial cells that plays a key role in the angiopoietin 
pathway.

Integrins are transmembrane proteins that are 
involved in regulating cellular adhesion, kinase 
signaling pathways, endothelial cell migration, 
apoptosis, VEGF receptor-2 activation, and vas-
cular development, making them potential targets 
for wet AMD therapy. Two integrin inhibitors, 
Volociximab (Ophthotech) and Luminate (Allegro 
Ophthalmics), have demonstrated good safety in 
phase I trials.

Moreover, several attempts have been made to 
identify biomarkers; for instance, carboxyethyl-
pyrrole and C-reactive protein have been found to 
be associated with the pathogenesis of 
AMD. Investigators while studying the proteomic 
characterization of drusen observed that carboxy-
ethylpyrrole adducts were abnormally high in 
AMD than in normal Bruch’s membrane/RPE/
choroid tissues. The formation of CEP protein 
adducts results from docosahexaenoate contain-
ing lipids (found in abundance in ocular tissues) 
which are responsible for free radical-induced 
oxidative stress in AMD (Crabb et  al. 2002). 
Further, elevated plasma levels of carboxyethyl-
pyrrole adduct and C-reactive protein have been 
reported in AMD donors as well (Renganathan 
et al. 2013; Chirco and Potempa 2018).

Diagnostic Tests These techniques are employed 
to screen and diagnose the condition at various 
stages, which include the Amsler test, preferen-
tial hyperacuity perimetry, shape discrimination 
hyperacuity, macular mapping test, and noise-
field (entoptic) perimetry (Singh et al. 2017).

11.4.4.6  Conversion from Dry to Wet 
AMD

The ground reality is all patients initiate with the 
dry form of AMD in their earlier form of disease. 
At present, there is no diagnostic technique or 
method available to predict the time and state of 
the disease when the dry form will get converted 
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to wet AMD. This is primarily due to the uneven 
pattern of AMD, as sometimes dry AMD results 
in blindness without undergoing conversion into 
wet form. As the dry AMD undergoes slow pro-
gression, it is highly difficult for the patient and 
the physician to detect the initiation point and 
endpoint of the disease. Further, some patients 
suddenly turn into wet AMD and within a span of 
years undergo choroidal neovascularization. 
Therefore, the exact etiology and mechanism of 
conversion of dry state to wet state of AMD are 
fully understood; however, investigations have 
clearly shown that change in the pigmentation 
within the RPE is the prime causative or risk fac-
tor for the conversion of dry AMD into Wet 
AMD.

11.4.4.7  Role of Nanotechnology 
in AMD

With the inception of anti-VEGF aptamers in 
2004 (Macugen, Pegaptanib Sodium; OSI 
Pharmaceuticals, NY, USA) and monoclonal 
antibody in 2006 (Lucentis; Ranibizumab; 
Genentech, California, USA), the growth of bio-
pharmaceutical drug (protein/peptide-based ther-
apies) market has presented spectacular evolution. 
It is estimated that global sales of biopharmaceu-
tical drugs for ophthalmic indications may touch 
$35.7 billion by 2025.

Nanotechnology can provide a possible solu-
tion to manage the AMD by prolonged drug 
delivery, administration of nanoparticle-based 
enzyme formulation to dissolve and metabolize 
lipofuscin intracellularly. The nanotechnology- 
based targeted delivery of anti-VEGF therapies 
would suppress the growth factor and will assist 
in the recurrence of choroid neovascularization 
(Hussain and Ciulla 2017). Table 11.5 represents 
the various nanotechnological platforms for the 
management of AMD along with its associated 
conditions.

11.5  Formulation Issues 
and Challenges with Anti- 
VEGF Therapies

The major challenges associated with the 
intravitreal anti-VEGF therapies are the adverse 
effects that include infectious and non-infectious 

endophthalmitis, retinal detachment, and 
enhanced IOP.

Apart from various significant caveats associ-
ated with the intravitreal administration, sterile 
compounding of intravitreal injections often 
leads to contamination (as no prefilled syringe 
packing is available except ranibizumab) and, 
thus, results in bacterial and fungal endophthal-
mitis. In addition, variable concentrations of 
active drug and silicone oil droplets have been 
reported with repackaged syringes of bevaci-
zumab from the compounding pharmacies. 
Further, the syringes which are often utilized to 
administer anti-VEGF agents are not suitably 
designed for intravitreal administration. 
Therefore, these syringes tend to release silicone 
droplets causing “floaters” which ultimately 
obstruct the patient’s vision. Hence, the issues 
related to sterility, therapeutic efficacy, and vali-
dated packaging of the containers are still 
required to be addressed for better patient 
compliance.

11.6  Novel Agents and Therapies

Among the novel targets, VEGF is one of the 
most significant cellular factors determining the 
growth and proliferation of blood vessels. It has 
become the major target for wet AMD therapies 
such as ranibizumab (Lucentis®), bevacizumab 
(Avastin®), both of which target VEGF-A; 
pegaptanib (Macugen®), a selective inhibitor of 
VEGF165; and aflibercept (Eylea®), which 
inhibits VEGF-A, as well as placental growth 
factor (PGF), has become established treatments 
for wet AMD. Brolucizumab, another anti-VEGF 
molecule likely to get approved by FDA 
(Biological Licensing Application accepted in 
2019), is in phase III clinical trials and can last as 
long as 12 weeks between treatments. Abicipar is 
another drug that is injected into the eye to target 
VEGF. A phase II trial shows that it can last as 
long as 12 weeks. Therefore, longer acting drugs 
can be another possibility to enhance patient 
compliance in wet AMD treatment. Another mol-
ecule, OPT-302, targets VEGF forms C and D, 
which is under phase II trials and injected in 
combination with a traditional VEGF inhibitor. 
US FDA has also approved various treatments 
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and therapies for neovascular age-related macu-
lar degeneration (AMD) and complications asso-
ciated with diabetic retinopathy requiring 
frequent anti-VEGF intravitreal injections.

Anti-VEGF therapies are injected into the vit-
reous, where they bind to abnormal VEGF pro-
teins and prevent them from stimulating further 
blood vessel growth and leakage. Therefore, fre-
quent intravitreal injections require technicians 
to handle the patient and precision-based deliv-
ery. However, it becomes burdensome for the 
patient as well as for the practitioners to provide 
injection therapy at regular intervals and some-
times involves the risk for surgery.

Nanotechnology has contributed immensely 
to innovating noninvasive therapeutic platforms 
or minimally invasive technologies that are under 
various phases (phase I/II or III) of clinical inves-
tigation for the safe and effective administration 
of anti-VEGF therapies in AMD as displayed in 
Table 11.6. Most recently, a surgically refillable 
port delivery system (PDS) which can be refilled 
(once the delivery system runs out of the drug 
completely) in the wall of the eye for slow release 
of drug Lucentis® is in phase II trials and is 
expected to complete in 2019. This novel 
approach may provide a big relief to wet AMD 
patients requiring frequent intraocular injections. 
Sunitinib, another anti-VEGF receptor agent, is 
in phase II trials and has shown good potential as 
a sustained-release depot (known as version 
GB-102) by injecting into the eye as well as for 
oral administration (known as version X-82). 
Moreover, some physicians have reported 
patients becoming nonresponsive or less effective 
to repeated anti-VEGF injection therapies at 
some point in time during the therapy. Hence, 
this prompted the ophthalmic clinicians to look 
for new targets in wet AMD.

11.6.1  Stem Cell Therapies

Various reports have shown the induction of 
pluripotent stem cells (iPSCs) which differentiate 
into photoreceptors and RPE cells and integrate 
into the host cell structure to significantly 
improve the retinal function in retinal dystrophic 

and degenerative rat and mouse models 
(Kanemura et  al. 2014). Further, stem cells are 
also being injected into the eye in trials for dry 
AMD.  Some studies have revealed that if stem 
cells are injected precisely within the clinical tri-
als, they can be therapeutically helpful; however, 
treatments outside clinics with imprecise local-
ization and insertion may result in loss of vision. 
Some initial studies revealed improvement in the 
visual activity of patients (in the order of 9–19 
letters on visual acuity test) within few months of 
the subretinal ESC transplantation in the Asian 
population affected with wet AMD.  The study 
showed the huge potential of stem cells as a 
regenerative therapy in AMD (Song et al. 2015). 
Furthermore, in another investigation, subretinal 
transplantation of iPSC-derived RPE cells was 
premeditated in advanced wet AMD patients. 
Although no improvement in the visual acuity 
was observed, however, no worsening of the con-
dition post one year of transplantation was 
reported (Mandai et al. 2017). The study yielded 
no significant outcome in terms of therapeutic 
efficacy, but still it is a big matter of investigation 
and debate that why the diseased condition was 
not progressed. Thus, in the light of above facts, 
it can be implied that the role of stem cell therapy 
is still in its nascent stages and more investiga-
tions are required to implement this therapy at a 
specific endpoint of the disease for better results.

11.6.2  Gene Therapies

More attention has been paid to the potential of 
gene therapy in AMD, the delivery of nucleic 
acid polymers into host cells to treat retinal dis-
eases in recent times. The gene therapy could be 
exploited to ameliorate the burden of chronic 
intravitreal therapy via the expression of anti- 
VEGF proteins. Phase I investigations have 
shown the application of adeno-associated virus 
vector (such as AAV2 and AAV8 encoding genes 
for anti-angiogenic proteins) delivered RPE 
derived factor gene in advanced stages of neovas-
cular AMD (Moore et al. 2017). Further, endog-
enous expression of various VEGF inhibitors 
(such as soluble fms-like tyrosine kinase-1 and 
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sFLT-1) has also been explored for binding and 
neutralizing VEGF-A.  It is a well-documented 
fact that the success of gene therapy for manage-
ment of AMD depends on various factors such as 
selection of therapeutic protein, expression level, 
associated adverse effects, optimized vector, pro-
moter, and method of transfection.

RGX-314 is an anti-VEGF treatment delivered 
by AAV-associated gene therapy that has been 
approved by the FDA for another disease known 
as Leber’s congenital amaurosis. This could pave 
the way to the potential application of gene thera-
pies in diverse retinal conditions of AMD.

11.6.3  Complement-Associated 
Specific Targeted Therapies

The complement system, an intrinsic component 
of innate immunity, imparts a significant role in 
maintaining immune surveillance and homeosta-
sis of ocular microenvironment (Park et al. 2019). 
The mechanism of complement disease dissemi-
nation is yet to be fully understood. However, the 
targeted modulation of complement specific pro-
teins has emerged as a viable therapeutic 
approach to mitigate disease progression in 
AMD. Studies have shown the potential applica-
tion of complement cascade inhibitors to target 
the modulation of complement proteins C3, C5, 
factor B, factor D, and properdin in AMD as 
listed in Table 11.7.

A phase II trial for new molecule APL-2 in com-
bination with anti-VEGF agent is under investiga-
tion for the inhibition of complement factor C3. 
Avacincaptad pegol (Zimura®) is another drug 
targeting a different complement protein, C5. The 
literature studies have revealed dysregulation of 
gene encoding complement factor H, and patients 
having a copy of Y402H polymorphism (a tyro-
sine-to-histidine substitution at amino acid posi-
tion 402 within the CFH protein) are more 
susceptible to AMD (approximately fivefold 
increase in risk). Other factors are B, D, C2, and 
C3, and I have also been observed to be associated 
with the risk of AMD. Various other clinical stud-
ies of Potentia (C3 inhibitor), ARC1905 (C5 
inhibitor), eculizumab  (humanized monoclonal 
antibodies binding C5), Tanox (complement fac-
tor D inhibitor), and TA106 (complement factor B 
inhibitor) are also under investigation to assess 
the role of complement system in AMD.

11.6.4  Targeting Factors/Pathways—
IL-7, Rap1 GTPase

The inflammatory response in macula along with 
various inflammatory biomarkers such as IL-7, 
cytokines has been found to be associated with 
AMD. The members of interleukin family which 
primarily play a vital role in the pathogenesis of 
AMD are IL-17A cytokine and IL-17 receptor 
(R)-C.  Therefore, the targeting of IL-17, 
IL-17R-C, or cells producing IL-17 may mini-

Table 11.7 Some significant clinical trials for various complement-based therapeutics in AMD (credit: https://clinical-
trials.gov)

Agent/therapy Target Class Clinical indication Phase (P)/trial no.
CLG561 (Novartis) Properdin Antibody AMD P2 (NCT02515942)
APL-2 (Apellis) C3 Peptide 

(PEGylated)
Geographical 
atrophy

P2 (NCT02503332)

LFG316 (Novartis) C5 Antibody AMD P2 (NCT02763644)
Zimura (Ophthotech) C5 Aptamer AMD P2/3 (NCT02686658)
Lampalizumab 
(Genentech)

Factor D Antibody AMD P3 (NCT02247531)

IONIS-FB-Lrx Factor B Antibody AMD P2 (NCT03446144)
AMY-101 C3 Peptide Complement- 

mediated diseases
P1 (NCT03316521)
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mize the retinal degeneration and could be con-
sidered as a potential therapeutic target for AMD.

Rap1 GTPase (small guanosine triphospha-
tase, GTPase) is involved in regulating both 
endothelial and epithelial cell junctions (critical 
factor involving RPE barrier function leading to 
the development of AMD) (Wittchen et al. 2013). 
Recently in 2018, Li et al. investigated the func-
tional role and mechanism of Rap 1  in CNV 
in vivo (laser-induced CNV rat model) (Li et al. 
2018). It was observed from the findings that 
activation of Rap1 using 8CPT-2′-O-Me-cAMP 
was able to produce a significant reduction in 
CNV size and VEGF expression.

11.6.5  Miscellaneous Therapies

Several agents such as Oracea® (an antibiotic 
famously known as doxycycline) are under phase 
II/III investigation for the possible anti- 
inflammatory effects, which could be beneficial 
in patients with geographic atrophy (or dry 
AMD). Antidiabetic drugs like metformin have 
also been explored for an anti-inflammatory role 
in AMD.  Agents such as lipoic acid are being 
tested in dry AMD patients for their antioxidant 
properties. This agent has shown immense appli-
cation by protecting the retinal degeneration in 
preclinical models of mice.

11.7  Conclusions and Current 
Perspectives

The confined position of the eye and the challeng-
ing eye conditions make it an excellent target for 
the development and testing of minimally inva-
sive, safe, and effective nanomedical technologies. 
Further, the global market has also shown tremen-
dous expansion over the last decade as eye dis-
eases like macular degeneration, glaucoma, and 
diabetic retinopathy had hugely impacted the 
health care costs. Recent trends in ocular drug 
delivery care have demonstrated novel technologi-
cal platforms based on nanoscale systems that can 
be rapidly and successfully translated into clini-

cally relevant treatments in the eye. Implantable 
devices such as nano-ocular pumps are capable of 
dispensing nanoliter-sized dose delivery for the 
management of glaucoma and AMD.

Nanotechnological tools have produced tan-
gible solutions by facilitating innovative 
approaches generated by the clinical knowledge 
based on pathophysiological mechanisms. For 
example, nanodevices and nanosystems are capa-
ble of determining the physiology of the ocular 
tissues and cells (IOP or oxygen tension), valves 
for glaucoma drainage, prosthetics for ion chan-
nels (which are sensitive to light and can cure 
blindness), and tools for surgical intervention 
based on nanoneedles and nanotweezers.

Further, design of contact lenses with novel 
applications, integration of gels into drug deliv-
ery devices like intraocular pumps, injections, 
and implants have been devised to reduce the 
burden of comorbidities caused by emerging ocu-
lar conditions such as glaucoma, diabetic reti-
nopathies, and AMD. The current summarization 
of literature is an attempt to provide a critical 
appraisal of the clinical aspects with pathophysi-
ological bases while employing nanotechniques 
and novel drug delivery systems used in the char-
acterization of ophthalmic products along with a 
thorough insight into the safety and biocompati-
bility of these systems. Finally, a new dimension 
has been added in the ocular drug delivery seg-
ment with the design of stimuli-responsive gels, 
molecularly imprinted gels, and 3D printed nano-
gels/hydrogels; 3D printed devices comprise 
ophthalmic gels. This novel application of gell-
ing systems would generate huge currents in the 
treatment and management of ocular drug deliv-
ery markets by paving a way forward in the pro-
duction of artificial corneas, corneal wound 
healing, and hydrogel-based contact lenses.

In the light of above-discussed summary, it 
can be remarked that nanotechnology-based 
treatments offer immense potential and applica-
tion in overcoming the complications (such as 
diffusional limitation and ocular barriers) by 
improving the therapeutics in the field of ocular 
nanomedicine, nanodevices, and tissue regenera-
tion. It can revolutionize the methodology of 
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 ocular drug delivery (such as treatment-based 
IOP-independent therapies in glaucoma) via 
 targeted or controlled or microelectromechanical 
approaches.
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Abstract

Vision is the most principal sensory organ 
present in every organism. The mechanism of 
vision lies behind the ocular cells and various 
nerves associated with it. Thus, impairment 
of any of them leads to a faulty photorecep-
tor. The defect in the eye can be treated by 
various approaches like refractive surgery, 
wearing lens or glasses, drug therapy, or 
nanoformulation. Among all therapy, nano-
formulation is the new strategy for the treat-
ment of ocular diseases which can easily pass 
the ocular barrier and the drug can be tar-
geted at its right place. Thus, nanoformula-
tions are used to treat optic neuropathy, 
choroidal neovascularization, diabetic reti-
nopathy, and intraocular solid tumors. 
However, with the wide application, the tox-
icity of nanoformulation is also reported 
from various parts of the eye like eyelids, 
lacrimal apparatus, conjunctiva, periorbital 
tissues, cornea, lens, ciliary body, iris, retina, 
and optic nerve. The current chapter summa-
rizes the effect of different drugs and nano-

formulation on ocular cells. 
Nanocarrier- based delivery of polynucleo-
tide at ocular tissue has also been discussed 
briefly in this chapter.
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12.1  Introduction

The eye is the most governing receptive organ 
present in our body for visual perception. 
Ninety- five percent of the sensory signal to our 
body comes through the eye. Thus, any defect in 
the eye affects the quality of life severely. The 
proper function of the eye depends on the ocular 
cells (epithelial cells, fibroblasts, keratocytes, 
and trabecular meshwork cells), transparent tis-
sues, and ocular barriers present within it. 
However, in a disease condition like glaucoma 
and eye-related neurodegenerative disorder, the 
intraocular cells and tissues are altered and lead 
to improper function of visual perception. With 
growing age, dry eye condition is observed, 
which can damage the ocular surface. In the US, 
more than 4 billion dollars spent per year for the 
treatment of visual impairment (Frick et  al. 
2007). In some eye diseases, visual acuity is 
altered, inflammation is found, and macular 
degeneration occurs which leads to a progres-
sion of vision loss. To target the drug in the right 
area, it is essential to have a proper method to 
deliver the drugs. The ocular drug transporters 
such as MRP1 (Juuti-Uusitalo et  al. 2012; 
Sreekumar et al. 2012), MRP2 (Vadlapatla et al. 
2013), MRP5 (Mannermaa et  al. 2009), P-gp 
(Zhang et  al. 2012), BCRP (Vadlapatla et  al. 
2013), and metabolizing enzyme have an inher-
ent contribution to the activity of ocular cells 
(del Amo et al. 2017). Metabolic enzymes have 
a role in improving the extent of drug delivery to 
the different ocular cells (Argikar et al. 2017). 
These enzymes have a significant function in the 
metabolism of the drug and other nanoformula-
tion. Ocular epithelial and endothelial cells pos-
sess various membrane transporters, which have 
a significant role to deliver drugs to different 
target sites (Mitra 2009). The anterior and pos-
terior region of the eye possesses a tight cellular 
barrier, which regulates the flow of intraocular 
fluid. Topical application of eye drops is used 
for the intervention of anterior segment associ-
ated eye diseases. However, bioavailability is 
very less owing to the presence of various ocu-
lar barriers. Nanoformulations have the poten-
tial to cross the barriers for the efficient delivery 

of drugs. Thus, different strategies have been 
adopted for the controlled delivery of the drugs 
to the target site. Various polymeric nanoparti-
cles have been engineered to load a large amount 
of drug to increase the controlled release/sus-
tained release of drug for a protracted period of 
time.

With the advancement in nanotechnology, the 
ophthalmologist uses an advanced drug delivery 
system and devices for the long-term release of 
drug at the target sites (Fig.  12.1). In cataract, 
dry eye, inflammation, glaucoma, infectious dis-
eases, injuries, or trauma, the anterior segment 
of the eye is affected. The cornea is the initial 
barrier to prevent drug to pass through the eye. 
The drug clearance rate is 15–30 sec in the ante-
rior region of the eye in case of topical applica-
tion (Shell 1982). Drug applied through the 
topical route traverses the static barrier (blood-
aqueous barrier, corneal epithelium, corneal 
stroma) and dynamic barrier (flow of conjuncti-
val blood, lymph, and drainage of tear) to reach 
the eye anterior segment (Ghate and Edelhauser 
2006; Gaudana et al. 2010). Such types of barri-
ers control the transportation of drugs and other 
substances. Corneal epithelial cells possess the 
tight junction which controls the paracellular 
transport of drugs. Lipophilic drugs are modu-
lated by the carrier-mediated P-glycoprotein 
(P-gp) transporters (Dey et  al. 2003; Elsinga 
et al. 2004).

12.2  The General Structure 
of the Eye, Cells, and Disease 
Associated with It

The human eye function like a bio-microma-
chine with complete harmonization and coop-
eration with various tissues like muscle 
contraction in the eye and a reflection of light 
through the pupil. The eye has two segments: (i) 
anterior segment and (ii) posterior segment 
(Fig. 12.2). One-third part of the eye is consti-
tuted by the anterior segment and the rest by the 
posterior segment. The anterior segment 
includes the ciliary body, cornea, tear film, con-
junctiva, iris, and aqueous humor. The posterior 
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segment includes the retina, Bruch’s membrane, 
sclera, choroid, and vitreous humor (Cholkar 
et  al. 2013). To maintain the electrolytes and 
fluid homeostasis in the eye, different ocular 
barriers have played an important role. These 
barriers include: (a) retinal pigment epithelium 
(RPE), (b) ciliary body epithelium (CBE), (c) 
corneal epithelium, (d) iris blood vessel endo-
thelium, and (e) inner barrier of the retina which 

is composed of retinal capillary endothelial 
(RCE) cells. Out of these barriers, the blood- 
ocular barriers consist of two components: (i) 
blood-aqueous barrier and (ii) blood-retinal 
 barrier. The blood-aqueous barrier has tight 
junction formed by ciliary epithelial cells and 
iris vascular endothelium. It is situated in the 
anterior region of the eye. It prevents the entry 
of exogenous materials into the posterior seg-

Fig. 12.1 Various modes of administration of drugs for the eye

Fig. 12.2 Diagrammatic representation of a human eye depicting various structures
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ment and helps to maintain the chemical equi-
librium of intraocular fluid (Freddo 2001). 
Blood-retinal barrier is situated at the posterior 
segment of the eye, and it comprises two differ-
ent types of cells, i.e., (i) RCE and (ii) RPE 
(Cunha-Vaz 1997; Runkle and Antonetti 2011).

To deliver the drug at the vitreous and retina 
region requires the intravitreal administration of 
drugs because the intravenous administration 
requires a high dose. Oral dose doesn’t have any 
significant impact since it allows only 1–2% of 
the total drug present in the plasma to reach the 
eye posterior segment. A higher amount of oral 
dose known to have many side effects (Selvin 
1983). Lacrimation and tear film formation has a 
deep impact on the ocular surface including con-
junctiva and cornea. It prevents the dryness of 
the eye by avoiding the attack of external irri-
tants. The eye surface doesn’t have any blood 
vessels on the surface; thus, only tear film helps 
to supply oxygen and other nutrients to the eye 
(Craig et al. 2000; Montes-Mico 2007). Including 
all these, tear film helps to lubricate the eye. Its 
secretion is controlled by the lacrimal gland, lac-
rimal sac, orbital gland, ocular surface epithe-
lium, nasolacrimal canal, superior/inferior 

lacrimal puncta, and superior/inferior lacrimal 
canal (Rolando and Zierhut 2001). The tear film 
is composed of nutrient, lipid, electrolytes, pro-
tein, and mucin having pH 7.3 to 7.7. It helps to 
maintain the health of the eye surface by secret-
ing some antimicrobial proteins like lysozyme, 
lipocalin, immunoglobulin IgA, lactoferrin, and 
peroxidase (Fullard and Tucker 1994). All bio-
logical barriers have a significant role in regulat-
ing the traverse of the administered drugs and 
other molecules to access the anterior and poste-
rior region of the eye.

12.2.1  Various Eye Diseases

The cornea provides physical protection to the 
inner part of the eye, and thus, it acts as a protec-
tive barrier to epithelial cells and inner ocular tis-
sue. Eye diseases are caused by a different reason. 
It has been noted that a mutation in the drug 
transporters protein can cause ocular disease. 
Such disease includes: (i) pinpoint white lesions 
of the choroid/angioid streaks, (ii) retinitis pig-
mentosa, and (iii) comet-like streaks. The classi-
fication of eye disease is given below. 
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12.2.1.1  Age-Related Macular 
Degeneration (AMD)

It is one of the preceding causes of blindness. It is 
caused by the upregulation of vascular endothe-
lial growth factor (VEGF). The macula/macula 
lutea is the oval-shaped central posterior part of 
the retina which comprises the photoreceptors 
and is creditworthy for high-resolution visual 
acuity. The posterior part of the photoreceptor 
has the retinal pigment epithelium. Focal 
dethronement of acellular polymorphous debris 
near the retinal pigment epithelium causes the 
formation of drusen, a pale yellowish lesion of 
63–124 μm in diameter (Bird et al. 1995). Drusen 
is the hallmark of AMD and is observed in people 
over more than 50 years. Damage to the retinal 
pigment epithelium is observed in severe cases. 
AMD can be detected by injecting intravenous 
fluorescein or indocyanine green and taking an 
angiography to identify the choroidal neovascu-
lar lesions. Conventional therapy includes the 
intravitreal dose of anti-VEGF molecules, dexa-
methasone, and photodynamic therapy, alto-
gether known as triple therapy for AMD 
(Yip  et  al. 2009). A genetic approach for the 
treatment includes the vector-interceded intravit-
real gene transfer of antiangiogenic cytokine and 
PEDF (pigment epithelium-derived factor). 
Antiangiogenic cytokine halts the formation of 
choroidal neovascularization (Campochiaro et al. 
2006). Bevasiranib is the small interfering RNA 
molecule specially designed to silence the VEGF 
RNA, and it leads to the inhibition of choroidal 
neovascularization (Chiang and Regillo 2011) in 
the ocular compartment. Nanoformulation avail-
able for the treatment of AMD is aflibercept 
(AFL), which is encapsulated in the polylactic- 
co- glycolic acid (PLGA) (Kelly et  al. 2018), a 
nanoparticle synthesized by the double emulsion 
diffusion method (Kelly et al. 2018). PLGA NPs 
are used as sustained drug delivery carrier with 
minimal side effect and low toxicity (Vandervoort 
and Ludwig 2002; Carroll et  al. 2010). The 
encapsulation efficiency of this nanoparticle is 
about 75.76% with good drug loading capacity. 
AFL encapsulated with PLGA NPs inhibits the 
VEGF and thus protects the eye from degenera-
tion (Kelly et al. 2018). Cytotoxicity study also 
confirmed that the AFL is nontoxic to ocular cells 

(Subhani et al. 2016). Nanochitosan peptide also 
has potential for treatment of AMD. The peptide 
sequence consists of serine-threonine-tyrosine 
which acts as a transduction signalling agent 
between the retinal pigmented cells (Jayaraman 
et al. 2012). Nanochitosan conjugated with pep-
tide shows the tyrosine kinase activity in the ocu-
lar cells (Jayaraman et  al. 2012). Chitosan 
conjugated with peptide acts as an extracellular 
matrix of ocular cells, which act as a scaffold for 
the attachment of syndecans, integrins, and gly-
cosylated transmembrane adhesive receptor 
(Yamagata et al. 2007). It ultimately regulates the 
antiangiogenic activity in ocular cells (retinal 
epithelium cells). FDA has already approved 
three different anti-VEGF agents for treatment of 
ocular disability or neovascularization: ranibi-
zumab, pegaptanib, and aflibercept (Subhani 
et al. 2016). The designed material has specificity 
to target the retinal pigment epithelium for treat-
ment of AMD.  Polymeric nanoparticle loaded 
with doxorubicin also inhibits hypoxia-induced 
factor-1α (HIF-1α) (Kelly et  al. 2019). HIF-1α 
upregulates the VEGF.

12.2.1.2  Glaucoma
In glaucoma, the permanent vision loss occurs by 
the degeneration of retinal ganglion cells (RGCs). 
It is broadly classified as the (i) open-angle glau-
coma and (ii) angle-closure glaucoma. RGCs are 
the part of the central nervous system which has 
their cell body in the inner part of retina and axon 
lies in close proximity to the optic nerve (Vrabec 
and Levin 2007; Gupta and Yucel 2007). At an 
early stage, the symptoms are not detectable. 
Although the pathophysiology of glaucoma needs 
further investigation, it is known that the elevation 
in intraocular pressure causes the death of RGCs. 
The imbalance in secretion from the aqueous 
humor, ciliary body, and its drainage through the 
uveoscleral outflow and trabecular meshwork dis-
turbs the intraocular pressure. In case of open-
angle glaucoma, increment in resistance to 
aqueous outflow in trabecular meshwork has been 
observed. In case of angle-closure glaucoma, 
drainage pathway is occluded by the iris muscles 
(Quigley 1993; Stone et  al. 1997; Kwon et  al. 
2009). Elevated intraocular pressure causes the 
increase in mechanical stress at the posterior seg-
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ment of eye including the lamina cribrosa and its 
adjacent tissue (Quigley et al. 1981). It results in 
distortion of lamina cribrosa and subsequently 
axonal scathe and disruption of axonal transport. 
Ultrastructural modification in the optic nerve 
fiber has been observed in a few cases. Myocilin 
(MYOC, GLC1A) (Stone et  al. 1997) and opti-
neurin (OPTN, GLC1E) (Stone et  al. 1997; 
Rezaie et al. 2002) are the genes responsible for 
glaucoma. Various strategies adopted to treat 
glaucoma by reducing intraocular pressure. 
Several prostaglandin analogues are used to lower 
intraocular pressure (Stewart et  al. 2008). 
Commercially available nanoformulation for the 
intervention of glaucoma includes latanoprost, 
travoprost, bimatoprost, and tafluprost which is 
available as the cationic oil-in-water-type nano-
emulsion (Lallemand et  al. 2011; Ako-Adounvo 
et  al. 2014; Bennett 2016). Such type of nano-
emulsion is prepared by using the medium-chain 
triglycerides and benzalkonium chloride (Philips 
et al. 2012). Oil/water emulsion with neutral zeta 
potential loaded with prostaglandin analogue is 
the nanoemulsion used for the glaucoma treat-
ment (Carli et al. 2013). Nanoemulsion prepared 
with tetrahydrocannabinol-valine-hemisuccinate 
was tested on rabbit eye (as a model for glau-
coma), which reduces the intraocular pressure in 
the ocular segment (Taskar et al. 2019). It is for-
mulated in the form of lipid-based nanoparticu-
late carrier which decreases the aqueous humor 
production and results in a 31% drop in intraocu-
lar pressure (Taskar et al. 2019). It permeates the 
significant amount of drug in ocular tissue with 
good bioavailability. The current existing treat-
ment strategy for glaucoma includes the prosta-
glandins analogues, beta-blockers, adrenergic 
agonists, adenosine receptor agonist, carbonic 
anhydrase inhibitors, cyclin-dependent kinase 
inhibitors, and cholinergic agents(Supuran et  al. 
2019). Carbonic anhydrase inhibitors loaded with 
nanocarriers diminish the ocular pressure in glau-
coma patients by reducing the formation of bicar-
bonate in aqueous humor region of eye (Supuran 
et  al. 2019). Carbonic anhydrase catalyzes the 
CO2 hydration which is required for many physi-
ological processes including homeostasis of 
bicarbonate ion in aqueous humor and this 
enzyme is expressed in ocular cells. Mucoadhesive 

microparticles as a carrier for dorzolamide has 
specifically enhanced the retention time of drug in 
ocular site (Fu et  al. 2016; Park et  al. 2017). 
Poly(ethylene glycol)-co- poly(sebacic acid)-
based nanoformulation shows the long-lasting 
effect in terms of reduction of intraocular pressure 
in rabbit eye (Fu et al. 2016). Dorzolamide-loaded 
nanoliposome is biocompatible and nontoxic, and 
it can retain its loading capacity as well as physi-
cochemical properties up to several months after 
its preparation (Kouchak et  al. 2018) without 
causing any harmful effect at ocular site. 
Dorzolamide-loaded proniosomal gels (Fouda 
et al. 2018) and acetazolamide-loaded mucoadhe-
sive chitosan- dextran sulfate (Manchanda et  al. 
2016) were also reported which significantly 
reduce the intraocular pressure.

12.2.1.3  Cataract
A cataract is an ocular metabolic disorder, 
wherein the metabolic activity becomes highly 
saturated and some reactive and toxic metabolites 
form which can cause tissue damage in the ocular 
region. A cataract is associated with the cortical, 
nuclear, and posterior subcapsular region in the 
eye (Cruickshanks et  al. 1992; Delcourt et  al. 
2000a, b). Univalent reduction of oxygen also 
leads to metabolic reaction, which causes the 
generation of reactive oxygen species, i.e., super-
oxide, hydroxyl, and hydrogen peroxide radical. 
It is identified by the clouding (opacification) of 
eye lens with vision impairment (Moreau and 
King 2012). Lucidity of the eye lens is due to 
functional lens protein α, β, and γ crystallins 
(Moreau and King 2012). Lens protein undergoes 
oxidation and induces the opacification of the 
lens. Interaction between different proteins (α 
and γ crystallins) in the eye lens induces the 
transparency of the lens. The conformational 
change which occurs due to the oxidation of Cys- 
131 and Cys-142 (Takemoto 1996) causes oxida-
tive stress. Alteration of osmotic pressure in the 
ocular region induces the swelling in the eye lens 
due to increased hydration and decrease in 
Na  +  K-ATPase activity. Alteration of osmotic 
pressure is associated with aging. However, it is 
also seen in children and neonates after eye inju-
ries, inflammation, or other eye-related 
complication.
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Factors like cigarette smoking, heredity, fre-
quent exposure to UV light, race, nutritional 
inadequacy, and diabetes cause or worsen the 
cataract (Khanna et  al. 2013). The treatment 
strategy adopted is the surgical removal of the 
opaque lens. Nonsurgical therapy includes the 
multifunctional antioxidant dose which has free 
radical scavenging and chelation activity. It is 
also available in the form of nanoformulation 
(Tzankova et  al. 2019). Prodrug of carnosine, 
N-acetylcarnosine has been developed which 
controls the lipid peroxidation and ROS genera-
tion in the posterior subcapsular region of the eye 
(Babizhayev et  al. 2002). Natural antioxidant 
molecules prevent the formation of free radicals 
which can damage the eye lens cells (Moure et al. 
2001). These antioxidant molecules are reducing 
agents such as carotenoids, flavonoids, polyphe-
nols or thiols, vitamins, phenolic acid, and lacto-
ferrins which can terminate the free radical chain 
reaction (Moure et al. 2001). Topical application 
of nanoformulation could be adopted as a new 
strategy for the treatment of cataract (Lee and 
Robinson 1986). Biodegradable nanoformulation 
of chitosan which carries the indomethacin and 
cyclosporine A has the controlled release effect 
and enhanced drug penetration and absorption 
from the cornea (Badawi et al. 2008). Few more 
studies conducted on animal model have sug-
gested that the alginate as a carrier for gatifloxa-
cin (Liu et  al. 2006), carboxy methyl 
cellulose-based nanocarrier for tropicamide 
(Herrero-Vanrell et  al. 2000), polyethylene gly-
col and poly(ethyl) cyanoacrylate-based carrier 
for acyclovir (Fresta et al. 2001), and polylactic 
acid and polyglycolide-based carrier for vanco-
mycin (Gavini et al. 2004) can enhance the macu-
lar adhesion and minimize the drug loss from 
tear. Eudragit-based nanocarrier containing flur-
biprofen (Pignatello et  al. 2002), pluronic for 
timolol maleate (El-Kamel 2002), and polyvinyl 
alcohol as a carrier for ciprofloxacin (Budai et al. 
2007) have enhanced the bioavailability of drugs 
at the ocular site. Some other biodegradable and 
biocompatible nanocarriers like hydroxypropyl 
methylcellulose (Liu et al. 2006), hyaluronic acid 
(Yenice et  al. 2008), Carbopol (Aggarwal et  al. 
2007), and hydroxyethyl methacrylate (Eljarrat- 
Binstock et al. 2004) are known which enhance 

the pharmacokinetics and pharmacodynamics 
property of the encapsulated drugs at the ocular 
region. Nanoencapsulation of different antioxi-
dant molecules can enhance the bioavailability as 
well as therapeutic potential of active molecules. 
Encapsulation of corticosteroid, triamcinolone 
acetonide, or dexamethasone with a negatively 
charged polymeric system composed of polycap-
rolactone and pluronic shell has the potential to 
minimize the steroid-induced cataract by mini-
mizing the bioavailability of steroid in posterior 
subcapsular region of the eye (Srinivasarao et al. 
2019).

12.2.1.4  Fungal Keratitis
It is characterized by the inflammation of the cor-
nea. The fungus responsible for such infection 
includes Candida tropicalis, C. albicans, C. kru-
sei, C. glabrata, and C. parapsilosis (Goldschmidt 
et al. 2012). In a healthy eye, the fungus cannot 
access to the cornea. But in an inflamed cornea, 
fungus and other pathogens can easily enter. In 
the worst condition, it may cause corneal ulcer-
ation and stromal inflammation. The conven-
tional approach of the treatment includes the 
antifungal eye drops. Natamycin is the FDA- 
approved drug for fungal keratitis, and its corneal 
targeted nanoformulation has shown good bio-
availability (Chandasana et  al. 2014). 
Nanoparticle synthesized by the nanoprecipita-
tion method has high drug entrapment efficiency 
(Das et  al. 2010). Polycaprolactone NP and 
polycaprolactone- poly-D-glucosamine nanopar-
ticles carry a positive surface charge which 
encapsulates natamycin and are effective in low 
dose as well as in less dosing frequency 
(Chandasana et  al. 2014). Its pharmacokinetics 
and pharmacodynamics indices have been also 
compared with marketed preparation which has 
shown its high therapeutic value. It has high 
affinity for corneal surface due to positive surface 
charge of NP. Ocular irritancy test was done in 
animal model by Draize test (Huhtala et al. 2008) 
which has shown the positive result. Solid lipid 
nanoparticle as a carrier for voriconazole is com-
posed of Compritol and palmitic acid with polox-
amer and soyalecithin as a surfactant and sodium 
taurocholate as a co-surfactant which enhance 
the corneal drug permeation (Kumar and Sinha 
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2016) and have high bioavailability in aqueous 
humor region. Amphotericin B-encapsulated lec-
ithin/chitosan nanoparticle for ocular delivery 
has mucoadhesive property with high precorneal 
residence time (Chhonker et al. 2015). Chitosan 
enhances the precorneal residence time through 
interaction with negatively charged ocular sur-
face which ultimately minimizes the drug loss.

Microemulsion form of voriconazole has been 
formulated which is efficient for ocular delivery, 
and it possesses the antifungal activity (Kumar 
and Sinha 2014). In vitro release studies have 
confirmed the sustained release of drug at the 
corneal cells. Poly-(lactide-co-glycolide) 
nanoparticle loaded with voriconazole improves 
the agglomeration of drug particles (Peng et al. 
2008). These formulations remain stable when 
dispersed at the site of action. Nanoformulation 
of voriconazole exhibits threefold higher perme-
ation rate at the cornea in comparison with drug 
suspension form. Nanostructured dendrimer- 
based hydrogel is effective in regulating the cor-
neal laceration and promoting wound healing in 
case of inflammation caused by fungus or any 
other microorganism (Oelker et al. 2011). Novel 
therapy employed the use of polymer for encap-
sulating shRNA which act against VEGF for 
reducing the corneal neovascularization in  vivo 
(Gonzalez et al. 2013). Many lipid-based nano-
carriers also exist which can deliver the antifun-
gal drug with a high propensity to prevent the 
inflammation and kill fungus.

12.2.1.5  Retinoblastoma (RB)
It is the formation of malignant tumor which 
affects the retina and it is commonly seen in a 
child below 5 years of age (Lansingh et al. 2015). 
It is caused by the mutation in the tumor suppres-
sor gene rb1 which encode for the retinoblastoma 
protein and it is responsible for the development 
of tumor in the ocular region (Van Quill et  al. 
2005). Formation of a tumor may be unifocal or 
multifocal. It could be treated by radiotherapy, 
surgery, systemic chemotherapy, and cryother-
apy. Systemic administration of the drug has very 
low ocular bioavailability due to the blood-retinal 
barrier. Folate-decorated nanomicelle loaded 
with curcumin analogue is a novel therapy for 
targeting retinoblastoma (Alsaab et al. 2017). It 

targets the folate receptor, and thus, the drug gets 
internalized by the folate receptor-mediated 
endocytosis. Carboplatin-containing protein 
nanoparticles display antiproliferative activity 
against retinoblastoma (Ahmed et al. 2014). The 
presence of the charged group in the protein NP 
supports the easy drug entrapment, and it also 
supports permeability through the blood-retinal 
barrier, e.g., doxorubicin. Carboplatin is used as 
an anticancer drug to treat RB. However, it has 
several number of side effects such as renal toxic-
ity, neutropenia, thrombocytopenia, and hepato-
toxicity (Abramson et  al. 1999). The clinical 
significance of this therapy is also limited to 
some extent due to its rapid blood clearance, sys-
temic toxicity, and resistance to cancer cells 
(Chan et al. 1989).

Aptamers are chimerized with drugs or differ-
ent nanoparticles to target the tumors in case of 
cancer or retinoblastoma (Subramanian et  al. 
2015). RNA aptamer conjugated with doxorubi-
cin and encapsulated in nanoparticles can target 
the retinoblastoma (Subramanian et  al. 2018). 
Folic acid conjugated with silica nanoparticles 
containing topotecan is also effective against reti-
noblastoma (Qu et al. 2018). NP surface coated 
with folic acid enhances the therapeutic efficacy 
by regulating the sustained release of drug in 
physiological conditions. It follows the receptor- 
mediated endocytosis mechanism for internaliza-
tion of drug molecules. The folic acid receptor is 
highly expressed in retinoblastoma cells. Thus, 
NP is fabricated with folic acid to enhance the 
activity.

12.2.1.6  Conjunctivitis
It is characterized by an inflammatory condition 
to the conjunctival tissue. It is mostly caused due 
to the infection in microbes like bacteria (Walker 
and Claoue 1986; de Kaspar et al. 2005), viruses 
(Kaufman et al. 1968), and fungi (Wilson et al. 
1969; Klotz et al. 2000) and allergens (Ono and 
Abelson 2005). It is recognized by a red or pink 
eye appearance, edema with the continuous flow 
of fluid (ocular discharge) from the eye due to the 
vasodilation of bulbar and palpebral conjunctiva 
vessels (Leibowitz 2000). Bacterial conjunctivi-
tis is caused by the Haemophilus influenzae, 
Neisseria gonorrhoeae, Staphylococcus aureus, 
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Chlamydia trachomatis, Streptococcus pneu-
moniae, and Moraxella catarrhalis (Hovding 
2008; Tarabishy and Jeng 2008). Viral conjuncti-
vitis is caused by adenovirus, allergens, pollens, 
fumes, and dust particles. Antiviral drug acyclo-
vir and ganciclovir are commonly prescribed for 
the treatment of conjunctivitis. The side effect of 
acyclovir includes mild stinging, redness in the 
eye, itching of the eye (allergy), and punctate epi-
thelial erosions. Ganciclovir has side effects 
which include irritation, redness, rash, and itch-
ing in the eye. Dizziness is also reported in severe 
cases (Smith et  al. 1992; Keorochana and 
Choontanom 2017). Moxifloxacin-loaded gelatin 
nanoparticle is the novel formulation for the 
treatment of bacterial conjunctivitis (Mahor et al. 
2016). It facilitates the controlled drug release in 
the corneal region of the eye. It is very effective 
against S. aureus species of bacteria.

12.2.1.7  Diabetic Retinopathy (DR)
It is classified as type I and type II diabetes mel-
litus. It is evoked due to chronic exposure to high 
sugar which ultimately causes the thickening of 
the basement membrane of the retina with pro-
gressive damage. Formation of new blood vessels 
(angiogenesis) and the hypoxic condition also 
aggravate the DR (Nyengaard et  al. 2004; 
Hammes et al. 2011). Formation of the advanced 
glycation end product in hypoglycemic condition 
blocks the blood vessels which ultimately lead to 
the change in the microvascular structure of eye 
retinal tissue (Antonetti et al. 2006). Inadequate 
perfusion in the blood vessels activates the 
hypoxia-induced factor (HIF-1α) regulated 
through the PI3K/AKT signalling pathway, 
which causes the upregulation of VEGF and it led 
to the unorganized growth of blood vessels. This 
condition exacerbates the loss of retinal neurons 
by inducing apoptotic cell death (Ozaki et  al. 
1999; Cheng et al. 2017).

Vitrectomy is the surgical technique adopted 
to treat the DR. It involves the complete removal 
of the vitreous gel and unorganized blood vessels 
to focus the light on the retina properly (Faulborn 
et al. 1977; Cairns and Fraco 1988). Corticosteroid 
is administered through the intravitreal injection 
to reduce the swelling near the retina (macular 
region) and to slow down the vision loss (Sarao 

et  al. 2014). Apatinib-loaded nanoparticle are a 
novel treatment strategy that targets the inhibi-
tion of VEGF (Halasz et  al. 2019). Antibody- 
based anti-VEGF agent (ranibizumab and 
aflibercept) downregulates the expression of 
VEGF and thus reduces the complication associ-
ated with the retina (Fallah et  al. 2019). 
Ranibizumab is a humanized recombinant anti-
body Fab(48kD) and has an affinity for pan- 
VEGF- A (Ferrara et al. 2006). Aflibercept (AFL) 
is also a member of anti-VEGF pharmacotherapy 
family. Both ranibizumab and AFL have different 
affinity to bind VEGF-A. Thus, the equilibrium 
association constant (Kd) is different for both 
drugs. The binding of AFL to VEGF-A is 100 
times faster than ranibizumab. Thus, AFL neu-
tralizes the VEGF-A with high potency 
(Papadopoulos et al. 2012) and reduces the retina 
complication (Zehetner et al. 2015).

12.2.1.8  Dry Eye Syndrome
It is a multifactorial ocular disease characterized 
by pain, inflammation, and ocular discomfort 
with a change in the composition of the ocular 
film. The treatment strategy involves the cationic 
nanoemulsion loaded with the cyclosporine 
A. Cationic gelatin-based nanoparticles deliver a 
plasmid encoding for MUC5AC protein which is 
used for the treatment. MUC5AC is gel-forming 
mucin released by the goblet cells of the conjunc-
tiva (ocular surface consist of epithelial cells). It 
plays an important role in the maintenance of 
homeostasis of lacrimal fluid, and distribution of 
these components gets altered in dry eye syn-
drome (Danjo et al. 1998). MUC5AC gelatin NPs 
are successfully implicated on rabbit conjunctiva 
for the treatment of dry eye syndrome (Konat 
Zorzi et al. 2011).

12.3  Advantages 
of Nanoformulation Over 
Conventional Therapy

Blood-ocular barrier creates an obstacle in the 
delivery of drugs at the interior segment of the 
eye. This problem can be circumvented by 
nanoformulation- based targeted drug delivery. 
The biggest challenge in the pharmacotherapy is 
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to achieve the required concentration of drug at 
the intended site with least toxicity. To tackle this 
issue potentially active ophthalmic preparation 
has been employed for the treatment. For ocular 
delivery of lipophilic drugs, nanoparticles, hydro-
gel, microparticle, and liposomal formulation 
have the potency to improve the drug bioavail-
ability (Patravale et  al. 2004). The formulation 
should be done in such a way that it improves the 
corneal and conjunctival permeability. The bio-
degradable or bioerodible polymer has a substan-
tial advantage over the non-biodegradable system 
because the formulation has to be completely 
absorbed in the system for its easy excretion 
(Edelman et al. 2019). Drug release at the ocular 
site largely depends on the association of the 
drug with the polymeric carrier, and the drug 
should be completely dispersed within the poly-
mers. Most commonly used polymeric carrier for 
ocular delivery is poly(alkyl cyanoacrylates) 
(Obinu et  al. 2019), chitosan, poly(lactic acid) 
(Coolen et al. 2019), poly(acrylic acid) (Bogusz 
et  al. 2019), poly(lactic-co-glycolic acid) (Ma 
et al. 2019), and Eudragit (Katara et al. 2019).

12.3.1  Advantages 
of Nanoformulation

 (i) Cornea and conjunctival tissue surface 
have negative charge surface. Thus, cat-
ionic colloidal nanoparticles have better 
penetration through the ocular membrane 
and barriers. Few nanoparticles like chito-
san and Eudragit RL/RS possess the posi-
tively charged surface (Bu et al. 2007).

 (ii) Drug carrier composed of biodegradable 
material has no ocular toxicity (Agnihotri 
and Vavia 2009).

 (iii) Polymeric nanoparticles do not have an 
irritant effect on the cornea, conjunctiva, 
and iris (Zhou et al. 2013).

 (iv) Intravitreal administration of polylactic 
acid nanosphere loaded with 1% 
Adriamycin or doxorubicin provides the 
sustained released delivery of drugs. It fol-
lows the first-order kinetics by the efficient 

release of drug for approximately 2 weeks 
(Nakhlband and Barar 2011).

 (v) Chitosan NP (deacetylated chitin) is a bio-
compatible and biodegradable polymer 
that can effectively penetrate the corneal 
epithelial cells and conjunctiva. It has 
shown the electrostatic interaction with the 
negative charge of the mucoadhesive layer 
(Paolicelli et al. 2009; Basaran and Yazan 
2012).

 (vi) Lipid-based nanoformulation (containing 
cationic lipid) has been used for gene 
delivery at the ocular cells (Liu et al. 2003).

 (vii) Dendrimer-based nanoformulation has 
hydroxyl group, a number of amines, and 
carboxylate group at its surface which sup-
ports the control drug delivery at ocular 
sites (Kambhampati and Kannan 2013).

 (viii) Ocular nanomedicine optimizes the bio-
availability of the drugs at the ocular site. 
For example, the administration of 
acyclovir- PLA nanosphere in rabbit eye 
resulted in high drug level at the ocular site 
with sustained release of drug in compari-
son to drug formulation without nanocar-
rier (Giannavola et  al. 2003). 
Nanosuspension shows the higher bio-
availability at the ocular site in comparison 
to the microcrystalline formulation 
(Kassem et al. 2007).

 (ix) Nanoformulation maximizes the drug 
absorption at ocular sites and increases the 
drug residence time in the conjunctiva and 
cornea. It also minimizes the precorneal 
drug loss (Almeida et al. 2015). The ocular 
bioavailability of ciprofloxacin hydrochlo-
ride can be improved by mucoadhesive 
chitosan-coated liposomes as a drug carrier 
which is formulated by thin-film hydration 
techniques using stearylamine, L-alpha- 
phosphatidylcholine, cholesterol, and 
diacetyl phosphate (Abdelbary 2011).

 (x) Nanocarrier as a gene delivery approach 
improves the transport of nucleic acid 
components across different eye barriers 
due to its nanometric size (Wadhwa et al. 
2009).
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 (xi) It encourages the intracellular penetration 
of mRNA, siRNA, or another polynucleo-
tide into the target cells or ocular cells, and 
it also prevents the degradation of compo-
nents (Raemdonck et al. 2013).

 (xii) Sustained delivery of polynucleotide can 
also be possible (Saraiva et al. 2017).

12.3.2  Disadvantages 
of Conventional Dosage 
Forms

 (i) It requires the repetitive administration of 
the medicaments which cause poor patient 
compliance (Ako-Adounvo et al. 2014).

 (ii) It is difficult to insert the “ocular inserts.”
 (iii) It is an invasive approach for treatment. So, 

there is a chance of tissue damage at the 
ocular site. Sometimes it requires the help of 
others for instillations or implantation 
(Agrahari et al. 2016).

12.4  Transportation of Drug 
and Drug-Metabolizing 
Enzymes in Different 
Regions of the Eye

Some of the drug-metabolizing enzymes and 
drug transporters are endogenously expressed 
within the ocular cells (Table 12.1). Drugs used 
for topical application can penetrate the epithelial 
lining of cornea and conjunctiva. Different drug 
transporters (peptide and amino acid transport-
ers) are found at this site. Expression of organic 
anion transporting polypeptide (OATP) is found 
in rat corneal epithelium (Ito et  al. 2003; Gao 
et  al. 2005). This OATP regulates the cellular 
uptake of neutral and anionic molecules. Organic 
cation transporters are studied in the rabbit con-
junctival epithelium (Ueda et  al. 2000). 
Nucleoside and nucleobase transporters are 
expressed in the cornea and help in the transport 
of nucleoside analogues ganciclovir and acyclo-
vir with the involvement of simple passive diffu-

Table 12.1 Distribution of different drug transporters proteins in the human eye

Drug transporters Site of expression Substrate molecules Ref.
L-type amino acid 
transporters (LAT1)

Cornea Amino acids Jain-Vakkalagadda et al. (2003)

Excitatory amino acid 
carrier (EAAC1)

Pigment retinal 
epithelium

Glutamate Maenpaa et al. (2004)

Excitatory amino acid 
transporters (EAAT4)

Pigment retinal 
epithelium

Glutamate (Maenpaa et al. 2004)

Glucose transporters 
(GLUT1)

Cornea, conjunctiva, 
retina, iris, ciliary 
body

Glucose Bildin et al. (2001)

Monocarboxylate 
transporters (MCTs)

Pigment retinal 
epithelium

Monocarboxylate Philp et al. (2003)

Organic cation 
transporters 3

Pigment retinal 
epithelium, 
conjunctiva

Organic cation Ueda et al. (2000)

P-glycoprotein Cornea, conjunctiva, 
retina, pigment 
retinal epithelium

Large neutral or cationic 
compound

Kawazu et al. (1999); 
Jain-Vakkalagadda et al. 
(2003); Dey et al. (2004); 
Pitkanen et al. (2005)

Multidrug resistance 
protein

Pigment retinal 
epithelium

Large neutral or anionic 
molecules, sulfate conjugates, 
glutathione, glucuronide

Aukunuru et al. (2001)
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sion (Majumdar et  al. 2003). Expression of 
different drug transport proteins at the blood- 
retinal barrier provides us with an opportunity for 
the successful delivery of the drug to the retina 
and posterior region of the eye.

Drug-metabolizing enzymes are widely distrib-
uted in different regions of the eye. Different iso-
forms of the CYP family are expressed in different 
ocular tissues and play a vital role in drug metabo-
lism. It corresponds to the unique function served 
by the tissue. We put more emphasis on the hydro-
lytic, oxidative, and conjugating enzymes present 
in the ocular region. Cytochrome P450 (CYP) 
enzyme is the heme-containing protein having a 
preponderant role in the metabolism of commer-
cial drugs and other nanoformulations (Parkinson 
1996). The expression level is very high in the 
liver. The high expression level of CYP1B1 
mRNA is found in the nonpigmented epithelium 
of human eye’s ciliary body and in the iris (Coca-
Prados and Escribano 2007; Volotinen et al. 2009). 
CYP catalyzes different chemical reactions such 
as dehalogenation; N-oxidation; aromatic and side 
chain hydroxylation; N-hydroxylation; deamina-
tion; N-, S-, O-dealkylation; sulfoxidation; and 
desulfuration (Gilman et al. 2001). The homozy-
gous mutation in CYP1B1 gene that codes for the 

CYP1B1 is located in chromosome number 2p22-
p21, and this is linked to congenital glaucoma 
(Messina- Baas et al. 2007).

12.4.1  Cytochrome P450 
in the Ocular Region

The microsomal electron transport system is first 
identified in the bovine retinal epithelium (Shichi 
1969) to elaborate the CYP distribution in the 
ocular region. With the advancement of molecu-
lar biology, various genes and proteins are identi-
fied in the ocular region which supports different 
functional activity and helps in the drug metabo-
lism. The expression of CYP1A2 and CYP1A1 is 
identified in the mouse iris and ciliary epithelium 
by using in situ hybridization and immunohisto-
chemistry. It helps in the metabolism of polyaro-
matic hydrocarbon compounds (McAvoy et  al. 
1996). Similarly, CYP2B1/2 is expressed in rat 
lens (McAvoy et al. 1996). CYP2C is an enzyme 
that participated in the metabolism of diclofenac 
and propranolol, and it was identified in the 
mouse eye (Tsao et  al. 2001). This drug- 
metabolizing enzyme shows the tissue-specific 
distribution within the eye (Table 12.2). Corneal 

Table 12.2 Drug-metabolizing enzyme at the ocular site

Name of the enzyme Substrate involved Description Ref.
Aldehyde oxidase Brimonidine Molybdenum-containing enzyme has a role 

in the nicotine metabolism (Berkman et al. 
1995) and synthesis of retinoic acid (Huang 
et al. 1999). It is expressed in rabbit ocular 
tissue (Huang et al. 1999). Brimonidine is a 
selective α2-adrenoceptor agonist used to 
minimize the intraocular pressure

Acheampong 
et al. (1995)

Ketone reductase Levobunolol and 
ketanserine

It is NADPH dependent and its activity is 
identified in the epithelium of the cornea, 
lens, conjunctiva, and iris-ciliary (Lee et al. 
1988). Both substrates reduce the 
intraocular pressure. Its activity is pH 
dependent within the cornea

Schoenwald 
and Zhu (2000)

Hydrolytic enzymes like 
N-acetyl-beta 
glucosamidase, acid 
phosphatase, 
arylsulfatase, esterase 
(Essner et al. 1978)

Dipivefrin and 
echothiophate as 
esterase inhibitors

Esterase like acetylcholinesterase and 
carboxylesterase is found in the retina and 
other ocular tissue (Lee et al. 1985; 
Stampfli and Quon 1995). Esterase 
enzymes hydrolyze the ester linkage in the 
xenobiotics

Mindel et al. 
(1981)

Conjugating enzymes
Arylamines 
acetyltransferase, 
glutathione-S-transferase

Aminozolamide and 
paraminobenzoic 
acid, polyunsaturated 
fatty acid

It controls ocular hypertension. 
Glutathione-S-transferase identified in the 
cornea, retina and iris-ciliary body 
(Srivastava et al. 1994)

Campbell et al. 
(1991); 
Srivastava et al. 
(1994)
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cells contain a number of detoxifying enzymes 
which provide defense mechanism for the eye.

12.5  Drug-Associated Ocular 
Toxicity

12.5.1  Methanol-Induced Ocular 
Toxicity

Methanol has environmental public health con-
cern since it can produce neurotoxic metabolites 
like formic acid, in the retina, in the CNS, and on 
the optic nerve. Formic acid causes ocular toxic-
ity in an animal model. It is less toxic at a lower 
concentration. However, the adverse effect is 
shown when it is accumulated within the ocular 
region. Consumption of alcohol, surplus use of 
perfumes, anti-freezing agent, and inhalation of 
formaldehyde causes an increase in the level of 
methanol within the body. Toxic effect of metha-
nol on ocular vision has been tested on animal 
models such as rat (Andrews et al. 1987; Stanton 
et al. 1995), mice (Bolon et al. 1993), and rabbit 
(Hayasaka et  al. 2001). Excess of methanol 
administration causes the optic edema (observed 
within 48 hours), metabolic acidosis due to for-
mate accumulation in the blood. Methanol under-
goes metabolic activity and forms a toxic 
metabolite formic acid and it causes the ocular 
toxicity. The serum concentration of methanol 
exceeding more than 20 mg/dl correlates to ocu-
lar toxicity (Martin-Amat et  al. 1978). Optical 
injury can be cured by the elimination of toxic 
metabolites by hemodialysis or antidote therapy.

12.5.2  Ocular Toxicity Induced by 
the Fluoroquinolones

Fluoroquinolone classes of drugs are commonly 
used for the treatment against bacterial infection 
(Sharma 2011). Fluoroquinolones are 4-oxo- 1,4-
dihydroquinoline and have antibacterial property. 
Position of carboxylic acid and ketocarboxyl 
group in the quinolone ring is responsible for 
antimicrobial activity. It inhibits the bacterial 
DNA gyrase (topoisomerase II) which is four 

subunits bacterial enzyme responsible for DNA 
supercoiling and replication of DNA in bacteria 
(Mustaev et  al. 2014). Topical and systemic 
administration of fluoroquinolones can penetrate 
the ocular tissue to achieve the MIC90 value for 
inhibition of bacteria (von Gunten et  al. 1994; 
Levine et  al. 2004). Eye skin is very prone to 
phototoxicity which can be induced by the fluo-
roquinolones. Phototoxicity is mainly caused by 
the halogen group (fluorine or chlorine) present 
at the eight positions of the quinolones ring iden-
tified in lomefloxacin, clinafloxacin, fleroxacin, 
and sparfloxacin (Domagala 1994; Tripathi et al. 
2002; Stahlmann 2002). Ofloxacin has antibacte-
rial tendency, but including that topical applica-
tion of ofloxacin reduces the number of goblet 
cells. It also affects the corneal epithelium by 
forming a white crystalline deposit or precipitate, 
this event identified due to topical application of 
ciprofloxacin and norfloxacin. SEM analysis has 
revealed the polydisperse crystalline needle-like 
precipitate having length 183 μm due to cipro-
floxacin toxicity (Essepian et  al. 1995). Low 
aqueous solubility of the drug facilitates the pre-
cipitation at the physiological pH (Cutarelli et al. 
1991). Other toxicity caused by this drug may 
lead to cellular disorganization. Stromal edema 
induced by the drug is dose-dependent, and it is 
observed due to topical administration of the 
drug. Prolonged administration of these drugs 
may cause the cataract with the opacification of 
the eye lens. Intravitreal safety of fluoroquino-
lones needs to be checked in a different age 
group.

12.5.3  Pesticide Exposure and Ocular 
Toxicity

Pesticide exposure via inhalation, ingestion, ocu-
lar contact, and dermal contact can affect differ-
ent parts of the body including the eye (Jaga and 
Dharmani 2006; Damalas and Eleftherohorinos 
2011). It shows the dose-dependent response in 
various parts of the body. It mostly affects the 
cornea, conjunctiva, eye lens, optic nerve, and 
retina. Farmers working in the agricultural field 
are very prone to pesticide exposure. Optico- 
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autonomic peripheral neuropathy has been 
reported in Japan where the organophosphates 
(OPs) as pesticide are most commonly used 
(Ishikawa 1996). Carbamate insecticide has high 
potency to penetrate the retina via the cornea, 
aqueous humor, and vitreous humor (Budai et al. 
2004). Ocular toxicity caused by pesticide 
(namely, organophosphate fenthion, malathion, 
ethylthiometon, ethyl parathion, and fenitro-
thion) has been studied in different animal spe-
cies (Dementi 1994). Organophosphate inhibits 
the activity of cholinesterase (ChE) enzyme in 
the whole blood, in the red blood cells, and 
mainly in the serum (Jaga and Dharmani 2003). 
ChE is also found in the ocular tissue, retina, cor-
nea, choroid, iris, and extraocular muscles with 
high extent of acetylcholinesterase activity 
(Dementi 1994). Conjunctiva gets the highest 
exposure to different pesticides as compared to 
another part of the eyes, and it reacts to the chem-
ical and causes the inflammation, edema, and 
congestion (Jaga and Dharmani 2006). Several 
studies also suggested that the farmers exposed to 
OP are more prone to change in the structure of 
retina with damage to macula region which ulti-
mately leads to complete loss of vision in a short 
span of time and sometimes it has also shown the 
symptom of age-related macular degeneration 
(Kirrane et al. 2005).

Exposure to pesticides also impacts the cell 
cycle, and sometimes it leads to cell death, kera-
tectasia, and corneal neovascularization (Sanyal 
et  al. 2017). Increased rate of apoptosis in the 
ocular cells has been also identified (Jaga and 
Dharmani 2006), and sometimes slower cell 
growth is observed due to organophosphate expo-
sure (Sanyal and Law 2019). Pesticide exposure 
causes a decrease in the expression of cyclin-D1/
CDK4, which disturbs the G1/S phase of the cell 
cycle in the corneal cells (Sanyal and Law 2019). 
It also decreases the expression of PCNA which 
declines the DNA synthesis. It also affects the 
G2/M phase of the cell cycle. Protein phospha-
tase (PP) has a paramount role in the cell cycle. 
Decreased expression of PP1 and PP2A was 
found with increasing the phosphor-cdc25c 
(Sanyal and Law 2019). Dephosphorylation of 
cdc25c at serine residue activates the protein, and 

it is the hallmark of inhibition of G2/M phase due 
to pesticide exposure with decreasing PP1, aurora 
kinase A, and PP2A expression (Sanyal and Law 
2019). Chronic exposure of pesticides also 
induces some cell cycle inhibitors like p21, 
GSK3β, and p18 which have an adverse effect on 
corneal epithelial cells.

12.5.4  Ocular Toxicity by Ophthalmic 
Anesthetics

Cocaine, proparacaine, tetracaine, oxybupro-
caine, and lidocaine are the most commonly used 
ophthalmic anesthetics with some known adverse 
reactions such as corneal ulceration, corneal per-
foration, and corneal infiltrates with the least sys-
temic side effect (McGee and Fraunfelder 2007). 
Ophthalmic anesthetics may also cause refrac-
tory corneal lesion and neurotrophic ulcers 
(McGee and Fraunfelder 2007). It acts by block-
ing the sodium channels and preventing the con-
duction of nerve impulses along the axon. It has 
the potential to inhibit the migration of corneal 
epithelial cells and causes damage specifically to 
microvilli (Burns and Gipson 1978). The forma-
tion of yellowish-white stromal infiltrate repre-
sents the antigen-antibody immune complex 
formation within the stromal region, and this 
condition is also observed in herpetic keratitis 
(Meyers-Elliott et al. 1980).

12.5.5  Ocular Toxicity Associated 
with Antibody-Drug 
Conjugates (ADCs)

The eye is susceptible to ADC-induced toxicity 
due to the presence of a number of cell surface 
receptors, high blood supply, and high population 
of rapidly dividing cells (Table 12.3). Similarly, 
monoclonal antibodies have a diverse effect on 
various regions of the eye. IMGN242 (huC242-
 DM4) is the humanized antibody having an affin-
ity for tumor-associated epitope that causes the 
decrease in visual acuity, keratitis, and corneal 
deposits (Mita et al. 2007). Mechanism of ocular 
toxicity is not clearly understood.
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12.5.6  Ocular Toxicity Associated 
with Homeostasis Imbalance

Various pharmaceutical preparations cause the 
toxicity due to poor quality of preservative and 
vehicle used for the preparation (Table 12.4). For 
example, excess of benzyl alcohol in ocular prep-
aration causes the injurious effect in the intraocu-
lar segment of the eye(Lang et al. 2007). Change 
in pH and osmolarity of preparation also have a 
deleterious effect on the retina. Osmolarity higher 
than 500 mOsm causes the cellular damage in the 
vitreoretinal interface with disruption of cellular 
machinery in the eye. Intravitreal injection of dye 
also induces the drastic change in the osmolarity 
of the vitreous cavity. Homeostasis of electrolyte 
balance, pH, and osmolarity is essential for the 
delicate tissue of the intraocular site. Intravitreal 
route of administration has been used in high fre-
quency for the treatment of retinal disease which 
requires a solvent with balanced pH and osmolar-
ity (Brissette et al. 2019).

12.6  Gene Delivery 
with Nanoformulation 
at Ocular Site

Newly designed lipid nanoparticles can be 
employed for the delivery of mRNA to the pos-
terior region of the eye. Lipid nanoparticles 
enter the cell by using the inducible and consti-
tutive pathway by using the clathrin-mediated 
endocytosis and micropinocytosis (Diebold and 
Calonge 2010; Oh and Park 2014). Retinal gene 
therapy has garnered much attention to the 
treatment of vision loss (Patel et  al. 2019). 
mRNA therapy has expatiated the ability to 
attain a high level of gene expression. Gene 
therapy is cell specific with high expression 
level at retinal pigmented epithelium. 
Dysfunctional retinal protein is associated with 
diabetic retinopathy, glaucoma, and age- related 
macular degeneration. Gene therapy- based 
treatment strategy has been adopted in this dis-
order. The surface of nanoparticles can be fab-

Table 12.3 Ocular toxicity associated with administration of antibody-drug conjugates (ADC)

ADC Indication
Target antigen or 
linker molecules Ocular toxicity or symptom Ref.

Trastuzumab 
emtansine 
(T-DM1)

Advanced HER2+
Breast cancer

HER2/DM1/
SMCC

Swollen tear duct, conjunctivitis, 
photophobia

Krop et al. 
(2010)

Trastuzumab 
emtansine 
(T-DM1)

Advanced HER2+
Breast cancer

HER2/DM1/
SMCC

Cataract, dry eye, ocular surface 
disease, punctuate keratitis

Beeram 
et al. 
(2012)

SAR3419 
(huB4-DM4)

Relapsed/refractory
B-cell NHL

CD19/DM4/
SPDB

Corneal deposit/microcysts, 
weekly blurred vision, optic 
neuropathy

Ribrag 
et al. 
(2014)

SGN-CD19A Relapsed or refractory 
B-lineage acute 
leukemia and highly 
aggressive lymphoma

CD19/MMAF 
(auristatin)/mc

Superficial microcystic 
keratopathy, blurred vision, dry 
eye

Fathi et al. 
(2014)

Gemtuzumab 
ozogamicin

Acute myeloid 
leukemia

CD33/
calicheamicin/
hydrazine

Ocular bleeding (anatomic 
location not identified)

Piccaluga 
et al. 
(2004)

Lorvotuzumab 
mertansine 
(IMGN901)

CD56+ solid tumors CD56/DM1/SPP Eye redness Woll et al. 
(2010)

IMGN853 Platinum-resistant 
epithelial ovarian 
cancer

FRa/DM4/SPDB Blurred vision, eye pain, keratitis, 
corneal cyst, punctate keratitis, 
corneal epithelial microcysts, 
retinal vein occlusion/vision 
impairment

Moore 
et al. 
(2015)
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ricated with targeting ligand for the cell 
surface- specific delivery of gene or nucleic acid 
(Pollinger et  al. 2013). These lipid nanoparti-
cles are composed of different cationic or 
anionic lipid which is assembled in such a way 
that it can mix with the aqueous solution con-
taining the nucleic acid by using the microflu-
idic mixing techniques (Belliveau et al. 2012). 
Ionizable lipid is responsible for electrostatic 
binding with the nucleic acid and its encapsula-
tion within the nanocarrier. Amphiphilic nature 
of ionizable lipid is responsible for the binding 
with mRNA due to the positive charge of this 
lipid that binds with mRNA and organized itself 

in the lipid nanoparticles structure. Two regions 
of this ionizable lipid have a role in endosomal 
escape and encapsulation efficiency. Lipid 
nanoparticles possess the ionizable lipid with 
the low pKa value and having unsaturated 
hydrocarbon chain showing the reporter gene 
transfection in the retina after subretinal injec-
tion. Unsaturated hydrocarbon supports the 
membrane destabilization to facilitate the endo-
somal escape (Heyes et al. 2005).

Gene delivery by using the viral and nonviral 
vector has great promise for the intervention of 
ocular diseases. This therapy either depends on 
gene replacement or gene regulation. To increase 

Table 12.4 Ocular toxicity/retinal toxicity associated with current existing drug

A major class of 
drug Indication Toxicity symptom Ref.
Corticosteroid Retinal disease, 

uveitis, glaucoma, 
cataract

Damage to photoreceptor, endophthalmitis and 
pseudoendophthalmitis, in around 0.5% of 
patients (Maia et al. 2007)

Holekamp et al. 
(2005); Penha 
et al. (2010)

Antibiotics Infectious 
endophthalmitis and 
uveitis, posterior 
segment viral uveitis

Intravitreal injection of antibiotics leads to retinal 
toxicity

Penha et al. 
(2010)

Aminoglycosides Amikacin used in 
treatment of 
endophthalmitis

Toxicity are seen in the retina, nerve fibre and 
inner plexiform layer (Hancock et al. 2005)

Penha et al. 
(2010)

Cephalosporins Ceftazidime used in 
the treatment of 
endophthalmitis

No toxicity at 2.25 mg dose but cause retinal 
toxicity at high dose (Campochiaro and Green 
1992)

Penha et al. 
(2010)

Vancomycin Kill gram-positive 
microorganisms

Postoperative cystoid macular edema (Hegazy 
et al. 1999)

Penha et al. 
(2010)

Antifungal agents Prevent the fungal 
infection in the eye, 
intraocular fungal 
infection

10, 20, 30 to 50 μg doses of amphotericin B 
cause stronger degrees of retinal toxicity(Khan 
et al. 2007)

Penha et al. 
(2010)

Antiviral agents Cytomegalovirus 
infection and other 
viral infection

Ganciclovir in doses >300 μg induces the retinal 
damage, macular infarction; intravitreal injection 
of ganciclovir (40 mg/0.1 ml) for CMV retinitis 
in a subject suffering from AIDS led to 
irreversible retinal damage resulting in complete 
visual loss (Saran and Maguire 1994)

Hegazy et al. 
(1999); Penha 
et al. (2010)

5-fluorouracil Inhibits the 
proliferation and 
contraction of 
intraocular fibroblasts

Retinal toxicity caused by 5-FU reported in 
animal models

Blumenkranz 
et al. (1984)

Nonsteroidal 
anti-inflammatory 
drugs

Cystoid
Macular edema

Commercially available NSAIDs ketorolac 
(3 mg/0.1 ml) is toxic observed in albino rabbit 
eyes

Komarowska 
et al. (2009)
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the intracellular delivery of mRNA, more than 
212 lipid molecules have been screened which 
modulate the cell signalling events (Patel et  al. 
2017). Lipid nanoparticles are adopted as the 
most advanced technique to deliver the siRNA; 
here also the multiple lipid system encapsulates 
the SiRNA (Gilleron et  al. 2013). Lipid 
 nanoparticles as a carrier have shown the robust 
mRNA silencing in the human clinical trial 
(Gilleron et al. 2013). Compact DNA nanoparti-
cles are also used for nonviral gene transfer in 
ocular cells (Farjo et al. 2006). Hyaluronic acid-
chitosan NP has also been used for the ocular 
gene delivery. It facilitates the delivery of a gene 
to the cornea and conjunctiva (De la Fuente et al. 
2008). This nanoparticle is synthesized by the 
ionotropic gelation method. The mucoadhesive 
NP has a high residence time with the ocular 
surface.

12.7  Conclusion

The current chapter summarizes how different 
pharmaceuticals product affects the ocular cells. 
Molecular biology research has already elabo-
rated the genetic basis of the different eye dis-
eases. By keeping this in mind, different 
nanoformulation has been successfully employed 
as a carrier for delivery of drug molecules, 
mRNA, siRNA, and other polynucleotides for 
the treatment of diseases. This treatment strategy 
directly impacts the target cells. Several eye dis-
eases linked with eye’s posterior and anterior 
segment can be cured with the nanocarrier based 
on gene delivery. All ophthalmic preparations 
are not safe, and many drugs associated with 
ocular toxicity have been also reported. Thus, 
utmost care should be taken before administra-
tion of the nanoformulations to the patient, and 
dosage regimen should be fixed for the different 
age groups.
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Abstract

Skin being the largest and fastest-growing 
organ of the body acts as a protective coat for 
the body. It is not only a barrier to environ-
mental insults and pathogenic invasions but is 
also a site of beauty, a mirror of internal health 
and a route of drug delivery. The topical prob-
lems often lead to cosmetic aberrations, for 
example, dandruff, baldness, acne, rosacea, 
urticaria, melasma, and wrinkles. The epider-
mal and dermal layers are viable layers, and 
free radicals pose a big threat to their viability. 
The UV radiations have been infamous for 
their role in the production of reactive oxygen 
species (ROS), causing sunburn, tanning, itch-
ing, inflammation, hyperpigmentation, etc. 
Additionally, UVB rays have the power to 
reach dermal layers and lead to the activation 
of matrix metalloproteinases (MMPs), disturb 
the skin structure and cause premature skin 
ageing. Photoageing has become one of the 
major cosmetic concerns and designing a 
broad spectrum photoprotective formulation 
is the need of the hour. Drugs generally used 
in treating skin ailments fall in the category of 

anti-allergic and anti-inflammatory agents, 
antioxidants, anti-infectives, immunosuppres-
sants and anticancer agents. There is no dearth 
of therapeutic molecules for dermatological 
problems but making effective, safe and non- 
irritant formulations is always a challenge for 
the cosmetic scientist. Nanotechnology 
inspired strategies are being used for better 
product performance and site-specific target-
ing. Nanosized labile carriers such as lipo-
somes, niosomes, nanoemulsions, nanospheres 
and nanostructured lipid carriers have been 
designed in the cosmetic and dermatological 
product categories with the aim to achieve 
enhanced skin penetration, controlled and sus-
tained release, better entrapment and better 
product stability of the drug. Regulations and 
guidance on the use of nanomaterials and 
nanocosmetics are being promulgated by reg-
ulatory agencies so as to ensure consumer 
safety and address environmental concerns. 
This chapter will cover all these aspects and 
will also update on the manufacturing, testing, 
packaging and labelling directions for nano-
materials in cosmetics and topical products.
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13.1  Introduction

The skin stands out to be the largest and fastest- 
growing body organ. It covers a total surface area 
of around 1.8  m2 and is highly exposed to the 
environment. It acts as an interface between 
body’s internal organs and the environment. 
Therefore, skin serves as the first line of defense 
for the body. Several tasks are performed by the 
skin in order to maintain the body’s homeostasis. 
This involves both non-immune and immune 
functions. Some of the non-immune functions 
include shielding against physical and biochemi-
cal insults, acting as a sensory receptive area, 
maintaining hydration, allowing synthesis of 
vitamins and hormones, etc. The skin also has an 
effectual immune system that provides protection 
to deeper body tissues. It has a well- coordinated 
system of epithelial and immune cells. Together 
they work against trauma, toxins and infections. 
It tries to maintain self-tolerance, prevent allergy 
and inhibit autoimmunity (Di Meglio et al. 2011). 
But apart from this, skin is also a site of beauty, a 
mirror of internal health that reflects the state of 
the body and a route for local and systemic drug 
administration.

Skin is regarded as a multifunctional organ 
due to its structural organization and composi-
tion. The skin is composed of three layers, 
namely the outermost epidermis, dermis and the 
innermost hypodermis. The basement membrane 
separates the epidermis from dermis. The epider-
mis is further divided into different layers. From 
the uppermost observable part of the epidermis to 
the lowermost layer are the stratum corneum 
(SC), the stratum granulosum, the stratum spino-
sum and the stratum basale. Epidermal keratino-
cytes, acidic (due to sweat) and hydrolipidic 
nature (due to sebum, lipids and antimicrobial 
peptides) of the skin help to attain its barrier 
function. The epidermal layer is also composed 
of melanocytes, Merkel and immune cells 
(Langerhans cells and T lymphocytes). The der-
mis makes the thickest layer and is divided into 
an upper papillary region known as stratum pap-
illare containing thin collagen fibres and lower 
reticular region known as stratum reticulare con-
taining thick collagen fibers. Dermis has three 

types of tissues, namely collagen, elastin and 
reticular fibers spread throughout the dermis. 
These fibres provide mechanical strength, elas-
ticity and structural framework (Losquadro 
2017). Dermis hosts blood vessels as well as 
many significant immune cells like dermal den-
dritic cells, αβ T cells, γδ T cells, natural killer 
cells, B cells, mast cells and macrophages. The 
hypodermis or subcutaneous fatty tissue acts as a 
support to the dermis and epidermis layers of the 
skin. The management of body temperature is 
one of the key roles played by cutaneous blood 
vessels.

The skin acts as a port for delivering useful 
drug molecules to achieve cutaneous, targeted, or 
systemic effects in the body. The drug’s efficacy 
is highly affected by the way it is administered 
into the body. The skin constitutes an efficient 
barrier system due to the ‘bricks and mortar’ 
structure of the stratum corneum, where bricks 
represent corneocytes and mortar represents 
intercellular lipids (Michaels and Shaw 1975). 
This structure restricts the passage of harmful 
xenobiotics as well as most therapeutic com-
pounds into the body. The SC layer (horny layer) 
is 10–15 cells deep. These are high density and 
low hydrated cells that are 10–20  μm thick. 
Hence, it causes difficulty in drug administration 
through the skin (Ellias 1981). Only a handful of 
the drugs possess the characteristics (weight less 
than 500 Da and logP 1–3) that allow them to dif-
fuse passively across the stratum corneum in 
adequate amount to obtain the therapeutic con-
centration in the blood. Hence, drug delivery 
through skin route is a challenging task for the 
formulators. The process of designing topical or 
transdermal drug delivery systems involves a 
detailed knowledge of skin anatomy, the disor-
der, the area or layer of the skin to be targeted, 
severity of the disorder, the physicochemical 
properties of the drug chosen and the drug deliv-
ery method.

There are three possible routes by which a 
drug molecule can penetrate the skin when 
applied topically (Keleb et al. 2010). It is not nec-
essary that the drug molecule will penetrate 
through only one of the pathways since the phys-
iochemical properties of the active molecule 
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determine its permeation pathway. There are sev-
eral compounds that enter the skin via multiple 
ways. The various pathways are discussed below 
with a pictorial representation in Fig. 13.1.

 (a) Shunt pathway (through the appendages): 
Just 0.1% of the skin’s total surface area con-
tributes to the skin appendages. Hence, this 
passage contributes very little in drug perme-
ation when the formulation is applied to the 
skin. Hair follicles make easy access to the 
dermal microcirculation as they penetrate 
through the stratum corneum. Charged mol-
ecules and large polar compounds like 
peptide- based drugs are enabled to permeate 
through this pathway.

 (b) Transcellular route (via corneocytes): This 
pathway involves the movement of drugs 
through both the phospholipid membranes 
and the cytoplasm of the dead keratinocytes 
that constitute the SC. The drug faces high 
permeation resistance because it has to repeat 
these steps multiple times to cross the full 
width of the SC. Only a few drugs have the 
desired characteristics to follow this 
pathway.

 (c) Intercellular route (through matrix layer): 
Though only a small area is occupied by the 
intercellular lipid, they make the only unin-
terrupted passage through the SC. This route 
allows the transportation of both lipidic and 
polar molecules. The physiochemical char-

acteristics of the active molecule outline the 
amount and rate of the molecule’s diffusion. 
Drug molecule has to move along the small 
spaces that exist between the cells thus, the 
actual path increases 20-fold times than the 
normal thickness of the SC which is just 
around 20 μm. This reduces the rate of drug 
penetration.

Drug permeation from topical or transdermal 
formulation into the skin follows a series of pro-
cesses that are depicted in Fig. 13.2. For transder-
mal drug delivery, it is required that the drug 
needs to enter the blood circulation after crossing 
all the three layers of the skin. Whereas for the 
topical delivery, it is required that drug needs to 
be retained in the skin layers after crossing the 
stratum corneum (Wilbur 2017).

13.2  Problems of the Skin 
and Topical Disorders

There is a pool of skin conditions that affect 
human beings. The skin disorder can be either 
temporary or permanent. Some conditions can be 
cured, and some can only be treated to lessen the 
symptoms and effects of a disease. The severity 
and symptoms of the skin conditions may vary 
depending upon the individual, type and level of 
disorder and the status of the immune system of 
the body. These disorders may be painless or 

Fig. 13.1 Various penetration routes via skin
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painful. The main cause behind them may be 
known or unknown. Generally, environmental 
factors, allergens, genetic make-up, irritants, 
 certain diseases and affected immune system lead 
to skin problems. But overall these skin disorders 
or conditions affect the patient’s mental health. 
Disorders like psoriasis, eczema and skin cancer 
possess a significant psychological and social 
impact on the patients. Patients limit their lives 
because they feel self-conscious about their 
symptoms (Tuckman 2016). Some of the com-
mon skin disorders are acne (caused by blockage 
of skin follicles due to the plug formed by oil 
from glands, bacteria, dead cells, etc.), eczema 
(leads to itchy, swelled, cracked and scaly skin), 
alopecia areata (affects hair follicles and makes 
the hair falls out in small and round patches), 
psoriasis (caused by overactive immune system), 
rosacea (long-term disease with reddened skin 
and pimples usually on the face) and vitiligo (loss 
of skin color in blotches).

13.2.1  Photoageing

The damaging UV rays affect all the layers of the 
skin and their effects depend upon the duration 
and extent of the UV exposure. Excessive sun 

exposure leads to the penetration of UV rays to 
the deeper skin layers. The effects of these rays 
are different in different skin layers. UVA rays 
penetrate deeper into the dermal layer, while 
UVB rays penetrate the epidermal layer. These 
rays increase the prevalence of sunburn, tanning, 
itching, inflammation, hyperpigmentation, etc. 
UVA reaches dermal layer and leads to the acti-
vation of matrix metalloproteinases (MMPs), 
elastase, hyaluronidase, etc. that disturb the skin 
structure and cause premature skin ageing. The 
harmful UV rays also affect the skin’s natural 
antioxidant defence system and suppress the 
immune system making it more prone to serious 
issues. The mechanism involved during photo-
ageing has been illustrated in Fig. 13.3 (Gilchrest 
2007).

13.2.2  Photocarcinogenesis

Numerous clinical interpretations and epidemio-
logical data suggest that UV rays are the primary 
stimuli for human skin cancer formation. 
Continuous and excess exposure causes skin cells 
to die, damage or develop cancer in the epidermal 
layer. Photocarcinogenesis develops in a step-
wise manner that involves initiation of the tumor 

Fig. 13.2 Permeation process for topical/transdermal formulations
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growth, its promotion, and further its progres-
sion. The pathway involved in the photocarcino-
genesis is a complex mixture of several 
cell-related, biochemical and molecular level 
changes that are generally related to each other 
(Bosch et al. 2015). The features observed on a 
photodamaged skin according to the types of skin 
are listed down in Table  13.1 and illustrated in 
Fig.  13.3 (Gilchrest 2007). The incidences that 

Fig. 13.3 Mechanism involved behind photoageing

Table 13.1 Characteristics of the UV damaged skin 
based on the type of skin

Skin type Features
Type I 
and II

Atrophy of the epidermal region of the 
skin, immune exhaustion, focal 
hypopigmentation pseudoscars, mutations 
and dysplasia, lentigo maligna, melanoma 
and nonmelanoma skin cancer, solar 
elastosis, small brown spots, naevi

Type III 
and IV

Skin hyperplasia, tanning, thickening of 
the epidermis, Lentigines
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lead to photocarcinogenesis have been illustrated 
in Fig. 13.4.

13.3  Categories of Drugs 
Generally Used 
for Dermatological Problems

There are several categories of drugs that are 
used to treat dermatological disorders. Some of 
them have been enlisted below in Table 13.2.

13.4  Formulation Design 
Strategies for Effective 
and Safe Topical Drug 
Delivery

There is no dearth of therapeutic molecules for 
dermatological problems but making effective, 
safe and non-irritant formulations is always a 
challenge for the cosmetic scientist. Strategies 
for designing topical formulation involve consid-
eration of the following points:

 A. Type of skin disorder:
Human beings get suffered from numer-

ous skin disorders. It is essential to know the 
severity and symptoms of the disease for 
which formulation is to be prepared. While 

formulating, it is necessary to make sure that 
the formulation is working against the desired 
symptoms and the disease.

 B. Layer to be targeted:
Various skin disorders affect different skin 

layers and definite skin structure. Before 
designing a topical formulation it is required 
to have prior knowledge about the affected 
skin area and accordingly design the strategy 
to deliver the drug there.

 C. Drug’s physical and chemical 
characteristics:

The physicochemical properties of the 
drugs like solubility, partition coefficient, the 

Fig. 13.4 Incidences involved in photocarcinogenesis

Table 13.2 Categories of drugs used for dermatological 
problems

Categories Examples
Anti-fungal Clotrimazole, Econazole, 

Fluconazole
Antibacterial Dicloxacillin, Erythromycin 

and Tetracycline
Anti-allergic Fexofenadine, 

Diphenhydramine
Immunosuppressants Azathioprine, Methotrexate
Anti-tumor Fluorouracil, Imiquimod
Skin supplements/
antioxidants

Vitamin C, Vitamin B

Steroids Hydrocortisone, 
Triamcinolone, Fluocinonide 
and Clobetasol
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dissociation constant, hydrogen bonding, ion-
ization, etc. must be known. These properties 
define the penetration ability of the active 
moiety through the SC.  Considering these 
properties, the components and the delivery 
systems for the topical drug delivery need to 
be decided.

 D. Penetration enhancement of the active moiety 
through SC:

The structural make-up and biochemical 
composition of the SC impart selective perme-
ability to the drug molecule. Hence, it acts as a 
rate- limiting barrier that prevents penetration of 
the drug through the skin. Therefore, the rate of 
penetration and permeation of the active mole-
cule into the dermis depends highly on the rate 
at which it diffuses across the SC. In order to 
deliver the drug dermally or transdermally, it 
becomes highly significant to overcome the SC 
barrier. A series of passive and active strategies 
have been introduced to achieve the same.

Passive Strategies:
• Use of penetration enhancers: These are also 

known as absorption promoters or accelerants. 
They reversibly decrease the SC’s barrier resis-
tance by interacting with skin constituents to 
promote the drug flux. Some of the commonly 
used penetration enhancers are sulphoxides 
(e.g. dimethylsulphoxide), azones (e.g. lauro-
capram), pyrrolidones (e.g. 2- pyrrolidone) 
alcohols and alkanols (ethanol or decanol), gly-
cols (e.g. propylene glycol), surfactants and 
terpenes (Williams and Barry 2004).

• Nanocarriers: The recent trend in the field of 
dermatology involves the use of nanocarrier 
systems that promise better penetration, 
higher dermal localization of actives into the 
region concerned, i.e. targeted drug delivery, 
controlled and sustained release. For example, 
nanoemulsions (NEs), ethosomes, dendrimers, 
solid lipid nanoparticles (SLNs), nano-lipid 
carriers, etc. (Gupta et al. 2012).

• Prodrugs: Drugs’s physical and chemical 
characteristics also restrict their entry into and 
through the skin. It is essential for a drug to 
get dissolved and pass through several lipidic 
and aqueous phases that constitute the SC in 

order to overcome this rate-limiting barrier 
(SC). Hence, prodrugs are designed with 
properties like increased lipid and aqueous 
solubility for better penetration (N’Da 2014).

Active Strategies:
• Microneedles: This technique involves the use 

of needles that are in micrometer range 
(microneedles) which creates microchannels 
through the SC.  These microchannels cause 
the topically applied drug to bypass the SC. It 
is a technique that involves minimal invasive-
ness and pain as the needles do not enter the 
papillary dermal region where nerve endings 
are present (Tanner and Marks 2008).

• Iontophoresis: This technique involves the use 
of electrical potential difference (0.5 mA/cm2 
or less) that is applied externally to improve 
the passage and rate of drug release (for mol-
ecules having poor absorption/permeation 
property) across the membrane. The effective-
ness of this technique depends on multiple 
factors like polarity, valency and mobility of 
the active moeity, the electrical cycle and type 
of drug formulation (Green 1996).

• Electroporation: This technique involves the 
use of high voltage pulses generally given for 
microseconds or milliseconds to temporary 
disturb the membrane’s lipid bilayer structure. 
This enhances the skin permeability of drugs. 
The efficacy is determined by electrical 
parameters and the drug’s physical and chemi-
cal characteristics (Denet et al. 2004).

• Sonophoresis: This technique also known as 
phonophoresis, involves the use of ultrasound 
waves as a means to deliver the active ingredi-
ents across the skin. It provides enhanced effi-
cacy of the topical/transdermal formulations 
and improved users’ compliance in therapeu-
tic areas like diabetes, psychiatry and vaccines 
delivery (Polat et al. 2011).

• Jet injection: This technique uses a needleless 
device to deliver the powders or liquids into 
the skin at high pace. For example, Vitajet 
(Bioject), Biojector (Bioject) and Medi-Jector 
systems are used to inject proteins in the liq-
uid form. The major advantage of this system 
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is that it provides better patient compliance as 
it causes less pain than that caused by conven-
tional needles (Benson and Namjoshi 2008).
There are several techniques that are being 

used to monitor the disposition of nanocarrier 
system on and within the skin (Fig. 13.5). These 
techniques provide the estimation of the extent 
and mechanism involved in the penetration of 
nanocarriers into the SC (Wu and Guy 2009).

13.5  Nanosized Labile 
and Particulate Ingredients 
in Sunscreens, Anti- 
Photoageing and Anticancer 
Topical Formulations

A topical delivery system is considered success-
ful if it acts locally and delivers the therapeutic 
molecule to the affected cells of the skin. Several 
drawbacks like patient compliance, safety and 
efficacy issues are faced with conventional sys-
tems (Schmid and Korting 1996). The use of 
nanotechnology-based drug delivery systems 
promise the required formulation goals and over-
take the drawbacks that are experienced with the 
conventional systems. These nanocarriers make 
the sunscreens more efficient by enhancing UV 
protection in them. The minuscule particle size 

increases the surface area that allows drug to 
actively move into the skin (Kaul et  al. 2018). 
The recent focus of the formulators is to choose 
biodegradable excipients for designing nanocar-
riers for drug delivery. The various merits offered 
by nanosystems include:

• Sustained and controlled release with local-
ized effect as it creates the reservoirs.

• Precise delivery of potent drugs to the desig-
nated site

• Efficient drug targeting and greater drug 
retention

• The strategy of entrapment of an active mole-
cule prevents their degradation

• Reduction in the adverse effects
• Enhanced skin penetration
• Higher stability
• Offer occlusive properties

Some of the novel nanocarriers used in cos-
meceuticals have been discussed below:

13.5.1  Liposomes

These are widely used vesicular nanocarriers. 
They have a hydrophilic core that is covered by a 
hydrophobic lipidic bilayer (generally made up 
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of phospholipids). They can entrap both hydro-
phobic and hydrophilic compounds. These are 
biocompatible and biodegradable systems that 
offer improved efficacy, enhanced dermal pene-
tration and reduced toxicity. This system faces 
some challenges like high production cost, drug 
leakage, inadequate stability and susceptibility to 
oxidation and hydrolysis reaction (Tripura and 
Anushree 2017).

13.5.2  Niosomes

These are also vesicular systems having a bilayer 
structure that is made up by self-assembly of 
hydrated nonionic surfactants, with or without 
incorporation of cholesterol or their lipid. They 
overcome challenges like instability, expensive-
ness and susceptibility to oxidation and reduction 
reactions that were faced in case of liposomes. 
But niosomes have limited shelf life, require spe-
cialized manufacturing equipment and is a time 
consuming manufacturing process. Improved 
version of niosomes is known as proniosomes 
that need to be hydrated right away before use to 
get aqueous dispersions of niosome (Chandu 
et al. 2012). They are preferred over niosomes for 
their better stability and product performance. 
Coenzyme Q10 proniosomes were formulated 
and tested on photodamaged skin of mice (Yadav 
et al. 2015).

13.5.3  Solid Lipid Nanoparticles 
(SLN)

This system is composed of the oily or lipoidal 
core that is enclosed by a single-layer shell. 
They are prepared using lipids that can be bio-
degraded or using physiological lipids. Hence, 
surmounts the toxicity issues. Their minuscule 
size enables better penetration of the actives 
into the skin. Apart from being a carrier, SLNs 
also possess UV protective properties that 
make them act as a physical sunscreen on their 
own. Therefore, they can be considered as a 
good choice for sunscreen preparations (Arora 
and Murthy 2012).

13.5.4  Nanostructured Lipid Carriers 
(NLCs)

These are second-generation lipidic vesicles 
designed to surmount the limitations of SLNs. 
NLC is prepared by blending solid lipids along 
with liquid lipids leading to amorphous solids in 
preferable ratio of 70: 30 up to 99.9: 0.1, being 
solid at body temperature. They are physically 
stable, provide extended drug release, higher 
drug loading and can be easily prepared and 
scaled up. The use of biodegradable and physio-
logical lipids makes them safer carriers. They 
provide better UV protection with lesser side 
effects (Purohit et al. 2016).

13.5.5  Nanoemulsions (NEs)

These are kinetically or thermodynamically sta-
ble dispersion systems containing an oily phase, 
aqueous phase and a combination of surfactant 
and co-surfactant. NEs are generally transparent 
or translucent in appearance. They have low vis-
cosity, high absorption rate, interfacial area and 
solubilization capacity (Ronak and Jay 2012).

13.5.6  Nanospheres

These are core-shell type nanosystems with par-
ticle size ranging from 10 to 200 nm in diameter. 
They can be either crystalline or amorphous sys-
tems in which active moiety is enclosed, dis-
solved, attached, or encapsulated to the polymer 
matrix. Nanospheres provide protection against 
chemical and enzymatic degradation of the drug. 
They can be used to deliver a wide range of actives 
like poorly soluble and absorbable drugs, labile 
bioactives, enzymes, genes, etc. (Mamo 2015).

13.5.7  Gold Nanoparticles

These are inert, biocompatible, non-toxic, stable 
and noncytotoxic particles having size in the 
range of 5–400  nm. They promise high drug 
loading and targeted drug release. They are very 
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Table 13.3 Nanoformulations against photodamage

Nanosized labile system Purpose Active ingredients References
Nanoemulsion Anti-Photoageing Centella asiatica extract Lala and Patel (2019)
Solid-in-oil nanodispersion Anti-Photoageing Competitive inhibitor peptide of 

Human Neutrophil Elastase 
with hyaluronic acid

Madalena et al. (2015)

Nanosuspension Against Oxidative stress Resveratrol Kobierski et al. (2009)
Lipid nanocarriers Sunscreen Rice bran and raspberry seed oil Niculae et al. (2014)
Lipid nanoparticles Cutaneous alteration- 

Skin hydration & 
elasticity

Rosemary Essential Oil Montenegro et al. 
(2017)

Nanocapsule Against UVB distress Curcumin Suwannateep et al. 
(2012)

Nanoemulsion Sunscreen Pomegranate Baccarin et al. (2015)
Niosomes Antioxidant Resveratrol, Curcumin Tavano et al. (2014)
Ultra-small lipid 
nanoparticles

Antioxidant Q10 Enzyme Lohani et al. (2014)

Nanoemulsion Photoprotection Pomegranate Seed Oil Dhawan and Nanda 
(2019)

Nanoparticles Sunscreen Titanium Dioxide Lin and Lin (2011)
Encapsulation into lipid 
nanostructures

Photoprotection Benzimidazole derivatives Manescu et al. (2015)

Bioadhesive nanoparticles Sunblock-UV protection Padimate O Deng et al. (2015)
Nanoparticles Sunscreen Cerium Dioxide Herrling et al. (2013)
Nanoemulsion Against UVA radiation Propolis and lycopene extract Butnariu and Giuchici 

(2011)
Nanoparticles Sunscreen TiO2 and Hosseinzadeh et al. 

(2017)
Nanoparticles Suncreen TiO2 and ZnO Smijs and Pavel (2011)
Nanostructured lipid 
carriers

Sunscreen/skin cancer Rutin Kamel and Mostafa 
(2015)

Nanoparticles Sunscreen-Safety 
Confirms

Zinc Oxide Zvyagin et al. (2008)

Poly(lactic-co-glycolic 
acid) Nanoparticles

Squamous cell 
carcinoma

5-aminolevulinic acid Shi et al. (2013)

Nanoemulsion Skin carcinoma Betulin Dehelean et al. (2013)
Chitosan nanogel Skin cancer Bleomycin Sahu et al. (2017)
Calcium carbonate- 
polydopamine Nanoparticle

Skin Phototoxicity and 
tumor

Chlorin e6 Dong et al. (2018)

Nanoparticle Skin photodamage. 5-aminolevulinic acid Passos et al. (2013)
Biodegradable liposome 
gold nanoparticles

Skin cancer Curcumin Singh et al. (2018)

Chitin nanogels Skin cancer 5-fluorouracil Sabitha et al. (2013)
Chitin Skin melanoma (−)-epigallocatechin-3-gallate Siddiqui et al. (2014)

Gold nanoparticles Skin cancer Fluorouracil Safwat et al. (2018)
Nanostructured 
systems-Co-encapsulated

Skin carcinoma Imiquimod and copaiba oil Venturini et al. (2015)

Pegylated ethosomal 
nanoencapsule

Melanoma Paclitaxel Eskolaky et al. (2015)

Carboxymethyl cellulose/
casein nanogels

Skin cancer Curcumin and folic acid Alamelu et al. (2017)

Lecithin–chitosan 
nanoparticle

Antioxidant, delay 
UV-mediated oxidant

Quercetin Tan et al. (2011)

(continued)
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stable both in liquid and in dry forms. These 
nanoparticles improve blood circulation, skin 
elasticity and firmness, provide anti- inflammatory 
and antiseptic properties and are widely used in 
anti-ageing skin care formulations (Thakor et al. 
2011).

Tables 13.3, 13.4, and 13.5 enlists some of the 
photoprotective and anticancer nanoformula-
tions, patents and marketed formulations, 
respectively.

13.6  Regulatory Requirements 
of Manufacturing, Testing 
and Labelling

Nanotechnology is incorporated in cosmetics 
with a thought that the small particles are easily 
absorbed into the skin and repair the damage 
more competently (Lohani et  al. 2014). Every 
system in this universe possesses some negative 
aspects along with its benefits.

13.6.1  Risk Factors

Vast development and usage of nanomaterials 
expose a large number of workforces and con-
sumers to nanomaterials. The human exposure to 
nanoparticles is through inhalation, ingestion and 
dermal routes (Lohani et al. 2014). In spite of the 
versatile nature of the nanoparticles, the lack of 
inclusive scientific data showed some risk fac-
tors. There are four areas in general that come 
under risk factors (Picecchi 2018), i.e.

• The general toxicity of nanomaterials
• The accumulation of nanomaterials within the 

biological systems
• The non-biodegradability of nanomaterials
• The transboundary harm caused by 

nanomaterials

It has been established by several studies that 
nanoparticles due to its small size merely reach to 
the systemic circulation (and then to organs), 
where it shows some toxicity. Sometimes the 

Table 13.3 (continued)

Nanosized labile system Purpose Active ingredients References
Chitosan nanoparticle Anti-wrinkle, Acne Retinol Kim et al. (2006)

Poly(ε-caprolactone) 
nanoparticles

Sunscreen Octyl methoxycinnamate Alvarez-Roman et al. 
(2001)

PLGA nanoparticles Melanoma Coumarin Bhattacharyya et al. 
(2011)

Chitosan nanoparticles Melanoma EGCG Siddiqui et al. (2014)
Silver nanoparticles Skin cancer Naphthoquinone-Plumbagin Duraipandy et al. (2014)
Solid lipid nanoparticles Skin carcinoma 5-Fluorouracil Khallaf et al. (2016)
Nanospheres Skin cancer metastasis Doxorubicin Minotti et al. (2004)
Nanoparticle Skin melanoma Dacarbazine Hafeez and Kazmi 

(2017)
Proniosome Photoageing Coenzyme Q10 Yadav et al. (2015)
Lipid-core nanocapsules Antioxidant, anti- 

inflammatory, 
Anticarcinogenic

Curcumin, Resveratrol Friedrich et al. (2015)

Solid lipid nanosystems Delayed UV mediated 
DNA damage & 
necrosis

Quercetin Bose et al. (2013)

Nanostructured lipid carrier 
and Nanoemulsion

Antioxidant, Protect the 
drug from UV 
degradation

Tocopherol Abla and Banga (2014)
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Table 13.5 Marketed nanoformulations (Duarah et al. 2016; Sharma and Sharma 2012)

Nanoformulation Trade name Company/Manufacturer Active agent Purpose
Nanosomes Revitalift 

Double Lifting
L’Oreal Pro-Tensium, Pro- 

Retinol A
Anti-wrinkle

Nanocrystals Renergie 
Microlift

Lancome Black tea ferment, 
tetrapeptide-9

Anti-ageing

Fullerene C-60 Zelens 
Fullerene C-60 
Night Cream

Zelens Fullerenes C60 Anti-ageing

Liposomes Royal Jelly Lift 
Concentrate

Jafra Cosmetics Cellspan Complex with 
Royal jelly

Anti-wrinkle

Nanoparticles NanoSun™ Micronisers Pty Ltd Zinc oxide Sunscreen
Nano-UV filters Dior Snow Pure 

UV Base SPF 
50

Dior Titanium dioxide, 
Octinoxate, Oxybenzone

Sunscreen

Nanosphere Nanosphere 
Plus

Derma Swiss Hydrolyzed Collagen, 
Elastin, Allantoin, 
Hyaluronic Acid, 
Alpha-Lipoic acid, 
Apple, Rose

Anti-ageing

Nanoparticles TEGO® Sun 
TS plus

Degussa Titanium dioxide Sunscreen

Liposomes Rovisome ACE 
Plus

Rovi Cosmetics International 
GmbH

Ascorbyl palmitate, 
Tocopherol, retinol

Sun protection, 
Anti-ageing

Nanotopes Tinoderm E Ciba Specialty Chemicals Vitamin E Photoageing
Liposomes Ageless Facelift 

cream
I-Wen Naturals Coenzyme Q10, 

Niacinamide
Anti-ageing, 
whitening, 
Antioxidant

Micro- 
encapsulated

Ultimate 
Anti-Ageing 
Cream

Promise Cosmeceuticals Vitamin C Anti-ageing

Nanoemulsion Nano-Lipobelle 
H-EQ10 cream

Mibelle Biochemistry, 
Switzerland

Coenzyme Q10, Vitamin 
E acetate

Anti-ageing, 
anti- 
inflammatory

Nanoparticles Revitalift L’Oreal Pro-Retinol A Anti-ageing
Nanoemulsion Nano-Lipobelle 

H-AECL
Mibelle Biochemistry, 
Switzerland

Vitamins A. E, C & 
borage oil

Anti-wrinkle

Nanocapsules Lancome Soleil 
Soft-Touch
Anti-Wrinkle 
Sun Cream SPF 
15

L’Oreal Vit E, Panthenol Anti-wrinkle, 
Sunscreen

Fullerenes Sircuit Addict 
Firming 
Antioxidant 
Serum

Sircuit Skin Cosmeceuticals 
Inc.

Green tea extract, Grape 
seed extract, Vitamin E

Anti-ageing, 
Rejuvenating

Liposomes DOXIL TTY Biopharm Company 
Limited

Doxorubicin 
hydrochloride

Skin cancer

Nanostructured 
lipid carriers

Cutanova Nano 
Repair Q10 
Cream

Dr.Rimpler GmbH CoenzymeQ10 Anti-ageing

Nanostructured 
lipid carriers

Nanolipid 
Restore CLR

CLR Chemisches 
Laboratorium, Dr. Kurt 
Richter GmbH

Black current seed oil Revitalising, 
anti-ageing

Liposomes Capture Dior Anti-ageing
Nanocapsules Soleil Instant 

Cooling Sun
Spritz SPF 15

Lancome Vitamin Sun protection 
spray
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nanosized particles produce free radicals and 
hence toxic to cells. A toxicity study of titanium 
dioxide (TiO2) nanoparticles revealed the transfer 
of particles to the progeny that caused brain dam-
age and reduced sperm count in male children 
when it was subcutaneously administered to 
pregnant mice (Lohani et al. 2014).

With the emergence of nanotechnology, the 
concerns of materials and products having the 
potential for adverse biological and environmental 
effects are also intensifying. Nanotechnology 
imparts environmental problems as well as human 
health problems. The issues on humans regarding 
nanoformulations are carcinogenesis, respirational 
effects, toxicity, life expectancy, etc. The limita-
tions of nanocosmeceuticals in general are depicted 
in Fig. 13.6. Hence, a need arises to establish some 
stringent regulations on nanocosmeceuticals.

13.6.2  Safety Assessment

The parameters which are related to the manufac-
turing of nanoproducts should be reviewed dur-
ing their life cycle. Life-cycle assessment (LCA) 
is a means for the quantification of the environ-
mental bearings of a nanoproduct. It can identify 
or measure all sources of nano-waste from 
upstream processes (like manufacturing of com-
pounds, equipment, etc.) to the downstream pro-
cesses (nano-waste capture, recycling, treatment 
and disposal) (Charitidis et al. 2014).

The safety assessment of nanomaterials used 
in cosmetic products must consider the following 
factors: (US FDA, Regulations 2014)

• The physicochemical properties
• Accumulation of nanomaterials and their size 

distribution
• Possible routes of nanoparticles exposure
• Dosimetry for toxicological interpretation
• Skin diffusion
• Toxicological data on nanomaterial ingredi-

ents, potential inhalation, irritation (skin and 
eye) and mutagenicity/genotoxicity studies

• Impurities etc.

13.6.3  Regulations Governing 
Manufacturing and Usage 
of Nanoformulations

At first, the agencies of the world did not realize 
that the nanomaterials and their traditional forms 
would be completely different in their properties. 
The Royal Society of Sciences, UK treated nano-
materials as new entities for the first time (Nanda 
et  al. 2016). In the competitive commercializa-
tion of nanotechnology-based products including 
cosmetics, there is a need to clarify or to reduce 
the risks involved in the nanoformulations. The 
concern regarding safety of nanomaterials 
became the initial step for regulatory bodies to 
provide guidelines all over the world by means of 

Generate ROS that leads
to oxidative stress

May harm the
environment

TiO2 in sunscreens damage DNA,
RNA, and fats within cells

Ultrafnenanomaterials like TiO2, carbon nanotubes
etc. cause toxicity to human tissues and cells

Approval without clinical trials
poses toxicity concern after use

Fig. 13.6 Negative 
aspects of nanomaterials
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ethical, legal and regulatory bodies (Declaration, 
Canadian Environmental Law Association 2007). 
The basic regulatory approaches towards risk 
management are as follows:

• Precautionary basis
• Compulsory nano-specific regulations
• Health and safety of the community and 

workforces
• Environmental safety
• Transparency
• Public contribution
• Insertion of wider impacts
• Manufacturer responsibility

From the production of the material to its pack-
aging and shipping the health, safety and environ-
mental risks are of great concern that require an 
action. Internationally, the community should 
have an undivided regulatory system between 
regions because of the universal nature of the risks 
of nanomaterials. The regulations in one region 
will eventually affect the entire environment 
(Picecchi 2018). Therefore, Governments around 
the world create regulations and standards for 
research and the use of nanomaterials, while the 
most of the nations are currently deficient in spe-
cific legislation on nanomaterials. The Food and 
Drug Administration (FDA) and European 
Medicines Agency (EMEA) have the leading nan-
otechnology regulations followed by Health 
Canada (Canada), Therapeutic Goods 
Administration (TGA) and the Australia’s National 
Industrial Chemicals Notification and Assessment 
Scheme (NICNAS) (Nanda et al. 2016).

13.6.3.1  US Regulations
The United States has a federal system of regula-
tion. In 2000, the US FDA took up the US 
National Nanotechnology Initiative (NNI). The 
first Nano Initiative Task Force was set up by 
FDA in 2006, to develop safe, efficient and inno-
vative FDA regulated nanomaterial-based prod-
ucts. After the Task Force endorsement in 2007, 
the US FDA provided a drafted document in 
2012 under the title of “Guidance for Industry: 
Safety of Nanomaterials in Cosmetic Products” 
and this draft was open for public commenting 
from June 2014. The FDA initiates the develop-

ment of new methods to successfully evaluate the 
toxicity of the nanomaterial in cosmetics when 
the traditional testing methods are not suitable. It 
provides a general criterion for the evaluation of 
nanomaterials in cosmetics either adulterated or 
misbranded. The nanotechnology also needs 
modification in nomenclature and dose metrics of 
the compounds (Nanda et al. 2016).

In June 2014, FDA issued guidance for industry 
titled “Considering Whether an FDA- Regulated 
Product Involves the Application of Nanotech-
nology.” This draft provides direction to industry 
and other investors in order to identify the safety 
issues of nanomaterials in cosmetic products and 
helps in designing their evaluation parameters. 
These guidelines considered the information (like 
recent advances, publications, etc.) provided by the 
cosmetic industry to the International Cooperation 
on Cosmetics Regulations (ICCR) and relevant 
reports of Organization for Economic Co-operation 
and Development (OECD) on “Manufactured 
Nanomaterials,” the Scientific Committee on 
Consumer Safety (SCCS) on “Safety Assessment 
of Nanomaterials in Cosmetics,” relevant ICCR 
reports on the “Currently Available Methods  
for Characterization of Nanomaterials,” and the 
“Principles of Cosmetic Product Safety Assess-
ment”(US FDA, Regulations 2014).

The US government entities: the US 
Environmental Protection Agency (EPA) and the 
US FDA are involved in signifying the nanoscale 
materials. EPA is involved in the identification of 
the health and environmental risks of nanomate-
rials with a drafted document (that includes the 
source of nanomaterial; how it transfers to the 
environment and their associated problems to 
human, animal or plant), while FDA regulates 
nanoproducts, not the materials (Kelley 2009). 
The EPA can follow the regulatory measures set 
up by the Toxic Substances Control Act (TSCA). 
Under the TSCA Sect. 13.4, the EPA can regulate 
any chemical compound if it involved some 
health or environmental risk. Also, the TSCA 
Sect. 13.5 gives power to the EPA to screen new 
chemical products before they enter in the mar-
ket. US regulatory approach for nanomaterials is 
generally market-oriented (Picecchi 2018).

According to FDA, medical products are 
under regulation of the Centre for Drug 

13 Nanosized Labile and Particulate Ingredients in Topical Formulations: A Strategic Approach…



302

Evaluation and Research (CDER), Centre for 
Devices and Radiological Health (CDRH) and 
Office of Combination Products (OCP). The task 
force has also collaborated with bodies like Food 
Drug and Cosmetic Act (FDCA), Toxic Substance 
Control Act (TSCA), Occupational Safety and 
Health Act (OSHA), National Environmental 
Policy Act (NEPA), United States Department of 
Agriculture (USDA), National Institute of 
Nutrition (NIN), etc. (Dhawan et al. 2018).

In 2015, EPA proposed new rules according to 
TSCA section 8(a) to involve reporting and 
record keeping information on those chemical 
substances which are manufactured or processed 
as nanoscale materials. This proposed rule would 
notify EPA about production volume, methods of 
manufacture and processing, exposure and 
release information and available health and 
safety data (Regulations of Nanomaterials in 
USA 2016).

13.6.3.2  EU Regulations
The European Union (EU) is a cosmopolitan 
body. In contrast to US, the European Union 
(EU) follows a more precautionary approach, 
which permits the regulation of certain constitu-
ents without inclusive and conclusive scientific 
data regarding their potential risks. Due to its pre-
cautionary approach, the EU has some nano- 
specific regulations (Breggin et  al. 2009). The 
EU cosmetics regulations cover the use of nano-
materials in cosmetics and provide a meaning to 
nanomaterials, their usage, labelling and safety 
evaluation. The toxicological profile of the nano-
material of the EU Cosmetic regulation includes 
percutaneous absorption, toxicokinetics, skin 
sensitization, mutagenicity, repeated dose toxic-
ity, carcinogenicity and photo-induced toxicity. 
The Scientific Committee on Consumer Safety 
(SCCS) and the Scientific Committee on 
Emerging and Newly Identified Health Risks 
(SCENIHR) regulate the environmental and 
health-related risks associated with nanomateri-
als. The SCENIHR is related with the suitability 
of prevailing risk valuation practices or method-
ologies, while the SCCS is related to the safety of 
nanomaterials in cosmetic products and issued an 
opinion on the safety of nanomaterials especially 
in cosmetic products in 2007. In Europe only the 

validated methods are accepted for assessment of 
cosmetic ingredients. As there is ban on testing of 
cosmetic ingredients on animals, the alternative 
methods for toxicological threat identification are 
in silico modelling approaches. The objective of 
these approaches is to reduce, refine or replace 
the use of animals. The methods involved in such 
approaches are established at the European 
Centre for the Validation of Alternative Methods 
(ECVAM) and are considered by Expert Scientific 
Advisory Committee (ESAC) (SCCS opinion 
guidelines 2012).

The SCENIHR advises the European 
Commission about the emerging and newly 
acknowledged health risks (Picecchi 2018). The 
main implementation of EU involves regulations, 
directions, decisions, communications and rec-
ommendations. The EU has specific regulatory 
agencies. The EU bodies that regulate manufac-
tured nanomaterials are: the European Chemicals 
Agency (ECHA), the EMEA and the European 
Agency for Safety and Health at Work 
(EU-OSHA).

The ECHA regulates the Registration, 
Evaluation, Authorization and Restriction of 
Chemical Substances (REACH) and 
Classification, Labelling and Packaging (CLP) 
regulations. The EMEA is involved in the scien-
tific assessment of therapeutic products which 
are marketed across the EU and helps in the 
development of nanotherapeutic products and 
discover probable scientific solutions. The 
European Environment Agency (EEA) and the 
EU-OSHA coordinate, and monitor national and 
European regulations in their respective areas 
(Breggin et  al. 2009). The latest nanomaterial 
regulations in EU update the use of nano register 
in the EU member states.

13.6.3.3  Indian Regulations
The document titled ‘Guidelines for evaluation of 
nanopharmaceuticals in India’ under the head-
ship of Dr. (Prof.) Y. K. Gupta is drafted jointly 
by All India Institute of Medical Sciences 
(AIIMS), Translational Health Science and 
Technology Institute (THSTI), Department of 
Biotechnology (DBT) and Indian Society of 
Nanomedicine (ISNM). Recently, these guide-
lines were again revised and drafted jointly by 

S. Dhawan et al.



303

the Indian Society of Nanomedicines (ISNM) 
and Department of Biotechnology (DBT) and are 
published by Central Drug Standard Control 
Organization (CDSCO) in 2019. Obligatorily, it 
is required to formulate a comprehensive guide-
line to create a transparent and consistent regula-
tion regarding quality, safety and efficacy of 
nanopharmaceuticals for its therapeutic use 
within the country. The guidelines apply for 
nanoproducts as well as for new nanomaterials. 
These guidelines also boost the commercializa-
tion of nanotechnology-based innovation with 
high benefits and low-risk ratio. The safety stud-
ies in India for nanomaterials are in accordance 
with the general guidelines specified in Schedule 
Y of Drugs and Cosmetics Rules, 1945, the prin-
ciples of ICH guidelines or OECD guidelines.

The basis of safety and efficacy evaluation for 
a specific nanopharmaceutical should be ‘case by 
case approach’ and it depends on various factors 
like physicochemical and biological nature, 
nanocarrier used, the regulatory status in other 
countries, etc. (CDSCO guidelines 2019).

13.6.3.4  Conventions, Councils 
and Organizations 
Regarding Nanotechnology

Apart from the regulations, there are some con-
ventions like the Basel Convention which mainly 
deals with the transboundary movements of 
harmful wastes and their disposal. While the 
international trade of certain hazardous chemi-
cals is under Rotterdam convention (or PIC con-
vention). Likewise, Stockholm convention or 
persistent organic pollutants (POPs) was imple-
mented in 2001 that deal with the protection of 
human health and the environment from persis-
tent biological pollutants (Picecchi 2018). Many 
organizations have their own standards and 
guidelines for the development and handling of 
nanomaterials because in some areas the govern-
ment regulations do not give clarity. International 
Council on Nanotechnology (ICON) is a govern-
ing organization devoted to the safe, responsible 
and beneficial development of nanotechnology 
(Kelley 2009).

The first Intergovernmental Forum on 
Chemical Safety (IFCS) discussed nanomateri-

als on a global level afterward, limitless interna-
tional bodies have set up the committees and 
have initiated reports to measure the risks of 
nanomaterials. For example, the Strategic 
Approach to International Chemicals 
Management (SAICM) deals with the manage-
ment of chemicals with the promotion of inter-
national research and cooperation in the field of 
nanomaterials. Similarly, standardization gov-
erning bodies such as the International 
Organization for Standardization (ISO) or the 
European Committee for Standardization (CEN) 
have presented several documents for the stan-
dardization and classification of nanomaterials 
and nanotechnology. Most importantly, the 
World Health Organization (WHO), the United 
Nations Educational Scientific and Cultural 
Organization (UNESCO), the Food and 
Agriculture Organization of the United Nations 
(FAO) and the OECD are all involved in collect-
ing information regarding nanomaterials 
(Picecchi 2018).

The OECD and the ISO are the most impor-
tant international entities for regulatory coopera-
tion and information sharing. OECD plays a key 
role in identifying potential contests posed by 
nanomaterials to the environment. The Cosmetic 
Toiletry and Fragrance Association (CTFA) and 
OECD provided the guidelines for toxicity test-
ing on the basis of toxicological profile of the 
component and their routes of exposure. Animals 
are banned for toxicity testing of new chemicals; 
therefore, the two leading bodies, i.e. European 
Centre for the Validation of Alternative Methods 
(ECVAM) and the Interagency Coordinating 
Committee on the Validation of Alternative 
Methods (ICCVAM), are referred for the alterna-
tive testing methods. The reconstructed human 
skins such as EPISkin™ and EPIDerm™ are 
used for skin irritation and corrosion testing 
(Nanda et al. 2016).

The countries that don’t have their own nano 
regulations must adopt the other country’s regu-
lations with the concern of the International 
Conference on Harmonisation (ICH guidelines). 
ICH is the treaty or convention signed by many 
countries in order to fill the regional gaps in the 
regulations.
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13.6.4  Labelling Regulations 
of Nanoformulations

Presently, there is no generic labelling prerequi-
site for manufactured nanoparticles (MNPs) as 
well as for the products containing manufactured 
nanoparticles (PCMNPs) used by both providers 
and consumers (BSi, Guidance 2007). The EU or 
US law provides some nano-specific regulatory 
guidelines on labelling of nanoformulations. In 
FDA, the Federal Food, Drug and Cosmetic Act 
(FFDCA) and the Fair Packaging and Labeling 
Act (FPLA) regulate cosmetic labelling. The 
FFDCA has the judicial power to remove adulter-
ated or misbranded products. The labelling 
requirement of the FDA emphasis the addition or 
the avoidance of the material’s information or 
misleading information, respectively, but FDA 
lacks the authority to inspect the records. On the 
other hand, the EU provides the framework for 
the regulation of labelling and packaging of the 
product. It allows the manufacturer to carry out 
risk assessment regarding the product in relation 
with the Skinny Client Control Protocol (SCCP) 
or SANCO’s. Hence, both FDA and EU labelling 
guidelines are the prime tools for regulating 
nanocosmetic market (Falkner et al. 2009). The 
listing and labelling are used to address probable 
adverse effects of nanomaterials over the human 
health or the environment. The regulations on the 
format and content of labels for MNPs and 
PCMNPs are given by Publicly Available 
Specification (PAS). The PAS also provides guid-
ance on the use of the term “nano” in product 
labelling. The labelling guidelines are used for 
the following:

• To promote a uniform approach towards 
labelling.

• To ensure that consumers of MNPs and 
PCMNPs can correctly identify the contents 
for making decisions of their selection, pro-
curement, distribution, handling, use and 
disposal.

• To establish the use of the term ‘nano’ in 
labels etc.

It is essential to mention the term “nano” on 
product’s label if it contains nanosized compo-
nents or if it depicts a nanoenabled effect. Labelling 
is recommended for formulated nanoparticles and 
for products containing formulated nanoparticles 
except when the product or a complex system 
could not release nano- component. Additionally, 
with the identified risks, it is suggested that the 
labels for nanoformulations should provide 
required information for user or for specialized 
persons (BSi, Guidance 2007).

The compliance of the product with specific 
standards includes the list of ingredients, techni-
cal description, directions for their use, cleaning, 
storage, disposal, name, address and contact 
details of the manufacturer, etc. This should be 
directed in instructions or on permanently 
attached labels of the product itself (Amoabediny 
et al. 2009).

13.7  Conclusion

The skin itself, in the process of being a protec-
tive barrier, suffers from many environmental 
insults. The UV radiations have been established 
as a skin carcinogen. The damaging UV rays 
affect all the layers of the skin and their effects 
depend upon the duration and extent of UV expo-
sure. UV rays increase the prevalence of sunburn, 
tanning, itching, inflammation, hyperpigmenta-
tion, etc. Consequently causing skin cells to die, 
damage, develop cancer in the epidermal layer or 
cause photoageing. The skin has been used as a 
site for drug administration to avail both topical 
and systemic effects. Designing a topical formu-
lation against photoageing and photocarcinogen-
esis requires consideration of several factors like 
physicochemical properties of drug, targeted 
layer, symptoms to be addressed, pattern of drug 
release such as controlled or fast release. The 
major challenges faced while formulating these 
topical preparations involve overcoming the stra-
tum corneum barrier, safety and efficacy issues. 
Several techniques have been employed to over-
come the barrier. One such highly recommended 
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strategy is the use of nanocarrier systems for 
delivering useful and effective drug molecules. 
These nanosystems provide better product per-
formance, site-specific targeting, enhanced skin 
penetration, controlled and sustained release, bet-
ter entrapment and better stability of the drug. 
Apart from having benefits, these nanosystems 
also create some risks for human health and envi-
ronment. Hence, stringent regulations and guide-
lines on the manufacture, labelling and ethical 
use of nanomaterials and nanocosmetics are 
being promulgated by regulatory agencies so as 
to ensure consumer safety without imbalancing 
the ecosystem of the planet.
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Nanoethosomes for Topical Fungal 
Therapeutics

Kamla Pathak

Abstract

Topical treatment of fungal infections results in 
efficacious treatment as the drug is intended to 
target the site of infection; systemic side effects 
are minimized and patient compliance 
improves significantly. The conventional topi-
cal antifungal formulations offer restricted 
drug delivery across the skin resulting in inef-
ficient therapeutics and non-targeted distribu-
tion of drugs leading to systemic side effects. 
Topical drug delivery needs to accomplish two 
aspects: overcome the stratum corneum barrier 
and deposit the drug in the targeted skin layers 
to limit percutaneous absorption for fungicidal/
fungistatic activity. To achieve this, various 
nanocarriers have been developed and 
nanoethosomes hold promise. The ethanolic 
vesicular nanosized system (classical etho-
somes) has evolved as variants in the form of 
binary ethosomes, composite ethosomes, trans-
ethosomes, and polymeric ethosomes. The 
chapter provides an insight into the occurrence 
and therapy approaches of fungal infection, 
usefulness of topical therapy, nanoethosomes 
and its variants, and their applications in the 
delivery of antifungal agents.

Keywords

Fungal therapeutics · Nanoethosomes · 
Ethosomal variants

14.1  Introduction

Fungal diseases are caused by a wide variety of 
fungi and are a growing threat to human health. 
While healthy people rarely suffer from poten-
tially serious fungal infections, individuals with 
weakened immune systems like cancer patients, 
HIV/AIDS patients, organ and stem cell trans-
plant patients, and hospitalized patients are pre-
dominantly vulnerable to fungal infection that 
may be fatal. Fungi are ubiquitous, and among 
the many different species of fungi, only few are 
pathogenic. Table 14.1 is a cross-sectional sum-
mary of common and rare fungal diseases, the 
causative fungi, prevalence, and epidemiology. 
The data has been collected from www.cdc.gov/
fungal accessed on 29 April 2019.

The skin fungal infections are caused by (i) 
dermatophytes that manifest as tinea cruris, tinea 
corporis, tinea manuum, tinea faciei, tinea capi-
tis, tinea pedis, and tinea barbae; (ii) yeasts, man-
ifesting clinically as candida intertrigo and 
pityriasis versicolor; and (iii) molds, manifesting 
as tinea nigra and nail plate infections in humans. 
The infections of keratinized tissues (skin, hair, 
and nails) are caused by dermatophytes. Three 
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genera of dermatophytes, namely, Trichophyton, 
Epidermophyton, and Microsporum, are 
 significant, clinically. It is important to identify 
the causative fungal organism in order to select 
an appropriate topical antifungal agent. For the 
majority of the tinea infections other than tinea 
unguium and tinea capitis, topical antifungals 
may be a good choice. However, for effective 
therapy of tinea capitis, an oral antifungal is the 
therapy of choice. Likewise, oral antifungals are 
necessary especially if onychomycosis manifests 
itself as moderate to severe. Furthermore, when 
the tinea infection involves a large human area in 
an immunocompromised host (cancer/HIV- 
infected or AIDS patient) or if infection becomes 
recurrent with clinically poor response to the 

established topical agents, then therapy by oral 
antifungals may be desirable (Gupta et al. 1998).

Fungal infections of skin are categorized into 
superficial (limited to outermost skin layers), 
cutaneous, and subcutaneous (Fig.  14.1 corre-
sponding to the depth of invaded tissue (Bseiso 
et  al. 2015)). Superficial infection causes an 
increase in pH of the skin, redness, inflammation, 
and scaling at the infection site, thereby disrupt-
ing the barrier offered by skin (Hawkins and 
Smidt 2014). Cutaneous fungal infection is the 
infection of epidermal layer and is termed as der-
matomycoses and may also include fungal infec-
tion of nails and hairs. This type of infection may 
trigger cellular immune response manifesting 
pathological variations in the patients (Watanabe 

Table 14.1 A compilation of fungal infections, the causative fungi, and epidemiological data

Pathology Causative fungi Epidemiological data
Aspergillosis Aspergillus Occurs in people with lung diseases or weakened 

immune systems
Candidiasis Candida Can occur in the mouth, throat, vagina, or 

bloodstream
Coccidioidomycosis 
(valley fever)

Coccidioides Prevalent in southwestern USA and parts of 
Mexico and Central and South America

C. gattii infection Cryptococcus gattii Prevalent in tropical and subtropical areas of the 
world, the US Pacific Northwest and British 
Columbia

Fungal nail infections
(onychomycosis)

Trichophyton rubrum, Candida 
parapsilosis, C. guilliermondii, C. 
albicans

Prevalent worldwide

Mucormycosis Mucormycetes Rare infection that affects people with weakened 
immune system

Pneumocystis 
pneumonia

Pneumocystis jirovecii Prevalent worldwide

Sporotrichosis Sporothrix schenckii Omnipresent, cutaneous skin infection is a 
common form

Blastomycosis Blastomyces US and Canadian soil
Candida auris infection Candida auris Multidrug-resistant fungus found in health-care 

settings
C. neoformans infection Cryptococcus neoformans Infects the brain, causing meningitis in people 

with weakened immune system
Fungal eye infection Candida sp. Rare infection that develops after an eye injury 

or surgery
Histoplasmosis Histoplasma Associated with bird and bat droppings
Mycetoma Caused by bat/fungi in rural regions of Africa, 

Latin America, and Asia
Ringworm 
(dermatophytosis)

Tinea pedis Prevalent worldwide

Talaromycosis Talaromyces marneffei Affects people with weakened immune system, 
prevalent in Southeast Asia, Southern China, and 
Eastern India
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2008). The fungal infection by Sporothrix 
schenckii and Candida albicans of the dermis 
results in subcutaneous fungal infection (Elgart 
2014). The infection is manifested as ulcerated/
infiltrated nodular lesions at the site of infection 
(Patel et al. 2011).

14.2  Antifungal Agents

The antifungal agents (also known as antimycotic 
agents) are therapeutic agents intended to fungal 
infections with minimal toxicity to the host. The 
mechanisms by which these drugs act are (a) 
inhibition of fungal membrane and/or cell wall 
synthesis, (b) structural alterations of fungal 
membranes, (c) destructive effects on microtu-
bules, and (d) inhibition of nucleic acid synthesis. 
Based on these mechanisms, the antifungal 
agents may be classified into four classes, and 
alarmingly, fungal strains resistant to these drugs 
are emerging.

Depending on the mode of use, the antifungal 
agents can be classified as systemic and topical, 
although the classification has diffused boundar-
ies as many antifungals may be administered 
either ways. The systemic antifungals include 
polyenes (e.g., candicidin, amphotericin B), 

imidazoles (e.g., clotrimazole, econazole) and 
triazoles (e.g., posaconazole, fluconazole), gris-
eofulvin, flucytosine, and ciclopirox. The newer 
systemic antifungals are terbinafine (synthetic 
allylamine) and caspofungin (echinocandins). 
The systemic antifungals manifest numerous side 
effects like altered estrogen levels and hepatic 
damage; some antifungals have the potential to 
cause allergic reactions in patients (Kyriakidis 
and Tragiannidis 2017). The azole antifungals are 
known to cause anaphylaxis, and toxicity to 
mammalian cells has been reported with ampho-
tericin B.

Topical antifungals, on the other hand, have 
negligible/low systemic toxicity due to poor 
absorption across the skin. Other advantages 
include low incidence of drug interactions, eco-
nomical, ease of use, and additional benefit of 
anti-inflammatory activity of topical antifungals 
including azoles and allylamines (Poojary 2017). 
Clinically, antifungal agents are applied topically 
on the skin, inserted into vagina, or are allowed 
to dissolve/disperse in the oral cavity. The topi-
cal antifungals include imidazoles (terconazole, 
econazole, omoconazole, etc.), polyenes 
(amphotericin and nystatin), tolnaftate, buten-
afine, terbinafine, haloprogin, naftifine, potas-
sium iodide, and undecylenic acid. The topical 

Fig. 14.1 Diagrammatic representation of fungal infections of skin
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antifungal agents may be classified into specific 
and nonspecific agents. The specific agents are 
the polyenes, azoles, allylamines, ciclopirox, 
butenafine, and amorolfine. Many of these anti-
fungals have a wide spectrum of activity and are 
effective against both dermatophytes and yeasts. 
The topical antifungal agents are effective 
against most forms of tinea pedis (Greywal and 
Friedlander 2018). Some traditional agents with-
out specific antimicrobial function are still used 
in clinical practice, including Whitfield’s oint-
ment, KOH preparation, and Castellani’s paint 
(Weinstein and Berman 2002). The efficacy of 
these preparations has not been well defined/
quantified. Nevertheless, a research report claims 
development of ethosomal gel of clove oil for 
candidiasis. Shetty et al. (2019) formulated etho-
somes of clove oil using varying concentrations 
of soya phosphatidylcholine and ethanol and 
later incorporated the vesicles into Carbopol 974 
base to form ethosomal gel. The optimized for-
mulation was nonirritant and was more effective 
against C. albicans than pure clove oil.

The topical antifungals are cream, gel, nail 
lacquer, nail solution, powder, or spray, for clini-
cal use. Although these conventional formula-
tions find wide usage in clinical practice, they 
have issues related to therapeutic efficacy, stabil-
ity, and safety (Goldstein et  al. 2000). This has 
propagated researchers across the globe to 
develop efficacious drug delivery systems 
(Kumar et  al. 2014a, b). Various approaches 
developed for topical delivery of antifungal 
agents include nanoparticles (polymeric and 
lipidic), vesicles (liposomes, niosomes, etho-
somes, transfersomes, and invasomes), micro-
emulsions, and microspheres. These formulations 
exhibit controlled or sustained release, minimize 
side effects, enhance permeability, and mini-
mized dosing frequency.

The most significant aspect is to improve pen-
etration of the drug into the deeper layers of the 
skin to treat invasive fungal infections (Kumar 
et al. 2014a, b). The transdermal route of delivery 
has also been proved to be useful in providing non-
invasive treatment of fungal infections using the 
skin as a route for the delivery of systemically act-
ing drugs. Systemic antifungal drugs are used only 

for the treatment of fungal infections like onycho-
mycosis, tinea capitis, systemic candidiasis, and 
invasive fungal infections (Zhang et  al. 2007). 
Numerous drugs have been reported to be deliv-
ered via this route to overcome the drawbacks of 
oral and parenteral routes. However, the topical 
administration is preferred for the treatment of 
skin infections because it favours ease of adminis-
tration, localization of high drug concentration at 
the site of action, and minimization of systemic 
drug levels and consequently the systemic adverse 
effects (Akhtar and Pathak 2012a, b).

14.2.1  Topical Delivery 
of Antifungals

In order to maintain desired therapeutic concen-
tration, permeation across the skin is a prerequi-
site step. Physicochemical properties of drug and 
development of an effective carrier system play 
pivotal roles in topical delivery. The key to effi-
cient topical delivery is to prevent or reduce dif-
fusion of drug into the systemic circulation and 
target the drug to specific skin layer (Hamishehkar 
et al. 2013). The conventional dosage forms such 
as gels, lotions, creams, and ointments appear to 
fail in achieving the optimum concentration at 
the desired site of action. The failures may be 
attributed to physiological and structural features 
of the skin (presence of lipids, cellular structure 
in the cornified layers of intrafollicular epider-
mis, presence of ceramides, free fatty acids, and 
cholesterol), drug-related properties, and formu-
lation constraints (Garg et al. 2010). The conven-
tional dosage forms are also inefficient in 
shielding the normal tissues leading to certain 
adverse effects, viz., dermal atrophy related to 
corticosteroids. Additionally, the drug is also 
required to be protected from metabolic milieu of 
the skin to avoid its metabolic degradation. The 
presence of inactive metabolites might reduce 
drug action, require repeated application, and 
cumulative accumulation of harmful metabolites 
may accentuate adverse effects. Thus a specific 
system is required to target the drug in the most 
appropriate manner using novel drug delivery 
systems (Kaur and Kakkar 2010).
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In the therapy of cutaneous and subcutaneous 
infections, the first-line treatment includes the 
use of amphotericin B, clotrimazole, econazole 
nitrate, and fluconazole. Amphotericin B is 
water-insoluble drug and azole antifungals are 
highly lipophilic in nature (with few exceptions 
like fluconazole). These can readily partition into 
the lipophilic intracellular space in the stratum 
corneum layer (Kyle and Dahl 2004). On the 
other hand, poor penetration of hydrophilic anti-
fungals via conventional formulations reduces 
their effectiveness against pathogenic skin fungi 
(Akhtar et al. 2017). In case of amphotericin B 
and fluconazole, unwanted systemic absorption 
is observed. The conventional topical formula-
tions available till date generally lead to local 
reactions such as burning sensation, irritation, 
stinging, erythema, pruritic rash, and tenderness 
in patients leading to noncompliance by the 
patient, and hence mycological eradication may 
not be achieved. Pharmaceutical issues like 
chemical instability or physical instability of 
creams and limited penetration of drugs via gel/
ointment/cream are major limitations (Higa et al. 
2013). The latter hampers the deep-seated fungal 
infection therapeutics.

14.2.1.1  Novel Approaches to Topical 
Therapy

The poor penetration of antifungal agents into the 
distinct skin layers results in strenuous topical 
fungal therapeutics. To overcome the dermato-
pharmacotherapy issues, a selective delivery sys-
tem that could enhance penetration of the active 
moiety into the desired skin layers, localize the 
drug at the site of action, and minimize percuta-
neous absorption is desirable (Kircik 2016). In 
comparison to conventional dosage forms, the 
nanocarriers can effectively transport the drug 
topically (Güngör et al. 2013). The fact that clini-
cal efficacy of antifungal agents depends on the 
therapeutic concentration achieved at the site of 
action that in turn is dependent on the molecular 
mass, residence time, and penetration ability of 
the agent; physicochemical considerations are of 
great importance. For example, a molecular 
weight of more than 500 Da results in poor drug 
penetration across the skin. Thus, enclosing the 

drug in a suitable carrier system may enhance its 
efficacy (Kaur and Kakkar 2010). New formula-
tion approaches like nanoparticulate drug carriers 
such as solid lipid nanoparticles, polymeric 
nanoparticles, and nanostructured lipid carries 
have been extensively researched (Devi et  al. 
2011). Vesicular systems, namely, transfersomes, 
ethosomes, and invasomes, have also been inves-
tigated to ensure effective dermatopharmacother-
apy (Kumar et al. 2014a, b).

14.2.1.2  Vesicular Carriers
Vesicles are water-filled colloidal carriers capable 
of entrapping both hydrophilic and lipophilic 
drugs. The carrier wall is composed of amphiphi-
lic molecules, lipids, or surfactants in a bilayer 
conformation that undergo transformation to 
form unilamellar or multilamellar concentric 
bilayers in aqueous milieu. The hydrophilic drug 
is entrapped in the aqueous milieu, whereas the 
lipophilic drug interacts with lipid bilayer (Pirvu 
et al. 2010). Of lately, extensive research has been 
carried on vesicles for dermal delivery and trans-
dermal delivery. In early research stages, these 
carriers were developed to systemically deliver 
the drugs. Later, these systems showed potential 
for localized effect on the skin, and today, these 
are the most versatile systems for overcoming the 
penetration barrier across the skin (Arora et  al. 
2012). In various pathological and cosmetic ail-
ments related to skin, drug delivery to the several 
layers of the skin is a must. While the ailments 
(like acne, alopecia, dermatitis, psoriasis) are not 
life-threatening but may significantly alter the 
appearance. The infectious diseases include her-
pes simplex, scabies, and fungal infections. 
Certain skin pathologies can be cancerous in 
nature, viz., basal cell carcinoma and squamous 
cell carcinoma. Chemotherapy and radiation 
lower the white blood cell count, and the patient 
becomes susceptible to mild to life-threatening 
fungal infections (Crawford et al. 2004).

Vesicular carrier systems offer a plethora of 
benefits like penetration enhancement of drugs 
across the stratum corneum, control over drug 
release rate from the formulation, localization of 
drug, and optimization of targeted dermal drug 
delivery (Verma and Pathak 2012).
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Various approaches to overcome the barrier 
offered by stratum corneum have been put 
 forward by the researchers. Primarily, the appli-
cation area can be increased; the secondary 
approach is to enhance skin permeability; and 
thirdly, pursuing activation of concentration- 
independent diffusion-driving forces (Banga 
2011). While the second approach uses penetra-
tion enhancers, the third method makes use of 
iontophoresis, jet devices, and vesicular systems. 
The elastically deformable vesicles can enclose 
both hydrophilic and lipophilic drugs, increase 
the half-life of drugs by prolonging the duration 
in systemic circulation due to encapsulation, tar-
get organs for drug delivery, biodegradability, 
and lack of toxicity. The use of vesicles has been 
purported for treating deep-seated fungal infec-
tions. Decades of research on liposomes has 
deduced that these vesicles have limited permea-
bility across the skin and remain localized in the 
upper layers of the stratum corneum (Verma and 
Pathak 2010). Thus, they are inefficient in treat-
ing deep-seated fungal infections. Hence, for 
topical delivery of soft lipoidal biocarriers, trans-
fersomes, ethosomes, and invasomes have been 
specifically recognized as efficient skin delivery 
systems. The term soft lipid carriers defines them 
relevantly as these carriers are malleable phos-
pholipid vesicular carriers, flexible enough to 
adjust their shape to the pore size of the skin, and 
can work either as a carrier or as a penetration 
enhancer. As a carrier system, they enable the 
transportation of large molecular weight drugs, 
across the skin or into the systemic circulation. 
While as penetration enhancers, they cause per-
turbation of stratum corneum organization, thus 
improving the transport rate of low molecular 
weight drugs (Sharma et al. 2013).

14.2.1.3  Ethosomes
Ethosomes are soft, malleable lipid based vesicu-
lar systems composed of phospholipids, ethanol, 
and water for enhanced delivery of actives. Their 
ability to penetrate intact through the human skin 
is correlatable to their high elastic nature. The 
size of ethosomes may vary from tens of nano-
meters to micrometers for effective drug delivery. 
The use of high ethanol concentration in etho-

somes makes them unique. Ethanol in the vesi-
cles causes disorganization of skin lipid bilayer 
thereby improving the vesicle’s ability to pene-
trate the stratum corneum. Additionally, high 
ethanol concentration leads to formation of less 
tightly packed vesicular layer in comparison to 
conventional phospholipid vesicles but has 
equivalent stability, allows malleability and 
improves drug distribution in the stratum cor-
neum. The synergistic effect of the phospholipids 
and ethanol in the vesicular formulations is 
responsible for deeper penetration and distribu-
tion of drug in the deep skin layers (Pathak 2014).

As a novel vesicular carrier, ethosomes have 
several advantages in comparison to other carri-
ers. These benefits include predominantly uni-
form and penetration of drug into the skin for 
effective dermal delivery as well as for transder-
mal delivery. The system is useful for delivery of 
small and large molecules (peptides, protein mol-
ecules) in the form of gel or cream. It presents a 
noninvasive system that has been explored com-
mercially for pharmaceutical, cosmetic, and vet-
erinary use (Gangwar et  al. 2010). Though 
acclaimed as an effective dermal carrier, the sys-
tem presents drug-related constraints. The sys-
tem is appropriate for delivery of potent drugs 
(daily dose of 10 mg or less) but is not suited for 
the drugs that require high systemic blood levels. 
The drug to be loaded must have optimum solu-
bility both in the lipophilic and hydrophilic are-
nas of the vesicle in order to effectively target the 
dermal layers. The molecular size should be opti-
mum for efficient percutaneous delivery. From a 
commercial viewpoint, the constraints may be 
exhibited as a limited percentage yield and high 
production cost (Kumar et al. 2012).

14.3  Formulation Considerations

Phospholipids, the main component, are the 
vesicles- forming ingredient which helps in the 
formation of vesicle bilayer. Examples are egg 
phosphatidylcholine, soya phosphatidylcholine, 
etc. Polyols (e.g., propylene glycol) are employed 
as a penetration enhancer, and cholesterol pro-
vides stability to the vesicle. Ethanol acts as sol-
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vent and skin penetrant and imparts negative 
charge to the vesicle surface which retards  vesicle 
aggregation (Lopez-Pinto et  al. 2005). Due to 
small size, the nanoethosomes readily penetrate 
through the intercellular space to reach deeper 
skin layers (Pandey et al. 2015).

14.3.1  Mechanism of Penetration

The penetration of drug via ethosomal system 
across the stratum corneum occurs by two mech-
anisms involving two effects, namely, ethanol 
effect and ethosomes effect. The first effect is 
related to the role of ethanol in enhancing pene-
tration across the skin. It penetrates into the inter-
cellular lipids, enhances the cell membrane lipid 
fluidity, and reduces the density of lipid layer of 
cell membrane. The fluidizing effect of ethanol 
causes disorganization of the skin lipid bilayer, 
and this leads to easy penetration of soft vesicles 
through it. On the contrary, ethosomal effect is 
dependent on the effect exerted by ethanol result-
ing in improved penetration of ethosomes in the 
skin, where ethosomes fuse with skin lipids and 
release the drug into deeper skin layers. The per-
meation enhancement via ethosomes is signifi-
cantly higher than the effect of topical application 
of ethanol alone, signifying a combinatorial 
effect exerted by vesicles, ethanol, and skin lip-
ids. The ethanol enhances the solubility of the 
drug, disturbs the stratum corneum lipid bilayer 
organization, and thus increases the lipid fluidity. 
The interaction between phospholipids and stra-
tum corneum lipids is reported to improve the 
skin permeability. Ethanol being a volatile con-
stituent may cause extraction of some lipid frac-
tions of stratum corneum, with the consequence 
of enhanced drug flux when used for prolonged 
duration (Verma and Pathak 2010).

14.4  Ethosomes for Antifungals

Numerous studies have been conducted by vari-
ous researchers across the globe to evaluate the 
potential of ethosomes in treating fungal infec-
tions of skin. An antifungal agent that exhibits 
severe systemic side effects can be employed 

for  topical treatment of fungal infections if it 
 possesses excellent antifungal activity. An effi-
cient carrier system might be plausible solution; 
ethosomes hold considerable promise. The etha-
nolic vesicles tend to become leaky due to pres-
ence of ethanol hence researchers across the 
globe are finding ways to stabilize these vesicular 
systems. A simple approach would be to partly 
replace ethanol with glycols to get stable binary 
ethosomes. Another approach would be to incor-
porate beta-cyclodextrin in the vesicular system 
to get composite ethosomes. These and other 
variants have been detailed below.

14.4.1  Classical Ethosomes

Classical ethosomes can be interpreted as modi-
fied classical liposomes and are reported superior 
over classical liposomes because they are smaller 
in size and have negative zeta potential and 
greater entrapment efficiency. Furthermore, clas-
sical ethosomes show superior skin permeation 
and stability than classical liposomes (Sarwa 
et al. 2013; Touitou et al. 2000; Jain et al. 2015). 
Verma and Pathak (2012) formulated optimized 
ethanolic nanovesicles of econazole nitrate as 
Carbopol 934 NF gels with varied permeation 
enhancers and compared it with liposomal and 
hydroethanolic gels. The ethosomal gel demon-
strated a flux rate of 0.46 ± 0.22 μg/cm2 hr1/2 and 
exhibited a controlled release of econazole nitrate 
for 12 h across rat skin. The total drug diffused 
from ethosomes was approximately two times 
higher than either liposomal or hydroethanolic 
gel(s). Confocal laser scanning microscopy 
proved drug permeation to the stratum basale 
(Fig. 14.2). The results conformed superiority of 
ethosomes over liposomes.

The drugs with molecular weight in the range 
of 130–24 kDa can be readily entrapped in classi-
cal ethosomes (Mishra et al. 2010). While a wide 
variety of antifungals have been entrapped in clas-
sical ethosomes, interestingly, numerous research 
reports on nanoethosomal delivery of fluconazole 
are cited in the literature. Fluconazole is a proven 
imidazole derivative with broad antifungal spec-
trum. Usually well tolerated, it can be safely used 
for treatment of cutaneous or  systemic fungal 
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infections. However, anaphylactic reactions and 
cardiorespiratory toxicity in many cases have led 
to premature termination of therapy. Therefore, 
attempts have been made to formulate efficacious 
dermal therapy of fluconazole. Table  14.2 com-
piles a significant cross section of ethosomal for-
mulations reported for fluconazole. The data 
clearly shows that only two research reports claim 

development of nanosized ethosomes and only 
one research report proved  efficacy of the devel-
oped formulation against candidiasis.

Another imidazole derivative, ketoconazole is 
widely used for topical treatment of C. albicans 
infection. The ethosomes of ketoconazole devel-
oped by hot-process method were incorporated 
into water-miscible cream base and assessed for 

Fig. 14.2 Confocal laser scanning micrographs of econazole nitrate ethosomes deep up to stratum basale (c) in com-
parison to less permeation for liposomal gel (b) and plain gel (a) of the drug (Verma and Pathak 2012)

Table 14.2 Ethosomal research reports on fluconazole

Description of vesicle Size and EE Remarks on efficacy Reference
Multilamellar 
spherical vesicles with 
a smooth surface

144 ± 6.8 nm 
82.68%

The developed novel delivery system 
demonstrated enhanced antifungal activity 
compared to liposomal formulation, marketed 
formulation, and hydroethanolic solution of the 
drug; mean % reduction in dimension of 
candidiasis lesion

Bhalaria et al. 
(2009)

Unilamellar vesicles 
with smooth surface

5–200 nm
90%

Not reported Indora and 
Kaushik (2015)

Multilamellar vesicles 3.057–5.449 μm
76%

Not reported Chandran et al. 
(2012)

Lamellarity not 
reported

794.2–5425 μm
85%

Not reported Yassin and Sayed 
(2018)

Lamellarity not 
reported

3.46–5.98 μm
70%

Not reported Dhurve and 
Mishra (2019)
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in vitro release profile and stability. The uniform 
vesicles had average diameter of 4.154  μm at 
30% ethanol concentration. Both the ethosomes 
and cream were stable, and the latter was efficient 
in drug delivery across the cellophane membrane 
than the non-ethosomal ketoconazole cream. The 
authors reiterated the cream’s capability for treat-
ing topical fungal infections effectively. A cream 
containing ethosomal vesicles implicated clear 
edge over non-ethosomal creams, since more 
than 50% of the incorporated drug was unre-
leased from the latter, confirming the importance 
of drug encapsulation in ethosomal vesicle 
(Chandran et al. 2011).

In an attempt to achieve skin targeting of 
ketoconazole, Guo et  al. (2015) formulated 
lipidic vesicular systems, namely, classical lipo-
somes, deformable liposomes, ethosomes, and 
ethanolic deformable liposomes. Sodium 
dodecyl sulfate was used as edge activator for 
deformable lipidic vesicles in a concentration of 
0.08% w/v. The spherical lipid vesicles with a 
low polydispersity index (<0.3) were of <160 nm. 
The ethanolic deformable liposomes demon-
strated superior in vitro and in vivo skin deposi-
tion that was confirmed by confocal laser 
scanning microscopy. In vivo pharmacodynamic 
studies showed enhanced antifungal activity 
against Candida albicans with minimum lag 
time. The authors purported enhanced skin tar-
geting and micro drug- deposition of the antifun-
gal via nanoethosomes for local therapy. Marto 
et al. (2016) aimed to prepare a topical ethosomal 
system of griseofulvin that could exhibit targeted 
permeation and penetration. The ethanolic vesi-
cles (mean size  =  130  nm) were composed of 
soya phosphatidylcholine, ethanol, and water. 
The permeation and penetration assays revealed 
that griseofulvin- loaded ethosomes presented 
adequate profile to be used as a topical formula-
tion since significant drug retention in the stra-
tum corneum was achieved by the vesicular gel. 
Furthermore, in  vitro cell viability tests on 
HaCaT cells confirmed that the formulation was 
devoid of cytotoxicity at concentrations below 
50 μg/mL. The diffusion test across rat skin sig-
nified the therapeutic potential of the optimized 

formulation to effectively target skin 
dermatophytes.

A plethora of research reports on classical 
ethosomes/nanoethosomes can be found in litera-
ture. A cross section of these is presented in 
Table 14.3.

14.4.2  Binary Ethosomes

Binary ethosomes developed by Zhou et  al. 
(2010) were made using propylene glycol and 
isopropyl alcohol (Dave et  al. 2010; Li et  al. 
2012; Shen et al. 2014). Propylene glycol has sta-
bilizing effect in formulations by preventing 
aggregation of vesicles. Binary ethosomes have 
an intact spherical shape (Fig.  14.3), have the 
ability to penetrate into deep skin layers, and are 
more stable than classical ethosomes (Yan et al. 
2010).

In a research report, the skin permeability of 
terbinafine hydrochloride was compared via 
ethosomes, binary ethosomes, and transfersomes. 
The topical dose of the drug was applied, and the 
skin deposition of the applied dose of the drug 
from ethosomes, binary ethosomes, and transfer-
somes was found to be 3.34-, 9.88-, and 2.52- 
fold, respectively, higher than from control 
(non-vesicular formulation). The penetration 
depth and fluorescence intensity of the marker 
(Rhodamine B) from binary ethosomes was 
much higher than ethosomes and transfersomes 
as revealed by CLSM experiments (Zhang et al. 
2012). Another research report on binary etho-
somes of terbinafine hydrochloride by Shruti 
et al. (2018) claims development and antifungal 
evaluation of ethosomal gel for onychomycosis. 
The researchers optimized binary ethosomes in 
the size range of 200–320 nm with an entrapment 
efficiency of 70–92%. The hydro-alcoholic 
binary (ethanol/propylene glycol 7:3 by volume) 
phase vesicular formulation exhibited faster 
release and enhanced flux across rat skin. Its gel 
formulation, however, exhibited lower antifungal 
activity than the ethosomal formulation against 
Candida albicans which the authors attributed to 
the gelling effect in agar gel diffusion studies.
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14.4.3  Composite Ethosomes

Composite ethosomes incorporate additives that 
can stabilize the leaky nature of the ethosomes 
and are added during the preparation of etho-
somes. Composite ethosomes can improve drug 
delivery and at the same time reduce the amount 
of ethanol so as to reduce the risk of adverse 
effects associated with the higher concentration 
of ethanol used in ethosomes. Akhtar and Pathak 
in 2012 reported composite ethosomes of clotrim-
azole wherein the researchers experimented the 
incorporation of Cavamax W7 (β-CD) in etho-
somes in a concentration of 0.5%w/v. The 
research proposed that the molecules of Cavamax 
W7 imparted rigidity to the vesicle wall by inter-
calating with the lipid bilayer or the molecules of 
Cavamax may be positioned at the interface of the 
lipid bilayer and the hydro-ethanolic core. The 
hydrophilic exterior and hydrophobic interior of 
the phospholipid bilayer presumably defined the 
orientation of Cavamax W7 molecules, both in 

the lipid bilayer and the interface. The size of 
composite ethosomes was narrower than classical 
ethosomes due to partial replacement of 
phospholipid(s) by Cavamax W7 that resulted in 
an inward bending of the phospholipid layer and 
consequently smaller vesicles (Fig. 14.4).

Vesicle size plays an important role in topical 
drug delivery. Vesicle size less than 300  nm is 
considered to be efficient in  localizing the drug 
deep into the skin, but a vesicle size of less than 
200 nm is considered optimum for drug delivery 
to the skin (Verma and Pathak 2012). Antifungal 
activity was titrated for control gel, classical 
ethosomal gel, and composite ethosomal gel 
against C. albicans and A. niger. The antifungal 
activity was higher for C. albicans as compared 
to A. niger. High drug-loaded composite etho-
somal gel facilitated higher drug diffusion across 
the fungal cell membrane, exerting better anti-
fungal activity than ethosomal gel. In vivo CLSM 
study confirmed uniform permeation of compos-
ite ethosomes deep into the epidermis signifying 

Table 14.3 A cross section of research reports on classical ethosomes/nanoethosomes of antifungals

Drug Indication Highlight of the study Reference
Amphotericin 
B

Dermal fungal 
infection

Enhanced penetration/negligible irritation scores Higa et al. (2013)

Clotrimazole Candidiasis Growth inhibition of Candida albicans Maheshwari et al. 
(2012)

Topical skin 
infection

Enhanced delivery of drug and localization at the targeted 
site

Charyulu et al. 
(2009)

Ringworm 60–70% improvement in the skin lesions Goti and Patel 
(2007)

Ciclopirox 
olamine

Dermal fungal 
infection

Targeted delivery to dermis, formulation safe, and 
nonirritant

Girhepunje et al. 
(2010)

Fluconazole Candidiasis 50–75% reduction lesion dimensions Bhalaria et al. 
(2009)

Miconazole 
nitrate

Topical skin 
infections

Enhanced permeation and localized action of drug Dubey et al. 
(2007)

Terbinafine 
HCl

Deep skin 
infection
Superficial 
Candida 
infection

Better skin permeability
Vesicles containing 4% limonene showed high drug 
deposition in the skin (53%) and high local accumulation 
efficiency (35.3%).
Low fungal burden was produced with chitosan gel.
86% clinical cure rate within 7 days of treatment as 
compared to 20% for market product (Lamisil® cream)

Singh et al. 
(2010)
AbdelSamie et al. 
(2016)

Voriconazole Antifungal 
efficacy and 
improved skin 
delivery

Twice as effective as DMSO solution against Aspergillus 
flavus. Higher ex vivo drug permeability through rat 
abdominal skin, and skin deposition was higher for the 
ethosomes compared with the drug hydroalcoholic solution

Faisal et al. 
(2018)
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superior ethosomal system for topical drug 
delivery.

14.4.4  Transethosomes

In addition to the components of classical etho-
somes, this system consists of a penetration 
enhancer or an edge activator (surfactant) in its 
formulation. The novel vesicle combines the 
benefits of classical ethosomes and transfer-
somes to produce transethosomes. Transetho-
somes first reported by Song et  al. in 2012 are 
composed of phospholipid, ethanol, water, and 

edge activator (surfactants) or permeation 
enhancer (oleic acid). The research evaluated the 
in vivo skin deposition of the drug from voricon-
azole-loaded transethosomes in mice. The vesic-
ular system showed enhanced in  vivo skin 
deposition (approximately two times) of vori-
conazole in the dermis and epidermis layers in 
comparison to conventional liposomes, deform-
able liposomes, ethosomes, and polyethylene 
glycol drug solution. Many reports can be found 
in literature citing superior properties of trans-
ethosomes over classical ethosomes (Limsuwan 
and Amnuaikit 2012; Ascenso et al. 2015) attrib-
utable to the intriguing formulation components. 

Fig. 14.3 (a, b) Transmission electron micrographs of binary ethosomes of triamcinolone acetonide in comparison to 
classical ethosomes (Akhtar et al. 2017)

Fig. 14.4 (a, b) Transmission electron micrographs of non-drug-loaded composite ethosomes in comparison to classi-
cal ethosomes
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Various penetration enhancers and edge activa-
tors have been explored to produce ethosomal 
systems with superior features. Transethosomes 
can entrap drugs ranging from low molecular 
weight to high molecular weight (130  Da to 
325  kDa) and can be used for either topical or 
systemic delivery (Ainbinder and Touitou 2011). 
As the bioactive agent is encapsulated within the 
vesicle, the drug is released gradually and in a 
controlled manner. Transethosomes are biode-
gradable and biocompatible and present high 
entrapment efficiency (Honeywell-Nguyen and 
Bouwstra 2003; Trotta et al. 2004).

14.4.5  Polymeric Ethosomes

Polymeric ethosomes are an ethosomal variant 
first reported by Liang et al. (2012). These etho-
somes are capable of simultaneously encapsulat-
ing both the hydrophobic and hydrophilic drug. A 
study undertaken by Rasheed et  al. (2018) 
focused on the development of oxiconazole- 
loaded ethosomal gel using hydroxypropyl meth-
ylcellulose (HPMC K4M), chitosan, Carbopol 
934, and sodium alginate. The in vitro diffusion 
studies concluded that the gel made with 
Carbopol 934 exhibited best control on release 
rate of oxiconazole that was governed by non- 
Fickian diffusion. The researchers did not use 
phospholipids in the ethosomal formulation. 
Table  14.4 depicts typical comparative features 
of classical ethosomes, binary ethosomes, com-
posite ethosomes, transethosomes, and polymeric 
ethosomes.

14.5  Ethosomal Dosage Forms

The nanoethosomal suspension containing high 
concentration of alcohol(s) is incorporated in a 
suitable vehicle for effective dermal/transdermal 
delivery. The vehicle minimizes the evaporation 
of ethanol, prolongs contact time with the skin, 
enhances the therapeutic efficacy of the entrapped 
antifungal drug, improves the shelf life of the 
product, and facilitates patient compliance. 
Nanoethosomal suspensions have been incorpo-

rated in various vehicles to produce ethosomal 
gels, transdermal patches, and creams. Gels being 
the most popular dosage forms are formulated 
using various grades of hydroxypropyl methyl-
cellulose and Carbopol. The advantages offered 
by these gelling agents include compatibility 
with ethosomal systems and requisite spreadabil-
ity and bioadhesivity. The research reports detail-
ing the types of polymers used in the preparation 
of ethosomal gels and their concentrations are 
listed in Table 14.5.

The formulation and assessment of ethosomal 
patches is more complicated than ethosomal gels. 
However, the patches offer application of etho-
somes under occlusive conditions, which has 
potential to enhance permeation across the skin. 
None have been reported for antifungal drugs. 
Likewise ethosomal creams have not been 
reported for antifungal agents. The literature 
reports only two studies on formulation of etho-
somal creams, both based on incorporation of 
Curcuma longa extract-loaded ethosomal sys-
tems in a cream base (Kaur and Saraf 2011; 
Jeswani and Saraf 2014) for photoprotection and 
antiaging effect. Based on the reported studies, 
the ethosomal systems as gels, patches, and 
creams are patient-friendly dosage forms that 
have the potential to improve skin permeation of 
the drug. While gels are the most suited for the 
pharmaceutical formulations, ethosomal creams 
are the preferred choice for cosmetic prepara-
tions. In this context, only two patents on antifun-
gal drugs using nanoethosomes are documented 
in literature (Table 14.6).

14.6  Stability

Stability of the vesicular structure and size distri-
bution of drug-loaded ethosomes in their initial 
suspension form and as dosage form (gels, 
patches, or creams) have been reported by many 
researchers. Though the results are promising 
(Guo et  al. 2015; Celia et  al. 2009), real-time 
studies are required to evaluate both the physical 
and chemical stability of ethosomal systems and 
their dosage forms. Aggregation of vesicles is a 
serious physical instability.
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14.7  Conclusion

Since the invention of ethosomes, these nanosys-
tems have proven their ability to effectively 
deliver therapeutic agents of varied physico-
chemical properties across the skin for both local 
and systemic use. Continual research inputs have 
led to the introduction of variants with improved 
properties and performance. However, the vari-
ants need to be extensively explored for the 
development of nanosystems of the established 
antifungals. Furthermore, the development of 
patient-friendly dosage forms is important to 
achieve better therapeutic results. Investigations 
are desirable to focus on enhancing the stability 
of the ethosomal system and addressing safety 
issues. Though the nanocarrier has positioned 
itself commercially, intensive in vivo studies and 
clinical trials reflecting the safety potential of 
ethosomal systems in dermal and transdermal 
delivery of antifungals are required.
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Abstract

Candidiasis is among the most frequent 
healthcare-associated infections and leads to 
significant morbidity and mortality because of 
late diagnosis and delayed treatment. 
Candidiasis is a major problem for immuno-
compromised individuals and patients in 
intensive care units. Candidiasis is a fungal 
infection associated with yeast that belongs to 
Candida genus. There are over 20 species of 
Candida yeasts that can cause infection in 
humans, the most common of which are C. 
albicans and C. glabrata. Candidiasis is 
majorly categorized into superficial (oral, der-
mal, and vaginal) and systemic candidiasis, 
called as invasive candidiasis. Despite the 
availability of several antifungal agents, their 
therapeutic outcome is less than optimal due 
to limitations related to drug physicochemical 
properties like aqueous solubility, toxicity, 
and resistance. Nanostructure drug delivery 
system holds great promise to overcome these 
limitations due to its ability to enhance drug 
aqueous solubility, bioavailability, and target- 
specific delivery. Therefore, nanoscale strat-
egy could be an excellent option to improve 

the clinical efficacy of antifungal drugs and 
patient acceptability. This book chapter 
encompasses the nanostructure-based drug 
delivery systems that have been exploited for 
the delivery of antifungal drugs with desirable 
benefits. It also touches upon the mechanism 
of azole resistance in candidiasis therapy and 
the role of nanostructure-based drug delivery 
systems to reverse this resistance.
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15.1  Introduction

The past two decades has perceived an increase 
in the prevalence of fungal infections, especially 
in case of immunocompromised or hospitalized 
patients. The possible causes are disruption of 
mucosal and/or cutaneous barrier, metabolic dys-
function, and age (Horn et al. 2007; Pfaller and 
Diekema 2007; Pfaller and Diekema 2010). 
Extensive use of broad-spectrum antibiotics, che-
motherapies, and transplantation also proliferates 
the risk of opportunistic fungal infections 
(Sawant and Khan 2017). In addition, around 
20–25% of the human population suffer from 
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superficial fungal infections (Ameen 2010). On 
the other hand, invasive fungal infections such as 
disseminated candidiasis are progressively 
becoming a significant cause of morbidity and 
mortality particularly in patients having acquired 
immune deficiency syndrome (AIDS), hemato-
logic malignancies, severe aplastic anemia, and 
myelodysplasia, immunocompromised patients, 
organ transplant recipients, premature neonates, 
and the elderly (Vallabhaneni et  al. 2016). 
Candida fungus has been found to be the major 
cause of opportunistic mycoses worldwide. Due 
to diseases like AIDS or other immunocompro-
mised diseases, the prevention and treatment of 
candidiasis become a challenge.

C. albicans is responsible for two major types 
of fungal infections that include superficial (oral, 
cutaneous, and vaginal) and systemic infections 
(invasive candidiasis) (Pfaller et  al. 2006). 
Around 75% of human population have C. albi-
cans and other Candida species in their oral cav-
ity up to a lesser extent. However, in the case of 
immunocompromised patients, the risk of “oral 
candidiasis” is often higher (Mayer et al. 2013). 
Vulvovaginal candidiasis (VVC) is a type of 
superficial infection affecting approximately 
75% of women at least once in their lifetime, 
while 40–50% experience at least one additional 
episode of infection and a small percentage of 
women (5–8%) experiences at least four recur-
rent VVC per year. Invasive candidiasis, a cluster 
of various infectious syndromes like dissemi-
nated candidiasis, candidemia, endocarditis, 
endophthalmitis, and meningitis, responsible for 
infections in the bloodstream, leads to morbidity 
and mortality in infants (Tripathi et al. 2012). The 
virulence of C. albicans is related to its ability of 
morphological transitions between yeast and 
hyphal form, biofilm formation, gene expression, 
adhesion and invasion on the cell surface, pheno-
typic switching, hydrolytic enzymes secretion, 
and adaptability to environmental pH change, 
stress response, and metabolic flexibility 
(Nicholls et al. 2011). C. albicans is a polymor-
phic fungus and can either grow as parallel- 
walled true hyphae at high pH (>7) or 
ovoid-shaped budding yeast at low pH (<6); how-
ever, both forms are important for its pathogenic-

ity (Berman and Sudbery 2002; Sawant and Khan 
2017). Another important factor that determines 
the virulence of C. albicans is the ability to form 
biofilm on the abiotic or biotic surfaces like cath-
eter, dentures, and mucosal surface. Mature bio-
film possesses a complex organization comprising 
expression of drug efflux pumps and metabolic 
plasticity that are responsible for resistance to 
antifungal agents (Finkel and Mitchell 2011; 
Fanning and Mitchell 2012).

Due to major research advances in the devel-
opment of new antifungal agents, the newer gen-
eration has been introduced with improved 
therapeutic outcomes (Nett and Andes 2016). 
Thus, after a time span of more than 20 years, the 
first-generation azole drugs, including flucon-
azole and itraconazole, were introduced in the 
1990s. This was followed by the introduction of 
second-generation azole drugs, including vori-
conazole, posaconazole, isavuconazole, and 
echinocandins (anidulafungin, caspofungin, and 
micafungin), in the 2000s (Nett and Andes 2016). 
Further, many of these newly developed antifun-
gal drugs have limited therapeutic efficacy due to 
their spectrum of activity, physicochemical and 
biopharmaceutical properties, pharmacokinetics, 
drug-drug interactions, and pharmacodynamic 
properties (Lewis 2011).

Several antifungal drugs are hydrophobic 
which limits water solubility that leads to poor 
oral bioavailability and limited formulation 
approaches (Lewis 2011). For example, many 
commonly used azole antifungal drugs, such as 
clotrimazole, itraconazole, miconazole, econ-
azole, oxiconazole, tioconazole, voriconazole, 
and sertaconazole, are hydrophobic and have 
poor aqueous solubility (Gupta and Cooper 
2008; Zhang et  al. 2010). On the other hand, 
drug-drug interactions and toxicity of systemic 
antifungal agents are major obstacles leading to 
limited clinical benefits (Ashley et  al. 2006). 
Amphotericin B is the well-known example of 
antifungal drug toxicity; its administration leads 
to dose-limited toxicities, particularly nephro-
toxicity. In addition, AmB amplifies the nephro-
toxicity of many other drugs, such as cyclosporine 
and aminoglycosides (Churchill and Seely 
1977). Despite the availability of several conven-
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tional dosage forms for antifungal drugs includ-
ing tablets, creams, IV infusions, etc., there is a 
strong need to develop innovative drug delivery 
systems to overcome limitations. Rationally 
designed drug delivery systems have the ability 
to improve drug performance and overcome 
many of these limitations. Lipid-based formula-
tions of amphotericin B (AmB), such as liposo-
mal AmB, AmB lipid complex, and AmB 
colloidal dispersion, exhibited a great reduction 
in AmB nephrotoxicity while maintaining its 
broad-spectrum antifungal activity (Arikan and 
Rex 2001). These encouraging results inspired 
the development of various new drug delivery 
systems to improve the safety profile of antifun-
gal agents while enhancing their efficacy. Among 
new delivery systems, nano-based drug delivery 
systems have emerged as an innovative and 
promising platform able to minimize undesir-
able drug side effects while maintaining or 
enhancing its therapeutic efficacy (Zhang et al. 
2010; Zazo et al. 2016). Nano-based drug deliv-
ery systems have various attractive features 
which include sustained drug release, enhanced 

drug stability, targeting to infected tissue, reduc-
tion of off-target side effects, prolongation of 
residence time in the blood, improved drug effi-
cacy, and enhanced penetration through skin 
(Fig. 15.1) (Mbah et al. 2014; Chang et al. 2015; 
Soliman 2017). Amphotericin B is the only anti-
fungal drug marketed in nanoformulations. 
Careful literature review shows only a limited 
number of review articles covering nanoscale 
antifungal drug carriers.

Thus, the authors have made an attempt to 
provide an in-depth account on various classes of 
candidiasis, their pathophysiology, and their ther-
apeutic management. This book chapter also 
highlights the emergence of resistance to avail-
able antifungal drugs and their possible mecha-
nisms. This chapter also describes the recent 
advances in the nano-based drug delivery sys-
tems of antifungal agents to overcome the defi-
ciencies of conventional drug delivery systems 
and enhancement in the overall efficacy of these 
drugs. Challenges facing this field and impeding 
clinical translation of some promising nanofor-
mulations are discussed.

Fig. 15.1 Unpropitious antifungal drug properties that can be overcome through nano-drug delivery systems
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15.2  Pathophysiology 
of Candidiasis

The planning of appropriate treatment of Candida 
infections requires knowledge of local epidemi-
ology of infections, since type and severity of 
candidiasis are closely related to Candida species 
present at the site of infection. Based on the site 
of infection, candidiasis can be classified into 
four types (Table 15.1).

15.2.1  Cutaneous Candidiasis

The intact skin and various appendages act as an 
integumentary system that protects the body from 
outer damage. Moreover, this bio-barrier is open 
to the exchange of heat and air as well as the per-
meable to materials with low molecular weight 
(less than 500 Da). The skin is composed of mul-
tiple layers of different cells and tissues that are 
connected to the body via the connective tissues. 
The epidermis and dermis are the two main lay-
ers found in the skin. Further, the epidermis 
involves different layers of cells performing 
diverse functions. These layers from deep to 
superficial are stratum germinativum, stratum 
spinosum, stratum granulosum, and stratum cor-
neum. The dermis consists of the connective tis-
sues. Disruption of these barriers either by 
accident or by pathogenic invasion causes skin 
infection. Among them, an attack by dermato-
phytes especially C. albicans causes severe infec-
tion in the skin called cutaneous candidiasis. The 
severity of such infections significantly depends 
on the immunity of patients. In patients with a 
weakened immune system, candidiasis specifi-
cally superficial can spread to deeper tissues and 
may invade the blood causing life-threatening 
systemic candidiasis.

Cutaneous candidiasis is the most common 
type of candida infection that arises from candida 
blastospores which invade epithelial tissue, colo-
nize, and hence produce hyphae. It usually occurs 
in warm, moist, and creased areas of the skin and 
is characterized by redness, rashes, itching, and 
discomfort. Host resistance to yeast invasion is 
reduced at epidermal sites that are occluded or 

macerated and is also decreased in patients whose 
cellular immunity is impaired. This allows com-
mensal yeasts to penetrate the corneal layer. 
Penetration beyond the horny layer is normally 
not seen even in patients with defective 
T-lymphocyte responses. Epidermal and external 
epithelial surfaces are normally defended against 
microbial invasion by a range of factors, two of 
which stand out as particularly significant anti- 
Candida defenses, T-lymphocyte immune 
responses and epidermal proliferation, as the evi-
dence for the importance of cellular immunity in 
defense against Candida infections comes from 
the simple observation that in persons with defin-
able T-cell defects and in patients with low CD4 
cell counts resulting from HIV infection, chronic 
cutaneous and mucosal candida infections fre-
quently occur (Odds 1994). The skin has a lay-
ered innate immune system. C. albicans directly 
activates cutaneous sensory nerves to induce the 
release of calcitonin gene-related peptide 
(CGRP). CGRP acts on CD301b + dermal den-
dritic cells (dDC), which subsequently release 
IL-23. IL-23 acts on dermal γδ T cells to drive 
IL-17 production in the skin, leading to anti-C. 
albicans resistance through the presumed activa-
tion of neutrophils and antimicrobial peptides 
(AMPs) such as β-defensin. In addition, melano-
cytes in the basal epidermis can also recognize C. 
albicans via TLR-4 to drive production and 
release of melanin granules, which are antimicro-
bial in nature. Finally, Langerhans cells (LC) of 
the epidermis can suppress liver-derived 
CD49a + natural killer (NK) cells in response to 
C. albicans through unknown mechanisms 
(Kashem and Kaplan 2016). 

15.2.2  Oral Candidiasis

Oral candidiasis is also called oral thrush, or oro-
pharyngeal candidiasis. It is a mycotic infection 
affecting the oral mucosa. Candida, yeast-like 
fungus, is responsible for oral candidiasis, i.e., 
the opportunistic infection of the oral cavity 
(Akpan and Morgan 2002). Oropharyngeal can-
didiasis is a common manifestation in immuno-
compromised patients, in elderly individuals 
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Table 15.1 Causes and symptoms of various types of candidiasis

Category Causes Symptoms Image
Cutaneous candidiasis
Candidal folliculitis Penetration of 

fungus in hair 
follicle due to bad 
hygiene or 
immunosuppression

Pus-filled pimple-like 
bumps around the hair 
follicle, itching, tenderness, 
hair fall, permanent 
baldness

Candidal intertrigo Friction between 
folds, heat, 
humidity, and 
obesity

Redness, burning, and 
excessive itching in skin 
folds most commonly under 
breast, between fingers, and 
armpits

Candidal paronychia Wet feet and hand 
for excessive time

Redness of skin around the 
nail, tenderness of nail, and 
pus-filled blisters

Diaper candidiasis Poor hygiene Pimple, blisters, ulcers, and 
pus sores in diaper area

Congenital cutaneous 
candidiasis

Due to intrauterine 
candidal infection

Respiratory distress, skin 
eruptions, presence of 
macules and papules at birth 
on head, face, neck, and 
trunk

Perianal candidiasis Poor hygiene and 
excessive contact 
with water for 
longer time

Itching, lesions, and 
ulcerative appearance in the 
genitals and area around 
anal orifice

(continued)
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Table 15.1 (continued)

Category Causes Symptoms Image
Chronic 
mucocutaneous 
candidiasis

Hereditary 
immunodeficiency 
disorder caused due 
to malfunctioning of 
T-lymphocytes

Persistent infection on skin, 
nails, and other parts

Oral candidiasis
Pseudomembranous 
candidiasis

Intake of topical 
corticosteroid and 
immunosuppression

Creamy white lesions on the 
oral mucosa

Erythematous 
candidiasis

Immunosuppression Red raw-looking lesions, 
loss of lingual papillae

Hyperplastic Immunosuppression Rough and nodular lesions 
resembling white plaque

Denture-related 
stomatitis

Uncleansed 
dentures, bearing of 
dentures constantly 
for long time

Mild inflammation and 
redness beneath the denture

(continued)
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undergoing immunosuppressive therapy for can-
cer or organ transplantation, and in those exposed 
to broad-spectrum antibiotics. Most notably, oro-
pharyngeal candidiasis is a major problem in 
individuals infected with HIV (Clark-Ordóñez 
et al. 2017). These individuals may suffer from 
painful, recurrent oral candidiasis which may be 
complicated by esophageal candidiasis. The lat-
ter may rarely lead to gastrointestinal bleeding, 
perforation, or disseminated candidiasis 
(Hoepelman and Dupont 1996).

The risk of developing oral and esophageal 
candidal infection is more with changes in oral 
flora, in  patients with hyposalivation, diabetes 
mellitus, immunodeficient (AIDS patients), pro-
longed use of antibiotics or immunosuppressive 
drugs, denture wearers, poor oral hygiene, heavy 
smoking, malabsorption, infancy and old age, 
dysplasia and atopy and xerostomia (Takakura 
et al. 2003; Mobeen 2014). Clinically, oral candi-
diasis is diagnosed as white patches that appear 
as discrete lesions on the buccal mucosa, throat, 
tongue, and gum linings which emerge as conver-
gent pseudomembranous resembling milk curds. 
These symptoms can be seen in people undergo-
ing chemotherapy for cancer, people taking 
immunosuppressive drugs to protect transplanted 
organs, or people with HIV infection. Most types 
of oral candidiasis are painless, but a burning 
sensation may occur in some cases. A burning 

sensation is more likely with erythematous can-
didiasis, while hyperplastic candidiasis is nor-
mally asymptomatic. Acute atrophic candidiasis 
may feel like the mouth has been scalded with a 
hot liquid. Another symptom is a metallic, acidic, 
salty, or bitter taste in the mouth. The pseudo-
membranous type rarely causes any symptoms 
apart from possibly some discomfort or bad taste 
due to the presence of the membranes (Bruch and 
Treister 2010). Occasionally, there can be diffi-
culty in swallowing which indicates that candi-
diasis involves the oropharynx or the esophagus, 
as well as the mouth. The trachea and the larynx 
may also be involved where there is oral candi-
diasis, and this may cause hoarseness of the 
voice.

15.2.3  Vulvovaginal Candidiasis 
(VVC)

VVC affects about three-quarters of women with 
at least one episode of VVC during their repro-
ductive age and during pregnancy (especially 
during the second and third trimesters) and 
approximately half of the women population 
from two or more episodes (Aguin and Sobel 
2015). The causative agent is predominantly C. 
albicans followed by C. glabrata (Sobel et  al. 
2004; Achkar and Fries 2010). The most com-

Table 15.1 (continued)

Category Causes Symptoms Image
Angular cheilitis In patients with 

existing forms of 
intraoral candidiasis 
and high candida 
load

Inflammation and lesions at 
the angels of mouth

Median rhomboid 
glossitis

Due to steroid 
inhalers or in 
tobacco smokers

Diamond-shaped lesion on 
the posterior midline on the 
dorsum of the tongue
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mon symptoms of VVC are burning pain and pru-
ritus of the vulva with discomfort that can lead to 
dysuria and dyspareunia in more severe cases. 
Clinical signs of VVC are edema and erythema of 
the vulva and the vagina accompanied by an 
abnormal vaginal discharge that may be watery, 
cheese-like, or minimal (Dovnik et  al. 2015). 
VVC is divided into two categories: uncompli-
cated cases characterized by infrequent episodes 
of mild infections caused by C. albicans in spe-
ciously healthy women and complicated cases 
characterized by a severe infection caused by 
non-C. albicans species during pregnancy or 
associated medical conditions like immunosup-
pression or diabetes (Sawant and Khan 2017). 
Pathophysiology of vulvovaginal candidiasis is 
mediated by a number of virulence factors that 
involve five steps.

15.2.3.1  Adhesion
Adhesion of Candida to host surfaces is the pri-
mary step for initial colonization of human tis-
sues, contribution to the perseverance of the 
fungus within the host and is essential in the 
establishing fungal infection. Therefore, adhe-
sion of candida species to vaginal epithelial cells 
is the principal event in VVC (Silva et al. 2012).

15.2.3.2  Biofilm Formation
Biofilms are structured groups of microorgan-
isms that are irreversibly attached to a surface, 
with a high degree of organization and a 
 self- produced extracellular matrix (Douglas 
2003). Biofilms are the most prevalent growth 
form of microorganisms in nature, with up to 
80% of all microorganisms, in the environment, 
existing in biofilm organization. Over 65% of all 
human infections are due to microbial biofilms 
(Donlan 2002). Candida species can form bio-
films on vaginal epithelium and have a high 
capacity to produce biofilms on IUDs promoting 
VVC (Harriott et al. 2010).

15.2.3.3  Extracellular Hydrolytic 
Enzyme Production

Several hydrolytic enzymes secreted by Candida 
species play an important role in adhesion, tissue 

penetration, invasion, and destruction of host epi-
thelial tissue (Schaller et al. 2005). The enzymes 
most frequently concerned in Candida pathoge-
nicity are aspartyl proteinases, but lipases, phos-
pholipases, and hemolysins are also involved in 
Candida virulence (Silva et al. 2012).

15.2.3.4  Hyphae Formation
Hyphae formation is a reversible morphological 
rotation between unicellular yeast cells and fila-
mentous phase. This is an important virulence 
factor of some Candida species (Silva et  al. 
2012). Filamentous or hyphae forms give more 
mechanical strength, enhancing colonization, 
and they are believed to play an important role in 
invasion of host tissues (Kumamoto and Vinces 
2005; Silva et al. 2012).

15.2.4  Invasive Candidiasis

Invasive candidiasis comprises various types of 
appalling invasive disorders like disseminated 
candidiasis, candidemia, endocarditis, endo-
phthalmitis, and meningitis (Pappas 2006). 
Candidemia is the fourth most common blood-
stream infection that affects more than 250,000 
individuals worldwide every year and is respon-
sible for more than 50,000 deaths (Kullberg and 
Arendrup 2015). Recently, additional species of 
Candida like C. auris, C. glabrata, and C. parap-
silosis have also emerged as causative agents 
alongside C. albicans (Wisplinghoff et al. 2004). 
The major predisposing factors that contribute 
toward pathogenicity of invasive candidiasis 
involves increased fungal burden due to inconsis-
tent use of broad-spectrum antibiotics, use of 
intravascular devices, recent surgery and trauma, 
and immune dysfunction like chemotherapy- 
induced neutropenia or corticosteroid therapy 
(Blumberg et al. 2001; Wisplinghoff et al. 2004). 
Candida species adheres to gastrointestinal, vagi-
nal, and oral epithelial cells, platelet fibrin clots, 
acrylic and plastic materials like IUDs, etc., lym-
phocytes, and it forms biofilm with unique phe-
notypic and genotypic characteristics that are 
resistant to currently used antifungal drugs (Pittet 
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et  al. 1994; Shin et  al. 2002). The general risk 
factors for invasive candidiasis in adults can be 
categorized into two types:

 (i) Intrinsic: colonization with Candida spp., 
diabetes mellitus, gastrointestinal perfora-
tion, increased age, pancreatitis, sepsis, and 
severity of illness

 (ii) Iatrogenic: any type of dialysis (especially 
hemodialysis), broad-spectrum antibiotics, 
central venous catheter, corticosteroids and 
other immunosuppressants, gastrointestinal 
surgery or other major surgery, left ventricu-
lar assist device, long-term stay in hospital 
or intensive care unit, mechanical ventila-
tion, solid organ transplant, stem cell trans-
plant, and total parenteral nutrition.

 (iii) Additionally, children and neonates are pre-
disposed to premature birth and congenital 
defects (Sonnex and Lefort 1999; Sawant 
and Khan 2017; Soliman 2017).

15.3  Therapeutic Management 
of Candidiasis

Therapeutic management of candidiasis is usu-
ally based upon the anatomic location of the 
infection, immune status of the patient, risk fac-
tors for patients with infection, species responsi-
ble, and lastly the susceptibility of the candida 
species toward the antifungal drug. Antifungal 
agents are classified into polyenes, azoles, allyl-
amines, or derivatives, and echinocandins, and 
their targets, mechanistic pathway, and side 
effects are depicted in Table 15.2.

15.3.1  Polyenes

Polyenes include the drugs amphotericin B and 
nystatin, and their mode of action is through 
direct binding to the sterol ergosterol found 
within fungal cell membranes. Polyene binding 
to ergosterol induces leakage of cytoplasmic con-
tents leading to fungal cell death (D Sanglard 
2002). The equivalent mammalian sterol is cho-
lesterol, which has a lower binding affinity for 

polyenes, and this makes host cells less suscepti-
ble to their toxic effects. Nevertheless, at higher 
therapeutic concentrations, polyenes do exhibit a 
degree of toxicity in humans (Williams et  al. 
2011). Polyenes are frequently used in the treat-
ment of chronic erythematous candidiasis. Oral 
suspension of amphotericin B (10 mg; four times 
a day) may be employed in treating refractory 
oral candidiasis frequently seen in HIV-infected 
and AIDS patients. Moreover, IV infusion of 
amphotericin B is used to treat esophageal candi-
diasis (0.25 mg/kg/day), and nystatin is available 
as pastilles (10  mg/day) and oral suspension 
(40 mg/day).

15.3.2  Azoles

The azole antifungals are fungistatic rather than 
fungicidal. The mechanism of action is by inhib-
iting the enzyme lanosterol demethylase that is a 
cytochrome P-450 3-A-dependent enzyme 
involved in the synthesis of ergosterol. 
Subsequent depletion of ergosterol in the fungal 
cell results in inhibition of fungal growth and 
impairment of membrane permeability (Andes 
2003).

Itraconazole and fluconazole are first- 
generation azoles to be used in the treatment of 
candidiasis. These are also administered orally 
because of their easy absorption through the GI 
tract (Andes 2003). Miconazole is used as a topi-
cal preparation in the treatment of angular chei-
litis, a type of oral candidiasis. Also, there are 
various dosage forms of clotrimazole like 
creams, gels, troches, and mouth paint available 
for the treatment of oral thrush (Samaranayake 
et  al. 2009; Niimi et  al. 2010). Intravaginal 
creams, suppositories, and vaginal tablets are 
commonly used to treat VVC and are preferred 
due to their limited systemic absorption, rapid 
symptomatic relief, and minimum side effects 
(Faro 1996; Magliani et al. 2002). Ketoconazole 
is not administered in immunosuppressed 
patients or patients with chronic, recurrent, and 
persistent infection due to side effects like nau-
sea, vomiting, abdominal pain, hepatotoxicity, 
and inhibition of androgen biosynthesis (Hay 

15 Nanostructure Drug Delivery System: An Inimitable Approach for Candidiasis Therapy



334

Table 15.2 Classification of antifungal drugs and their mechanistic pathways

S. 
no. Antifungal agent Site of action Target Side effects
Polyenes
1. Amphotericin 

B
Fungal cell membrane Binds irreversibly to 

ergosterol in cell 
membrane, resulting in 
disruption of membrane 
integrity and ultimately 
cell death

Nephrotoxicity, renal 
insufficiency, hypokalemia, 
hypomagnesemia, polyuria

2. Nystatin Itching, mouth and hand 
swelling, chest tightness, 
diarrhea, nausea, mild stomach 
upset

Azoles
3. Miconazole Inhibition of cytochrome 

P450 and thus ergosterol 
production inhibition and 
inhibition of conversion 
of lanosterol to ergosterol

Cytochrome P450, Gene: 
cytochrome 51, inhibition 
of lanosterol 14-alpha 
demethylase

Oral: vomiting, diarrhea, nausea
Topical: itching, mild burning, 
and stinging sensations

4. Clotrimazole Topical: irritation, burning 
sensation, and contact dermatitis
Oral: nausea, vomiting, bad or 
unusual taste in mouth

5. Itraconazole Oral: chest pain, coughing of 
blood, dark urine or pale stools, 
numbness, rapid weight gain, 
hypokalemia on prolonged 
treatment

6. Ketoconazole Oral: GIT disturbances 
including nausea, vomiting, 
abdominal pain, liver problems, 
abnormal heart rhythm, 
headache, dizziness, fainting
Topical: irritation and burning 
sensation, skin rashes, acne

7. Fluconazole Oral: abdominal pain, diarrhea, 
nausea, vomiting, headache, 
hepatic toxicity, loss of appetite
Topical: blisters, skin rashes, 
and rare exfoliative cutaneous 
reactions, such as toxic 
epidermal necrolysis

8. Voriconazole Blurred vision, headache, 
nausea, dizziness

9. Econazole Topical: irritation, burning 
sensation, and contact dermatitis

Echinocandins
10. Caspofungin Cell wall formation 

inhibition
Inhibit enzyme 
(1 → 3)-β-D-glucan 
synthase thereby 
disturbing the integrity of 
the fungal cell wall

Vomiting, diarrhea, mild skin 
rash, dizziness, headache

11. Micafungin Mild nausea, vomiting, diarrhea, 
headache

12. Anidulafungin Nausea, vomiting, diarrhea
Allylamine derivative
13. Terbinafine Cell membrane formation Inhibition of squalene 

epoxidase enzyme and 
thus blocking the 
ergosterol synthesis

Nausea, upset stomach, rash, 
headache, change in taste

(continued)

R. Sharma et al.



335

1993). However, in VVC ketoconazole is pre-
scribed for a shorter duration of time, thus hav-
ing less probability to develop side effects (Faro 
1996). Fluconazole, an orally administered anti-
fungal agent, is frequently used because it is 
active against C. albicans, C. parapsilosis, C. 
glabrata, and C. tropicalis (Hay 1993; Maiolo 
et al. 2014).

When patients do not have any response to 
topical antifungals or there is no patient com-
pliance or there are cases of relapses after topi-
cal treatment, then opt for systemic antifungals. 
Nowadays, there are increasing cases of 
 resistance to antifungal agents, and this is of 
much more concern in the case of immuno-
compromised patients. People like newborns 
and immune-deficient individuals are more 
prone to the candida infection and thus are 
given broad- spectrum antibiotics. OTC anti-
fungal dosage forms such as creams and gels 
can be used for local treatment of candidiasis, 
whereas for preventing the spread of the dis-
ease to deeper vital organs, effective treatment 
by candidiasis antifungal chemotherapy is pre-
ferred. Use of probiotics and development of 
novel vaccines are an advanced approach for 
the prevention of the infection (Hani et  al. 
2015).

15.3.3  Echinocandins

Echinocandins are a family of semisynthetic 
lipopeptides with a highly selective target, the 
biosynthesis of 1,3-ß-D-glucan of the fungal 
wall, by blocking the activity of the enzyme 

ß-glucan synthetase, with fungicidal effect 
against Candida and few toxic effects for 
human eukaryotic cells. Its use is exclusively 
intravenous (Quindós et  al. 2019). The first 
licensed echinocandin product is caspofungin 
acetate (Cancidas; Merck); subsequent mem-
bers of the class likely to be licensed include 
micafungin (Fujisawa) and anidulafungin 
(Versicor). The initial licensure of caspofungin, 
however, is for the treatment of patients with 
invasive aspergillosis refractory to amphoteri-
cin B (in its various formulations) and/or itra-
conazole (Denning 2002). Among the 
advantages of echinocandins for the treatment 
of severe and recalcitrant oral candidiasis are 
their anti-biofilm activities and their prolonged 
post-antifungal effect. They can be first-choice 
drugs for the treatment of severe candidiasis in 
patients with immunodeficiency, the seriously 
ill, and those with a high probability of drug 
interactions. They are category C drugs in preg-
nancy and should be avoided if there is another 
therapeutic alternative, as during breastfeeding 
(Quindós et al. 2019).

Appropriate and timely antifungal treatment 
is necessary as a delay in the treatment is asso-
ciated with an increased rate of morbidity and 
mortality. Various systemic antifungal agents 
available for the treatment of invasive candidia-
sis include polyenes, azoles, echinocandins, 
and flucytosine. Azoles are inactive against bio-
film, while echinocandins show variable effi-
cacy. The antifungal agents commonly used in 
candidiasis treatment are mentioned in 
Table  15.3 along with their available dosage 
forms.

Table 15.2 (continued)

S. 
no. Antifungal agent Site of action Target Side effects
14. Amorolfine Ergosterol depletion in 

cell membrane
Inhibit Delta 14 sterol 
reductase and cholesterol 
delta isomerase

Nail discoloration, broken or 
brittle nails, itching, or irritating 
skin

15. Butenafine 
hydrochloride

Ergosterol biosynthesis Block squalene 
epoxidation

Irritation, redness, burning, 
worsening of skin condition

16. Naftifine Blocking sterol 
biosynthesis

Inhibition of squalene 
2,3-epoxidase enzyme

Headache, dizziness, redness, 
dry skin, itching

Source: Gupta et al. (2017); Nigam (2015)
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Table 15.3 Antifungal drugs currently used in therapeutic management of candidiasis

Affected areas Class of drug Generic name Brand name Dose
Available dosage 
form

Oral thrush
Tongue, buccal 
mucosa, palate, 
corners of the 
mouth, beneath 
a denture, on 
gums

Azole Miconazole Oravig® 50 mg/day for 
14 days

Buccal tablet

Loramyc® 50 mg/day Mucoadhesive 
buccal tablet

Daktarin 20 mg/kg/day Oral gel
Miconazex 50 mg/day for 

14 days
Gel

Clotrimazole Mycelex troche 1 troche 5 times a day 
for 14 days

Troche

Fluconazole Diflucan 20 mg on day 1 and 
then 100 mg PO for 
2 weeks

Oral suspension

Vaginal candidiasis
Vagina and 
vulva

Azole Miconazole 
nitrate

Monistat 1200 mg suppository 
for 1 day

Suppository

Gyno Daktarin 200 mg capsule; 
insert one capsule 
twice a day

Vaginal capsule

Femizol-M 20 milligrams (for 
seven nights)

Vaginal cream 
(2%)

Miconazex Apply 5 g 
intravaginally for 
10–14 days

Cream (2%)

Miconazex 100 mg once daily for 
7–14 days

Pessary

Fluconazole Diflucan 150 mg/day Tablet
Clotrimazole Cancap-VT 100 mg/day Tablet

Candid tab 100/day Tablet
Canesten 100 mg/day Tablet
Gynostatum 100 mg to 500 mg for 

6 days
Tablet

Surfaz-VT 100 mg to 500 mg for 
6 days

Tablet

Butoconazole Vaginal cream
Antican

20 mg for 7 days
600 mg/day

Cream
Tablet

(continued)
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Table 15.3 (continued)

Affected areas Class of drug Generic name Brand name Dose
Available dosage 
form

Cutaneous candidiasis
On the whole 
outer layer of 
the body

Azole Miconazole 
nitrate (2%)

Decocort 100 mg every night 
for 7–14 days

Pessary

Decocort 5 g every night for 
7–14 days (twice 
daily)

Cream

3M™Cavilon™ Apply once every 
24 h

Cream

Miconazex Apply a thin layer 
over the affected area 
for 2–6 weeks and 
continue for a week 
after symptoms 
disappear

Cream

Monistat-Derm Apply twice a day for 
2 weeks

Cream (2%)

Aloe Vesta Twice daily for 
2–4 weeks

Cream

Zimycan Apply for 2 weeks 
twice a day

Paste

Clotrimazole Lotrimin AF® Apply twice daily for 
4 weeks

Foot cream

Canesten Apply two to three 
times daily

Cream

Mycelex −7 Apply twice a day Cream

Ketoconazole Nizoral-AD To be used four times 
a week

Shampoo

Xolegel Apply for 2 weeks 
over the affected area

Gel

Polyene Nystatin Mycostatin 1 gm applied two to 
four times a day

Powder and 
cream

Nyamyc Apply four times a 
day

Gel

Gastrointestinal tract candidiasis
GIT tract Polyene Nystatin Mycostatin 

Pastilles
One to two tablets 
three times daily

Tablets

Nilstat Four times a day Troches, oral 
suspension

Mycostatin Two of them four or 
five times a day

Pastilles

Esophageal candidiasis
Mouth extended 
to the whole 
esophagus

Azole Miconazole Miconazex Apply one to two 
times daily over the 
affected area and 
continue for a week 
after lesions 
disappear

Cream

Fluconazole Diflucan 150 mg for 14 days Tablet
Itraconazole Sporanox 100–200 mg per day 

for 2 weeks
Capsule

(continued)
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15.3.4  Challenges and Issues 
in Therapeutic Management 
of Candidiasis

15.3.4.1  Pharmacokinetic Issues
The absorption or metabolism of an antifungal 
drug readily gets affected by any change in pH 
of the stomach. The absorption of fluconazole 
is not affected by drugs that increase gastric pH 
(Brüggemann et  al. 2009). The absorption of 
itraconazole capsules is pH-dependent requir-
ing an acidic environment. Administration of a 
drug which tends to lower the pH of the stom-
ach has a deleterious impact on the absorption 
of itraconazole (Smith and Andes 2008), and 
thus, administration of any antacid or anticho-
linergic drug should be done after 2 h of admin-
istration of antifungals (Caterina et  al. 2013). 
The absorption of voriconazole is not markedly 
influenced by antacids or proton pump inhibi-
tors, although the mean Cmax and AUC values of 
voriconazole are increased by 15% and 41% 
when coadministered with omeprazole, because 
of the inhibition of plasma clearance of vori-
conazole. Cmax and AUC values of posaconazole 

were both reduced by 39% when coadminis-
tered with cimetidine (400  mg twice daily), 
possibly as a result of decreased gastric acid 
production. Not only the gastric pH but also the 
integrity of the gastrointestinal tract may be 
important factors for the absorption of antifun-
gal drugs. Posaconazole absorption appeared to 
be reduced in patients with grade 1 or grade 2 
mucositis, compared with patients without 
mucositis (AUC for 400  mg of posaconazole 
twice daily). The mean bioavailability of itra-
conazole oral solution under steady- state con-
ditions was 43% higher for those who fasted 
than for those who did not. Single and multiple 
oral doses of voriconazole with food lowered 
the bioavailability by 22% and delayed absorp-
tion, compared with single and multiple oral 
doses of voriconazole without food. 
Administration of voriconazole with a high-fat 
meal reduced the mean Cmax and AUC by 34% 
and 24%, respectively. For this reason, oral 
administration is recommended either 1  h 
before or 1 h after meals. The mean AUC and 
Cmax values increased by 400% when posacon-
azole was administered with a high-fat meal, 

Table 15.3 (continued)

Affected areas Class of drug Generic name Brand name Dose
Available dosage 
form

Voriconazole Vfend 200 mg PO q12hr Lyophilized 
powder for 
solution of IV 
infusion

Echinocandins Micafungin Mycamine 150 mg/day IV 
infusion for 
10–30 days

IV injection

Anidulafungin Eraxis 200 mg injection first 
day followed by 
100 mg injections for 
14 days

IV injection

Caspofungin Cancidas 50 mg IV infused 
over 1 h, continue for 
7–14 days

IV injection

Polyenes Amphotericin 
B

Amphocin 0.25 mg/kg/day IV injection
Fungizone 1.5 mg/kg/day IV injection

Nail candidiasis
Nail late, nail 
fold

Azole Itraconazole Onmel 200 mg/12 h for 
1 week

Liquid

Miconazole Miranel AF Apply thin layer over 
the affected area for 
2–4 weeks

Liquid
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compared with when it was administered under 
fasting conditions (Brüggemann et al. 2009).

15.3.4.2  Pharmacodynamic Issues
Various kinds of pharmacodynamic issues of anti-
fungal drugs come up along with therapeutic 
effects shown by these drugs. Itraconazole is 
available in different dosage forms, and the side 
effect is also dosage form-dependent. 
Gastrointestinal disturbances, pruritus, dizziness, 
and headache are associated with its capsule form, 
and oral form is associated with increased levels 
of aminotransferases. Intravenous administration 
of itraconazole is associated with injection site 
reaction and headache (Willems et  al. 2001). 
Fluconazole is associated with nausea, vomiting, 
skin rash, and abdominal pain. The side effects 
noted with voriconazole are mild to moderate to 
well tolerated. Reversible disturbances include 
blurred vision, bright spot, altered color discrimi-
nation, mild skin rashes, facial erythema, and 
cheilitis. Posaconazole is associated with gastro-
intestinal tract disturbances, abdominal distur-
bances, and nausea (Schiller and Fung 2007).

15.4  Antifungal Resistance 
in Candidiasis: Definition, 
Mechanism, 
and Epidemiology

Antifungal resistance can be well-defined as clin-
ical resistance or microbiologic, or as a compos-
ite of both. When the concentration of antifungal 
agent is higher than the range seen in wild type 
strain to inhibit the growth of infecting pathogen 
or organism, then the condition is said to be 
microbiologic resistance. Clinical resistance is 
said to occur in a situation in which the infecting 
organism is inhibited by a concentration of an 
antifungal agent that is associated with a high 
likelihood of therapeutic failure. In other words, 
the pathogen is inhibited by an antimicrobial 
concentration that is higher than could be safely 
achieved with normal dosing. By the composite 
definition, resistance is present when isolates are 
not inhibited by the usually achievable concen-
trations of the agent with normal dosage sched-

ules and/or when they demonstrate MICs that fall 
in the range where specific microbial resistance 
mechanisms are likely, and where clinical effi-
cacy against the isolate has not been reliably 
shown in treatment studies (Pfaller 2012).

Dermatophytosis is frequently associated 
with relapses following the termination of anti-
fungal therapy. Until the late 1990s, clinical 
resistance to antifungal agents was rare, with 
only isolated cases in patients with chronic 
mucocutaneous candidiasis (Lupetti et al. 2002; 
Stephenson 1997). During the last 5 years, the 
prevalence of fungal infections as well as resis-
tant infections has increased, and this may be 
due to irregular or inadequate use of antifungal 
drugs or increased frequency of immunodefi-
ciency conditions (Stephenson 1997; White 
et al. 1998). In recent years, the use and over-
the-counter sale of antifungal drugs and antibi-
otics have increased, which may be a major 
cause of prevalence of clinical resistance to 
these drugs. Drug resistance in azole, especially 
against fungi, is becoming more prevalent clini-
cally. Minimum inhibitory concentration (MIC) 
is the main parameter to quantify antifungal 
drug resistance in which fungal growth is mea-
sured in the presence of antifungal drug concen-
tration over a definite time period (Nigam 2015). 
The minimum drug concentration that results in 
a substantial reduction of growth (usually either 
50% or 90% reduction) is called the MIC; how-
ever, it does not always predict the clinical out-
come of antifungal therapy (Sanglard and Odds 
2002). In 1997, the NCCLS proposed a stan-
dardized technique that can be used to deter-
mine the level of resistance of the yeast strain 
(Hudson 2001).

15.4.1  Drug Resistance Biochemical 
and Molecular Mechanisms

The main molecular and biochemical mecha-
nisms that contribute to antifungal resistance 
include reduction in uptake of the drug, an active 
efflux of the cell, alteration in the interaction of 
the drug to the target site or other enzymes 
involved in the same enzymatic process by point 
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mutations, overexpression of the target molecule, 
overproduction or mutation of the target enzyme, 
amplification and gene conversion (recombina-
tion), and increased cellular efflux (Sanglard 
2002; Martinez-Rossi et al. 2008) (Fig. 15.2).

Ergosterol is the principal component of the 
fungal cell membrane and responsible for mem-
brane fluidity and therefore membrane integrity 
in fungal cells. Azole uptake by fungal cells may 
be decreased by alterations in the sterol and/or 
the phospholipid composition of the fungal cell 
membrane and membrane fluidity. Similarly, 
reduced intracellular accumulation of the drug 
may occur due to increased active transport of the 
drug out of the cell. Azoles, polyenes, allylamine, 
and thiocarbamates owe their antifungal activi-
ties to inhibition of synthesis of or direct interac-
tion with ergosterol (Revie et al. 2018).

Resistant strains either exhibit a modification 
in the quality or quantity of target enzyme, 
reduced access to the target, or a combination of 
these mechanisms. Various mechanisms by which 
microbial cells might develop resistance include 
(Ghannoum and Rice 1999) (i) the target enzyme 

is overproduced, so that the drug does not inhibit 
the biochemical reaction completely; (ii) the drug 
target is altered so that the drug cannot bind to the 
target; (iii) the drug is pumped out by an efflux 
pump; (iv) the entry of the drug is prevented at 
the cell membrane/cell wall level; (v) the cell has 
a bypass pathway that compensates for the loss- 
of- function inhibition due to the drug activity; 
(vi) some fungal enzymes that convert an inactive 
drug to its active form are inhibited; and (vii) the 
cell secretes some enzymes to the extracellular 
medium, which degrade the drug.

Several studies observed an alteration in the 
quantity or quality of 14α-demethylase in the 
expression of resistance to azole antifungal 
agents (Martinez-Rossi et  al. 2018). A role of 
upregulation of the ERG11 gene, which encodes 
the major target enzyme of the azoles lanosterol 
14α-demethylase, has been observed in azole- 
resistant C. albicans and C. glabrata isolates 
(Henry et  al. 2000; Chau et  al. 2004). On the 
other hand, C. albicans may possess one or more 
additional genes encoding ATP-binding cassette 
MDR-like proteins that are distinct from CDR1, 

Fig. 15.2 Antifungal drug actions and resistance mecha-
nisms in Candida species. (1) Alteration in the structures 
of enzymes or other proteins due to mutations and drugs 
cannot bind to it. (2) The drug target content is less; drug 
cannot bind to it efficiently. (3) Drug targets such as 

enzymes are overproduced, and drugs cannot inhibit the 
enzymatic reactions. (4) Drugs are pumped out by efflux 
pump, and there is less accumulation of drug on the target 
site
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which could participate in the development of 
azole resistance (Walsh et al. 1997). Considerable 
evidence implicating drug efflux as an important 
mechanism of resistance to azole antifungals is 
forthcoming recently. Studies indicate that fungi 
possess at least two efflux systems: (i) proteins 
belonging to the major facilitator superfamily 
and (ii) ATP-binding cassette superfamily of pro-
teins (Martinez-Rossi et  al. 2008; Revie et  al. 
2018).

Another emerging source of antifungal resis-
tance is the occurrence of a biofilm, the extracel-
lular matrices produced by microbes themselves 
which serve to help organisms attach to living or 
nonviable surfaces (Minnebruggen et al. 2010). It 
is estimated that about 65% of all human micro-
bial infections involve biofilms, and the majority 
of invasive diseases produced by C. albicans are 
associated with biofilm growth (Donlan and 
Costerton 2002). It has been demonstrated that 
drug efflux pumps play a role in the drug resis-
tance of early biofilms. In contrast, resistance of 
mature biofilms does not rely on the known anti-
fungal efflux pumps (Sanguinetti et al. 2005). It 
has been hypothesized that a change in mem-
brane sterol composition during biofilm forma-
tion might explain resistance to amphotericin B 
and the azoles (Mateus et al. 2004).

Resistance to polyene antifungal drugs is rare, 
which is mostly confined to the less common spe-
cies of Candida, such as C. lusitaniae, C. gla-
brata, and C. guilliermondii (Martins and Rex 
1996). Fryberg suggested that development of 
resistance occurs by selection of naturally occur-
ring resistant cells, present in small numbers in 
the population (Fryberg et al. 1974). These natu-
rally resistant cells produce modified sterols that 
bind nystatin with lower affinity. Athar and 
Winner, however, have suggested that resistance 
results from mutation rather than selection (Athar 
and Winner 1971). Hamilton-Miller (1973) pro-
posed a “biochemical” hypothesis that resistance 
arises due to alterations, either qualitative or 
quantitative, in the sterol content of the fungi 
cells. According to this biochemical hypothesis, 
resistant cells with altered sterol content should 
bind smaller amounts of polyene than do suscep-
tible cells. This decreased binding of polyenes in 

C. albicans mutants could be attributed to 
(Ghannoum and Rice 1999) (i) a decrease in the 
total ergosterol content of the cell, without con-
comitant changes in sterol composition; (ii) 
replacement of some or all of the polyene- binding 
sterols by ones which bind polyene less well; or 
(iii) masking or reorientation of existing ergos-
terol, so that binding with polyenes is sterically 
or thermodynamically less favored.

15.5  Nano-drug Delivery 
Approaches for Candidiasis

15.5.1  Lipid-Based Nano-drug 
Delivery System

15.5.1.1  Liposomes
A liposome is a spherical vesicle having at least 
one lipid layer. Liposomes are more often com-
posed of phospholipid, especially phosphatidyl-
choline. The major types of liposomes are the 
multilamellar vesicle (MLV, 500–5000 nm), the 
small unilamellar vesicle (SUV, ~100  nm), and 
large unilamellar vesicle (LUV, 200–800  nm). 
The structure of liposomes allows them to act as 
effective delivery systems for both hydrophilic 
and hydrophobic drugs (Eloy et  al. 2014). The 
amphotericin B (Fungizone, AmB) has long been 
recognized as a powerful fungicidal and leish-
manicidal drug. AmB deoxycholate which is the 
conventional and most effective form of ampho-
tericin B but have some adverse effect like neph-
rotoxicity. Therefore, analogues of AmB like 
liposomal AmB (AmBisome), AmB lipid com-
plex (Abelcet), AmB colloidal dispersion 
(Amphocil), and intralipid AmB were prepared 
(Vyas and Gupta 2006). A study shows that the 
fluconazole-loaded liposomal gel accumulated in 
various regions of skin or in various strata of skin 
following topical application. The study signified 
the localized effect of drug due to sustained 
release (Gupta et  al. 2010). Terbinafine HCl- 
loaded liposomes dispersed in gum karaya gel 
had been evaluated for ex vivo drug retention in 
rat skin. Developed liposomes showed approxi-
mately 70% entrapment of terbinafine HCl and 
prolonged retention of drug in rat skin compared 
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to plain gum karaya gel containing free terbin-
afine HCl up to 24 h (Sudhakar et al. 2014). For 
transdermal delivery, Elmoslemany et al. (2012) 
developed a comparative assessment between 
propylene glycol liposomes and conventional 
liposomes loaded with miconazole nitrate. 
Minimum inhibitory concentration value of 
1.46 μg/ml against C. albicans showed by pro-
pylene glycol liposomes which was low com-
pared to the MIC value of conventional liposomes 
(2.93  μg/ml). In human skin, propylene glycol 
liposomes also showed high skin retention and 
skin permeation of miconazole nitrate compared 
to conventional liposomes and miconazole nitrate 
suspension. Two different phospholipids, namely, 
phosphatidylcholine saturated 97.3% content and 
phosphatidylcholine unsaturated 98.0% content 
for topical delivery of miconazole nitrate are 
used for evaluation of liposomes performed by 
Agarwal and Katare (2002) which shows high 
stability and good colloidal characteristics. 
However, phosphatidylcholine-based liposomes 
showed higher skin retention of miconazole 
nitrate than phosphatidylcholine in in vitro mouse 
skin.

15.5.1.2  Ethosomes
Ethosomes are nanocarrier systems having high 
ethanol content, phospholipids, and water in 
them. Ethosomes may contain 2–5% content of 
phospholipids and 20–40% concentration of 
ethanol. Enhancement of ethosomes colloidal 
stability is due to negative surface charge on it. 
Bhalaria et al. (2009) investigated fluconazole-
loaded ethosomes for treatment of cutaneous 
candidiasis in eight patients for a period of 
1 month. Ethosomal gel containing fluconazole 
showed a 50–70% reduction in skin lesions in 
patients as compared to liposomes (30–60%) 
and commercial fluconazole cream (25–30%). 
Later on, for the treatment of deep fungal infec-
tion, econazole nitrate-loaded ethosomes were 
compared with liposomes loaded with the same 
in gel form. Ethosomal gel showed twofold 
higher diffusion of the drug in the albino rat skin 
compared to liposomal gel after 12 h of applica-
tion. Results of confocal laser scanning micros-
copy studies revealed accumulation of econazole 

nitrate- loaded ethosomes in the stratum basale 
layer of animal skin (Verma and Pathak 2012). 
Furthermore, Faisal et  al. (2018) prepared 
voriconazole- loaded ethosomes for effective 
skin deposition in skin. Ex vivo drug perme-
ation of developed ethosomal formulation in the 
rat abdominal skin showed sixfold more perme-
ation compared to hydroethanolic solution of 
voriconazole. If ethanol concentration is more 
than 30% in ethosomes, it causes excessive 
release of entrapped material and irritation of 
skin. Therefore, Akhtar and Pathak (2012) 
developed Cavamax W7 composite ethosomes 
to overcome the problem associated with high 
ethanol concentration. Cavamax W7 is a perme-
ation enhancer for synergistic effect on etha-
nol’s skin penetration power. Developed 
Cavamax W7 composite ethosomes showed 
high stability and ex vivo skin permeation and 
antifungal activity against C. albicans and 
Aspergillus niger compared to conventional 
ethosomes.

15.5.1.3  Transethosomes
To encompass the advantages of transfersomes 
and ethosomes, there is a new vesicular nanocar-
rier system named as transethosomes. They 
include penetration enhancer or an edge activa-
tor, and additionally, their composition is exactly 
similar to ethosomes. For in vivo skin deposition 
of drug in mice, Song et  al. (2012) evaluated 
voriconazole-loaded transethosomes and showed 
increased in vivo skin deposition of voriconazole 
in the dermis and epidermis area compared to 
other nanocarriers like deformable liposomes, 
conventional liposomes, ethosomes, and polyeth-
ylene glycol drug solution.

15.5.1.4  Solid Lipid Nanoparticles 
(SLNs) and Nanostructured 
Lipid Carriers (NLCs)

Solid lipid nanoparticles (SLNs) originate as a 
new class of colloidal drug carriers at the begin-
ning of the 1990s. SLNs show a wide drug deliv-
ery approach in the area of pharmaceutics, 
clinical medicine, and research. SLNs are colloi-
dal carriers developed in the last decade as an 
alternative system to the existing traditional car-
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riers (emulsion, liposomes, and polymeric 
nanoparticles). They are a new generation of sub-
micron (52–100 nm)-sized lipid emulsions where 
the liquid lipid (oil) has been substituted by a 
solid lipid (Mukherjee et al. 2009).

The topical delivery of miconazole as SLNs 
was prepared by Bhalekar et  al. (2009). 
Miconazole-loaded SLNs showed good stability 
for 1  month. The evaluation studies by using 
ex  vivo cadaver skin and Franz diffusion cell 
were done and showed significantly enhanced 
delivery of miconazole to the targeted area by 
increasing accumulative uptake of miconazole in 
skin over marketed gel, used as a reference. Tape- 
stripping experiments concluded that there is a 
tenfold greater retention with miconazole-loaded 
SLNs bearing hydrogel as compared to micon-
azole suspension and miconazole hydrogel.

Fluconazole-loaded SLNs were prepared by 
ultrasonication techniques which show better 
effect on fluconazole-resistant strains of various 
candida species (Kelidari et  al. 2017). The 
spherical- shaped fluconazole SLNs present mean 
diameter, potential, and entrapment efficiency of 
84.8 nm, −25 mV, and 89.6%, respectively. After 
30 min, release rate of drug showed initial burst 
release followed by 24  h sustained release. 
Fluconazole-resistant strains of C. albicans, C. 
parapsilosis, and C. glabrata showed MIC50 as 2, 
1, and 2 g/ml, respectively.

Butani et  al. (2016) improved the topical 
delivery of amphotericin B via SLNs by using a 
novel solvent diffusion method. Different SLN 
formulations were evaluated for particle size, 
potential, drug entrapment, in  vitro antifungal 
activity, ex vivo permeation, and skin irritation. 
Different SLN formulations of amphotericin B 
were prepared, but the best was SLN5 character-
ized by drug/lipid ratio 1:10 and Pluronic F-127 
0.25% as surfactant. These particles showed an 
average size of 111.1 ± 2.2 nm, zeta potential of 
−23.98  ±  1.36  mV, and 93.8% of drug 
entrapment.

Itraconazole-loaded SLNs for ocular delivery 
were developed by Mohanty et al. (2015). SLNs 
were prepared by using polyvinyl alcohol as an 
emulsifier with stearic and palmitic acids, 
obtained by the melt emulsion sonication and 

low-temperature solidification method and 
determine its drug loading, entrapment effi-
ciency, and zeta potential. The mean particle size 
of SLNs prepared with stearic acid was between 
139–199 nm while mean particle size of SLNs 
prepared with palmitic acid was in the range of 
126–160  nm. Stearic acid SLNs have more 
entrapment efficacy than palmitic SLNs. Franz 
diffusion cell and excised goat corneas are used 
for the evaluation of corneal permeability. 
SA-SLNs show higher itraconazole permeation 
than palmitic SLNs. Antimicrobial efficacy of 
these formulations is shown by clear zone of 
inhibition against Aspergillus flavus.

To prolong the action of nystatin, Khalil et al. 
(2013) developed SLNs of nystatin. In the data 
from in vitro release study, it has been shown that 
the rate of drug could be influenced by the con-
centration of nystatin, type and concentration of 
surfactant, etc. Due to drug-enriched shell model, 
nystatin was released more quickly when used in 
lower concentration. According to drug-enriched 
shell model of drug incorporation, there is forma-
tion of solid lipid core when the recrystallization 
temperature of the lipid is reached. A year later, 
Samein (2014) formulated SLNs of nystatin as 
gel and studied effect of nystatin on skin. Nystatin 
SLNs had good physical stability after 1-month 
storage; the SLN dispersion at various tempera-
ture parameters showed little difference in parti-
cle size and entrapment efficiency. There was no 
change in clarity, and phase separation was 
observed. When nystatin SLN gel is compared 
with the marketed gel, there is sustained release 
of drug in the case of SLN gel. The primary skin 
irritation test on rabbit skin was conducted in 
accordance with guidelines of the Consumer 
Product Safety Commission, and the primary 
irritation index was calculated to be 0.00. 
Centrifugation at 3000 rpm for 30 min showed no 
precipitation, and the nystatin SLNs had good 
physical stability.

Kumar and Sinha (2016) fabricated and evalu-
ated the solid lipid nanoparticles (SLNs) for 
improved ocular delivery of voriconazole. 
Compritol and palmitic acid were selected as 
lipid carriers based on drug solubility and parti-
tioning behavior. Poloxamer and soy lecithin 
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were the choice for surfactant, while sodium tau-
rocholate was used as a cosurfactant. The in vitro 
release study of SLNs exhibited a sustained- 
release property of the drug. The ex vivo studies 
displayed enhanced corneal drug permeation 
from SLNs in comparison to the drug suspension. 
Further, the corneal hydration studies, histopa-
thology, and Hen’s Egg Test-Chorioallantoic 
Membrane assay confirmed the non-irritancy of 
the nanoformulation. The in vivo study confirmed 
the higher availability of voriconazole from 
SLNs in aqueous humor with minimal nasolacri-
mal drainage in contrast to the drug suspension.

Most of the azoles specifically fluconazole 
become resistant to Candida species. To over-
come resistance, Moazeni et al. (2016) prepared 
solid lipid nanoparticles as a novel antifungal 
drug delivery system. The fluconazole SLNs pre-
sented a spherical shape with a mean diameter, 
zeta potential, and entrapment efficiency of 
84.8 nm, −25 mV, and 89.6%, respectively. The 
drug release from fluconazole SLNs exhibited 
burst-release behavior at the initial stage (the first 
30  min) followed by a sustained release over 
24 h. Fluconazole-resistant yeast strains behaved 
as susceptible strains after treatment with flucon-
azole SLNs (≤8 μg/ml). The MIC50 drug concen-
trations were 2 μg/ml, 1 μg/ml, and 2 μg/ml for 
fluconazole-resistant strains of C. albicans, C. 
parapsilosis, and C. glabrata, respectively.

NLC-based hydrogel containing miconazole 
was prepared and characterized. NLC dispersion 
shows particles in nanometer range (~200  nm) 
with low polydispersity index (<0.3), good physi-
cal stability, and high encapsulation efficiency 
(>87%). Encapsulation improved antifungal 
activity of miconazole against C. albicans 
(Mendes et al. 2013).

Kelidari et  al. (2017) made an attempt to 
improve the yeast delivery of fluconazole with 
nanostructured lipid carrier system. The 
fluconazole- loaded nanostructured lipid carriers 
presented a spherical shape with a mean diame-
ter, zeta potential, and entrapment efficiency of 
126.4 ± 15.2 nm, 35.1 ± 3.0 mV, and 93.6 ± 3.5%, 
respectively. The drug release from fluconazole- 
loaded nanostructured lipid carriers exhibited 
burst-release behavior at the initial stage fol-

lowed by sustained release over 24  h. Using a 
new formulation of fluconazole led to a signifi-
cant decrease in MICs for all Candida groups 
(P  <  0.05). Furthermore, C. albicans isolates 
showed more susceptibility to fluconazole-loaded 
nanostructured lipid carriers than C. glabrata and 
C. parapsilosis (P < 0.05). The MIC50 drug con-
centration was obtained as 0.0625, 0.031, and 
0.25 mg/ml for fluconazole-resistant strains of C. 
albicans, C. glabrata, and C. parapsilosis, 
respectively.

15.5.1.5  Lipid Nanoparticles

15.5.2  Non-phospholipid-Based 
Vesicular Nanocarriers

15.5.2.1  Niosomes
Niosomes are bilayered vesicular systems which 
are made up of single alkyl chain nonionic sur-
factants. Handjani Vila et  al. gave the first 
description of niosomes in 1979. Structurally, 
hydrophilic tail endorsed inside the bilayer while 
they have a hydrophilic head of surfactant ori-
ented toward the exterior and interior of bilayer. 
Therefore, niosomes are capable of encapsulat-
ing either hydrophilic or lipophilic drug. To 
enhance the rigidity of bilayer and reduction of 
premature drug leakage, cholesterol is also added 
in the production of niosomes (Sawant and Khan 
2017). Alomrani et al. (2014) prepared niosomes 
loaded with itraconazole (ITZ) for transdermal 
delivery using different nonionic surfactants. A 
comparison was done using Span surfactants 
(Span 60, Span 80, and Span 85), Tween surfac-
tants (Tween 60, Tween 80, and Tween 85), and 
Brij 35. Niosomes prepared from Tween 85 
showed more skin permeation as compared to 
Span 85 niosomes and Brij 35 niosomes.

15.5.2.2  Spanlastics
Spanlastics are novel vesicular carriers which are 
also known as “Modified niosomes” as they con-
tain edge activator in niosomal composition. 
They contain Spans, edge activators like Tweens, 
and many others. For ocular drug delivery, 
Kakkar and Kaur (2011) first developed spanlas-
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tics loaded with ketoconazole using Span 60 as 
surfactant and Tween 80 as an edge activator. 
Terbinafine hydrochloride-loaded spanlastics 
were developed for the treatment of nail fungal 
infection, namely, onychomycosis. In this study, 
Span 60 and Span 65 as surfactants while Tween 
80 and sodium deoxycholate as edge activators 
were used. Spanlastics that have Span 65 as sur-
factant and sodium deoxycholate as edge activa-
tor  showed maximum drug entrapment, smaller 
size, and good colloidal properties. Confocal 
laser scanning microscopy revealed efficient 
ex vivo nail permeation of optimized spanlastic 
formulation (Elsherif et al. 2017).

15.5.3  Polymeric Nano-drug Delivery 
Systems

15.5.3.1  Polymeric Micelles
Polymeric micelles are self-assembled nano-
scopic core-shell structures formed by amphiphi-
lic copolymer inside water above their critical 
micellar concentration which are able to hold 
hydrophobic drugs inside the core of micelles 
and hydrophilic molecules in the outer shell of 
polymeric micelles. The size of polymeric 
micelles is usually <100 nm (Biswas et al. 2016). 
Poly(ethylene glycol) (PEG) is the most com-
monly used polymer as a hydrophilic micelle 
corona due to its hydrophilicity and biocompati-
bility (Suk et al. 2016). Polymeric micelles were 
also able to achieve high drug concentration in 
tumor and inflammatory tissues by virtue of their 
small size, leaky tumor vasculature, and lack of 
lymphatic drainage through the enhanced perme-
ability and retention effect (Maeda 2015). In the 
context of antifungal drug delivery, one of the 
earlier attempts to enhance antifungal drug effi-
cacy was using poly(ethylene oxide)-block- 
poly(b-benzyl-L-aspartate) copolymers as 
delivery vehicles for AmB (Yu et  al. 1998). In 
order to target AmB to the brain, it was incorpo-
rated into angiopep-2-modified PE-PEG-based 
micelles, and drug accumulation in the brain was 
evaluated (Shao et  al. 2010). Angiopep-2 is a 
ligand of low-density lipoprotein receptor-related 
protein in the blood-brain barrier (BBB). It 

exhibits higher transcytosis capacity and paren-
chymal accumulation, and thus, it might facilitate 
drug targeting to the brain. AmB-incorporated 
angiopep-2-modified micelles had higher pene-
tration across BBB compared with unmodified 
micelles and Fungizone1, in  vitro and in  vivo. 
When tested in an immunosuppressive murine 
model with Cryptococcus neoformans meningo-
encephalitis, the micelles had higher AmB level 
in the brain, significantly reduced the brain fun-
gal burden, and prolonged the median survival 
time (Shao et al. 2012).

Tonglairoum et al. (2017) developed clotrima-
zole (CZ)-loaded N-naphthyl-N,O-succinyl chi-
tosan (NSCS) micelles as an alternative for oral 
candidiasis treatment. The micelles ranged in 
size from 120 nm to 173 nm. The micelles pre-
pared via the O/W emulsion method offered the 
highest percentage of entrapment efficiency and 
loading capacity. The CZ was released from the 
CZ-loaded micelles at a much faster rate com-
pared to CZ powder. The CZ-loaded NSCS 
micelles can significantly hinder the growth of 
Candida cells after contact. These CZ-loaded 
NSCS micelles offer great antifungal activity and 
might be further developed to be a promising 
candidate for oral candidiasis treatment.

Ketoconazole is a broad-spectrum imidazole 
antifungal drug. For the treatment of superficial 
fungal infections with ketoconazole, it should 
permeate to deep skin layers. In order to develop 
a topical formulation of ketoconazole for improv-
ing its skin deposition and water solubility, 
ketoconazole- loaded methoxy poly(ethylene 
glycol)-b-poly(δ-valerolactone) micelles were 
developed through the thin-film hydration 
method. The drug-loaded micelles were obtained 
with an encapsulation efficiency of 86.39% and a 
particle diameter of about 12 nm. The micelles 
made ketoconazole aqueous solubility increase  
to 86-fold higher than crude one. 
 Ketoconazole- loaded micelles showed no skin 
permeation of ketoconazole, obviously enhanced 
skin deposition, and demonstrated similar anti-
fungal activity as compared with marketed keto-
conazole cream. Fluorescein-loaded micelles 
displayed higher skin deposition than fluorescein 
water solution. These results demonstrate that the 
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MPEG-PVL micelle is a potential delivery sys-
tem for ketoconazole in the field of skin delivery 
(Deng et al. 2017).

Introduction of linolenic acid (LNA) and 
methoxy poly(ethylene glycol) (MPEG) to the 
backbone of oligochitosan (CS) afforded LNA- 
modified MPEG-CS conjugate (MPEG-CS- 
LNA). Amphotericin B-loaded MPEG-CS-LNA 
micelles (AmB-M) were prepared via dialysis 
method with 82.27 ± 1.96% of drug encapsula-
tion efficiency and 10.52 ± 0.22% of drug load-
ing capacity. The AmB-M enhanced AmB’s 
water solubility to 1.64 mg/mL, being 1640-fold 
higher than native AmB. The AmB-M obviously 
reduced hemolytic effect and renal toxicity of 
AmB when compared to marketed AmB injec-
tion (AmB-I). Its antifungal activity against C. 
albicans was equivalent to AmB-I although 
AmB’s release from AmB-M was significantly 
retarded. According to fluorescence microscopy 
test, the unchanged activity should be attributed 
to enhanced fungal cellular uptake of AmB-M 
caused by combined inducement of LNA and 
CS.  The pharmacokinetic studies demonstrated 
that AmB-M also improved the pharmacokinetic 
parameters of AmB with AmB-I as control. 
Conclusively, developed LNA-modified 
MPEG-CS micellar system could be a viable 
alternative to the current toxic commercial 
AmB-I as a highly efficacious drug delivery sys-
tem (Song et al. 2019).

Kareem et  al. (2019) made an attempt to 
enhance therapeutic efficacy of clotrimazole by 
delivery through poly(ethylene oxide)-block- 
poly(ε-caprolactone) copolymer-based micelles. 
Clotrimazole loaded in micelles was investigated 
for its antifungal activity through an in  vitro 
assay and scanning electron microscopy. The 
antifungal activity of drug increased significantly 
by delivering through polymeric micelles.

15.5.3.2  Polymeric Nanoparticles
Polymeric nanoparticles are synthesized from 
synthetic polymers like polyacrylamide, polyac-
rylate, poly(L-lactide), and polyurethane. Among 
natural polymers, chitosan is the most widely 
used polymer. In addition to chitosan, many oth-
ers such as gelatin and sodium alginate overcome 

some toxicological problems with the synthetic 
polymers. They are further classified into biode-
gradable and nonbiodegradable. Polymeric 
nanoparticles can be prepared from either pre-
formed polymers or polymerization reactions 
from monomers. The methods of preparing poly-
meric nanoparticles include solvent evaporation, 
salting-out, dialysis, and supercritical fluid tech-
nology (Sawant and Khan 2017).

Sinha et  al. (2013) prepared poly-lactide-co- 
glycolide nanoparticles (PLGA-NPs) containing 
voriconazole by multiple emulsification tech-
nique. Higher porosity was achieved in the pres-
ence of an effervescent mixture that resulted in 
improved pulmonary drug delivery. The average 
size of PLGA-NPs was found to be 207–605 nm 
with a 20% drug release in initial 2 h followed by 
a sustained release for 15 days. Porous nanopar-
ticles with lower mass median aerodynamic 
diameter showed better pulmonary deposition 
and prolonged residence in the lungs (Sinha et al. 
2013).

Localized acidity due to fungal metabolism 
and host immune response often leads to loss of 
amphotericin B activity in a pH-dependent man-
ner. To overcome this limitation, Tang et  al. 
(2015) designed pH-responsive and surface 
charge-switching PLGA-b-poly(L-histidine)-b- 
poly(ethylene glycol) (PLGA-PLH-PEG) 
nanoparticles incorporating AmB.  To further 
enhance drug antifungal efficacy, AmB- 
encapsulated PLGA-PLH-PEG NPs were modi-
fied with anti-C. albicans antibody (CDA) 
(CDA-AmB-NPs). The results showed that the 
CDA-AmB-NPs switched their surface charge 
from negative to positive upon decreasing the pH 
from 7.35 to 6.8. CDA-AmB-NPs induced nearly 
complete apoptosis and necrosis in C. albicans 
cells at pH  6.8 due to targetability and higher 
drug release under acidic conditions. Same for-
mulation induced 60% apoptosis and 30% 
 necrosis at pH 7.34 confirming the efficiency of 
these nanocarriers as pH-sensitive systems. 
CDA- AmB- NPs had significantly lower hemo-
lytic activity against red blood cells and lower 
in vitro toxicity against the immortalized human 
renal tubular epithelial cell line, as well as lower 
in  vivo nephrotoxicity. Further, in  vivo studies 
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showed that CDA-AmB-NPs effectively elimi-
nated fungi in the kidney, liver, and spleen com-
pared with free AmB.

Modi et al. (2013) prepared chitosan mucoad-
hesive nanoparticles of ketoconazole to improve 
its bioavailability using ionic gelation method. 
The nanoparticles had 69.16  ±  5.91% mucin 
binding efficiency, particle size of 
382.6  ±  2.38  nm, and entrapment efficiency of 
59.84 ± 1.088%. The results of ex vivo diffusion 
study showed drug diffusion even after 5  h as 
compared to conventional solution proving that it 
can be a very efficient carrier for delivery of keto-
conazole in its absorption window.

Current therapies are insufficient to prevent 
recurrent fungal infection especially in the lower 
part of the lung. A careful and systematic under-
standing of the properties of nanoparticles plays 
a significant role in the design, development, 
optimization, and in  vivo performances of the 
nanoparticles. Thus, Das et  al. (2015) prepared 
PLGA nanoparticles containing antifungal drug 
voriconazole. The nanoparticles and the free drug 
were radiolabeled with technetium-99m with 
90% labeling efficiency, and the radiolabeled 
particles were administered to investigate the 
effect on their blood clearance, biodistribution, 
and in vivo gamma imaging. In vivo deposition 
of the drug in the lobes of the lung was studied by 
LC-MS/MS study. The particles were found to be 
spherical and had an average hydrodynamic 
diameter of 300 nm with a smooth surface. The 
radiolabeled particles and the free drug were 
found to accumulate in various major organs. 
Drug accumulation was more pronounced in the 
lung in case of administration of the nanoparti-
cles than that of the free drug. The free drug was 
found to be excreted more rapidly than the 
nanoparticles containing drug following inhala-
tion route as assessed by gamma scintigraphy 
study. Thus, the study reveals that pulmonary 
administration of nanoparticles containing vori-
conazole could be a better therapeutic choice 
even as compared to the IV route of administra-
tion of the free drug and/or the drug-loaded 
nanoparticles.

Paul et  al. (2018) developed chitosan-coated 
polylactic-co-glycolic acid nanoparticles of vori-

conazole to increase residence time and provide 
sustained drug release locally to treat the recur-
rent lung-fungal infection. Gamma scintigraphic 
images showed that Tc-99m-labeled chitosan- 
coated polylactic-co-glycolic acid voriconazole 
nanoparticles had better pulmonary retention for 
a longer period than that of the noncoated formu-
lation. Drastic improvement in the pharmacoki-
netic profile of chitosan-coated 
polylactic-co-glycolic acid voriconazole 
nanoparticles than noncoated formulation was 
observed.

15.5.4  Nanocrystals

Drug nanocrystals are nanoparticles possessing 
crystalline character in the nano-size range with a 
unique composition of 100% drug without the 
presence of any polymeric carrier. Dispersion of 
nanocrystals in liquid leads to formation of nano-
suspension, which needs to be stabilized by addi-
tion of surfactant or polymeric stabilizer. 
Nanocrystals offer numerous advantages such as 
increased dissolution rate due to decrease in size 
leading to an increase in saturation solubility fur-
ther aiding the dissolution rate of nanocrystals. 
They are prepared by precipitation, milling, and 
homogenization methods (Müller and Junghanns 
2006).

Sarnes et  al. (2014) prepared itraconazole 
nanocrystals by using rapid wet milling tech-
nique for dissolution enhancement and trans-
formed them into solid dosage form by 
freeze-drying and granulating techniques. The 
three formulations, i.e., nanocrystal suspension, 
freeze-dried nanoparticles, and granulated 
nanoparticles, were subjected to in  vitro and 
in  vivo studies along with commercial itracon-
azole suspension. Their results indicated that the 
enhanced in vitro dissolution did not translate to 
superior in vivo drug absorption.

Pyo et al. (2017) prepared miconazole nitrate 
nanocrystals by using wet bead milling technique 
for enhanced antifungal efficacy and deep pene-
tration of miconazole nitrate into skin. The nano-
crystals were incorporated into a hydroxypropyl 
cellulose gel base. These nanocrystal formula-
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tions were closely or similarly effective as the 
microsuspensions and the market products con-
taining the synergistic chlorhexidine digluconate, 
showing the potential of the nanosuspension for-
mulation. Nanosuspension performance was 
even further increased when chlorhexidine diglu-
conate was added. Ex vivo skin penetration stud-
ies on porcine ears revealed distinctly less 
remaining miconazole nitrate on the skin surface 
for nanocrystals (e.g., 76–86%) compared to 
market products (e.g., 94%). Also, penetration 
was increased, e.g., in skin depth of 5–10 μm, 
from <1.0/1.7% to, e.g., 3.3–6.2% for 
nanocrystals.

15.5.5  Colloidal Carriers

15.5.5.1  Microemulsions 
and Nanoemulsions

Microemulsions are clear, transparent, thermo-
dynamically stable dispersions of two immis-
cible liquids stabilized by addition of suitable 
surfactant and cosurfactant with droplet size 
usually in the range of 10–100 nm. They offer 
advantages of ease of preparation with no 
energy required, are thermodynamically stable, 
and are suitable for both hydrophilic and lipo-
philic drugs (Singh et  al. 2014). However, 
nanoemulsions are isotropic mixture of oil and 
water along with suitable stabilizing surfactant, 
cosurfactant, and cosolvents and with droplet 
diameters ranging from 10 to 500 nm (Mundada 
et  al. 2016). Nanoemulsion has good kinetic 
stability and requires external forces for its 
preparation. Formulation scientists explored 
that both MEs and NEs have potential as an 
attractive option for enhancing cutaneous drug 
delivery of both hydrophilic and lipophilic 
drugs compared with conventional vehicles. 
The ease of simplicity and lower cost make it 
an attractive approach. Several reports investi-
gated to confirm its potential suitability as der-
mal and transdermal administration of a wide 
variety of drug molecules. They increased the 
dermal drug permeation rate and retention in 
the skin (Gupta et  al. 2017; Heuschkel et  al. 
2008). Microemulsions and nanoemulsions 

could also allow targeted topical antifungal 
drug delivery to maximize local drug effects 
and avoid systemic toxicity, such as nephrotox-
icity (Hussain et al. 2016).

Ofokansi et  al. (2013) prepared poloxamer- 
stabilized miconazole nitrate-loaded topical 
microemulsion to improve its water solubility 
and bioavailability. The results indicated that 
lower content of surfactant and cosurfactant 
formed water in oil (w/o) while higher quantities 
formed oil in water (o/w) microemulsions. 
Poloxamer 407 reduced the interfacial tension 
between oil and water and solubilized the drug. 
An increase in in vivo inhibition of C. albicans 
was observed in case of poloxamer-stabilized 
microemulsion which was 22.87 ± 0.91 mm as 
compared to commercial miconazole powder 
(Fungusol ®) 10.91 ± 0.38 mm and non- stabilized 
microemulsions. It may be due to the increased 
permeation of miconazole through the fungal cell 
wall. This study proved that microemulsion is an 
effective strategy to increase the bioavailability 
of the poorly absorbed drug.

Fluconazole microemulsion with globule size 
of 24 nm was prepared for vaginal drug delivery. 
The drug loaded microemulsion was  incorpo-
rated into carbopol gel. This microemulsion- 
based gel showed a faster onset of action and 
significantly higher in  vitro bioadhesion with a 
retention time of 45  ±  3.0  min and antifungal 
activity 5.5 ± 0.1 mm than Candid V® gel which 
had a retention time of 24 ± 1.5 min and antifun-
gal activity 3.0 ± 0.15 mm (Bachhav and Patravale 
2009).

Tonglairoum et  al. (2015) fabricated a novel 
scaffold of clotrimazole microemulsion contain-
ing nanofibers using an electrospinning process 
for oral candidiasis applications. The extent of 
drug release from the fiber mats at 4  h was 
approximately 64.81–74.15%. The release kinet-
ics appeared to follow Higuchi’s model. In 
 comparison with clotrimazole lozenges (10 mg), 
the nanofiber mats exhibited more rapid killing 
activity. Moreover, the nanofiber mats demon-
strated desirable mucoadhesive properties and 
were safe for 2 h. Therefore, the nanofiber mats 
have the potential to be promising candidates for 
oral candidiasis applications
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Nystatin nanoemulsion was prepared and 
tested as a potential treatment for oral and skin 
candidosis (Campos et  al. 2012; Fernández- 
Campos et  al. 2013). Nystatin nanoemulsion 
had a minimum inhibitory concentration against 
C. albicans and Saccharomyces cerevisiae that 
was twofold lower than that of the free drug 
confirming the enhanced drug antifungal effi-
cacy. Systemic administration of nystatin 
results in serious toxicity. Ex vivo permeability 
studies through oral porcine mucosa were 
therefore conducted to confirm the safety of 
nystatin nanoemulsion. Negligible drug perme-
ation through the mucosa was observed con-
firming the safety of this delivery system. Drug 
retention studies in oral porcine mucosa showed 
that about 50% of the applied drug dose was 
retained in the tissue after 6 h. This was about 
310 times higher than the drug minimal inhibi-
tory concentration value against C. albicans 
confirming the efficacy of this treatment 
(Campos et al. 2012).

Nanoemulsion of amphotericin B was pre-
pared by Sosa et al. (2017) for the treatment of 
skin candidiasis and aspergillosis. From the anti-
fungal efficacy and skin tolerability studies, it 
showed that AmB nanoemulsion showed a MIC 
of 0.13 μg/mL which was also below the other 
reported values. No theoretical systemic absorp-
tion was expected to occur because no AmB was 
detected in the receptor chamber from the ex vivo 
permeation study. Nevertheless, the amount of 
AmB retained after 36  h application was 
17.76 μg/g/cm2.

Similarly, clotrimazole nanoemulsion was 
formulated and tested for the topical treatment of 
candidiasis. Nanoemulsion provided a sustained 
release of clotrimazole according to the first- 
order model. Similar skin permeation properties 
were observed between clotrimazole NE and 
commercial reference. However, significant 
higher clotrimazole amounts retained in mucosae 
when compared with references. Antifungal effi-
cacies against Candida albicans were also higher 
than commercial references, and the in vivo toler-
ance study confirmed the suitability for topical 
application, making clotrimazole NE a great tool 

for clinical investigation of topical candidiasis 
treatments (Soriano-Ruiz et al. 2019).

Some essential oils also exhibit antifungal 
activity against candida species. Thus attempts 
had been made to incorporate herbal oils into 
nanoemulsion formulation. Quatrin et al. (2017) 
prepared nanoemulsion of Eucalyptus globulus 
oil and verify its antifungal activity against 
Candida spp. The antimicrobial activity of the 
nanoemulsion was determined from the macrodi-
lution tests and the cell viability curve, where the 
minimum fungicidal concentration of 0.7 mg/mL 
for C. albicans and 1.4 mg/mL for C. tropicalis 
and C. glabrata were obtained.

Ramteke et  al. (2019) evaluated antifungal 
activity of blended cinnamon oil and usnic acid 
nanoemulsion using candidiasis model. The 
maximum zone of inhibition was 1.19  cm for 
nanoemulsion (10  mg/mL), which was near to 
the fluconazole (1  mg/mL), i.e., 1.82  cm. The 
MIC of nanoemulsion for C. albicans was 60 μg/
mL, which was more than cinnamon oil and usnic 
acid solution. In vivo study of nanoemulsion in 
cutaneous candidiasis model showed significant 
antifungal activity. The log colony-forming unit 
per infected site of nanoemulsion was 1.36  in 
comparison to the untreated control group (3.91)

15.6  Formulations for Candidiasis 
Therapy: FDA Approved 
and in Recent Clinical Trials

Unique properties of nanoformulations make 
them available to deliver antifungal drugs to the 
desired site of action, thus enhancing the thera-
peutic efficacy and reducing the risk of side 
effects. However, despite considerable amounts 
of described nanotechnology-based formula-
tions, only a limited number of them were intro-
duced into clinical trials. Recently, the interest of 
the researchers has focused on the employment 
of already used, FDA-approved nanodrugs as the 
adjuvants in combinatory therapy. Table  15.4 
shows the list of new formulations for candidiasis 
therapy which are approved by FDA or under 
clinical trials.
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15.7  Challenges of Nano-Based 
Drug Delivery Systems 
for Antifungal Agents

The literature reported the success story of nano-
technology in drug delivery systems. In addition, 
the potential of different nanoformulations to act 
as efficient delivery systems for antifungal drugs 
is evident. However, despite several decades of 
research, patents into this field, and hundreds of 
published papers, amphotericin is the only anti-
fungal drug that is commercially available in 
nano-based formulations. This lagging might be 
due to several reasons; most prominent is 
industry- related, and others are inherent prob-
lems related to nanoformulations and problems 
related to preclinical studies and clinical trials. 
Another challenge of research and development 
(R&D) of nanoformulations for drug delivery is 
large-scale production. There is always a need to 
scale up laboratory or pilot technologies for 
eventual commercialization. A number of nano- 
drug delivery technologies may not be scalable 
due to the method and process of production and 
the high cost of materials employed. This is par-
tially due to the fact that most of the research 
studies in nano-drug delivery are carried out by 
researchers in academia with a lack of real sup-
port from pharmaceutical industries (Rana and 
Sharma 2019; Zazo et  al. 2016). Therefore, for 
these technologies to get to the market, there has 
to be increased partnership with the pharmaceuti-
cal companies. Unfortunately, a number of the 
major pharmaceutical industries are yet to con-
sider nanotechnology as one of their priorities 
due to lack of regulatory guidelines, lack of stan-
dardized methods for nanoformulation synthesis, 
and challenges of scaling up. Furthermore, a lim-
ited number of newly developed nano-based for-
mulations fulfill the important prerequisites of 
biocompatibility and/or biodegradability. Many 
promising nanoformulations have some degrees 
of cytotoxicity and/or immunogenicity, and the 
effects of their chronic use on the human body 
are not certain (Lewinski et al. 2008; Sainz et al. 
2015). So, these are factors which delay the 
translation of nano-based drug delivery systems 
from the lab to the market.

15.8  Conclusion and Future 
Outlooks

Fungal diseases are becoming a global public 
health problem especially fungal infections that 
are resistant to commonly used antifungal drugs 
and cause significant morbidity and mortality. 
Although fungal infections can affect anyone, 
however, they pose a severe risk to people with 
weakened immune systems (cancer or HIV/
AIDS patients). In recent time, some types of 
Candida species are becoming resistant to first-
line and second-line antifungal medications, 
namely, fluconazole and echinocandins (anidula-
fungin, caspofungin, and micafungin). While 
there are several antifungal drugs available in 
market for therapeutic management, their clini-
cal benefits are limited due to high toxicity and 
their unfavorable physicochemical and biophar-
maceutical properties. There is a need to develop 
newer drug delivery systems over conventional 
ones to overcome these limitations and improve 
the clinical efficacy of antifungal drugs. Nano-
drug delivery systems like nanoparticles, lipo-
somes, SLNs, NLCs, and microemulsions and 
nanoemulsions offer advantages like enhanced 
aqueous solubility, enhanced stability, targeting 
to infected areas, and reduction in dose, dosing 
frequency, and side effects. The translation of 
nano-based drug delivery systems to clinic is an 
uphill task due to difficulties in their scale-up 
and commercialization. However, liposomal 
amphotericin B (AmBisome) is the only antifun-
gal nanoformulation that made it to clinical trials 
and has been successfully commercialized, 
whose technology can be used as a platform for 
translation of other novel antifungals delivery 
systems to the clinical setting. Additionally, the 
newer antifungal agents like echinocandins can 
be designed into novel drug delivery systems for 
enhancing their clinical effectiveness in the 
treatment of invasive candidiasis and counteract-
ing the emerging antifungal drug resistance 
especially for treating infections of Candida. 
Therefore, research in the field of antifungal 
drug delivery should focus on overcoming the 
challenges that hinder clinical translation of 
nano-based drug delivery systems.
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Abstract

The International Association for the Study of 
Pain (IASP) defines neuropathic pain as “pain 
caused by a lesion or disease of the somato-
sensory nervous system, which causes 
unpleasant and abnormal sensation (dysaes-
thesia), an increased response to painful stim-
uli (hyperalgesia) and pain in response to a 
stimulus that does not normally provoke pain 
(allodynia).” This definition of neuropathic 
pain distinguishes it from other types of pain, 
including musculoskeletal pain, by restricting 
its extent to the somatosensory nervous sys-
tem. In a large number of reported neurode-
generative pain cases, it has been observed 
that the pain would be severe and debilitating. 
The aim of this chapter is to bring a number of 
different plant therapeutics having analgesic 
properties in light. Plant compounds such as 
capsaicin, triptolide, curcumin and salicin 
have been widely known to protect against 
neuropathic pain. These compounds are most 
commonly found and are reported to have a 
variety of pharmacological effects such as an 
effective role in pain control. Nowadays other 

plant compounds such as bromelain from 
pineapple and ECGC from green tea, which 
already have multiple clinical indications, are 
being studied for its role in treating neuro-
pathic pain.

Keywords

Capsaicin · Curcumin · Epigallocatechin-3- 
Gallate (EGCG) · Neuropathic Pain · Salicin · 
Triptolide

16.1  Introduction

Any lesions or damage in somatosensory system 
is defined as neuropathic pain (Jensen et  al. 
2011). Multiple conditions lead to neuropathic 
pain such as spinal cord injury, any sort of brain 
injury or multiple disease-associated pain such as 
diabetes, AIDS, multiple sclerosis and cancer 
(Fig.  16.1) (Treede et  al. 2008). In a study, the 
estimated reports show that 6.9–10.0% of the 
general population suffer from neuropathic 
pain,which is predicted to increase in the future 
due to various factors (VanHecke et  al. 2014) 
such as increasing obesity rates, growing geriat-
ric population and improved survival rate of can-
cer patients being treated with advanced medical 
procedures (Moulin et  al. 2014). Neuropathic 
pain could be termed as a chronic condition, 
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which embodies a significant encumbrance for 
patients, society and healthcare systems (Smith 
and Torrance 2012). The management of neuro-
pathic pain is complex and continues to be a chal-
lenge as it is different from nociceptive pain and 
requires a different therapeutic approach 
(Finnerup et al. 2015). Various global organiza-
tions such as International Association for the 
Study of Pain (IASP), European Federation of 
Neurological Societies (EFNS), National Institute 
for Health and Care Excellence (NICE) and 
Canadian Pain Society (CPS) have published 
clinical practice guidelines to facilitate the 
assessment and treatment of neuropathic pain 
(Cruccu et  al. 2007; Cruccu et  al. 2010; Attal 
et  al. 2010; Haanpää et  al. 2011; Mailis and 
Taenzer 2012; Dworkin et al. 2013; Moulin et al. 
2014).

The OPD treatment options are divided into 
three phases depending upon the complexity of 
the pain. The first-line treatment medications 
include various drug categories such as tricyclic 
antidepressants (e.g., amitriptyline), drug ligands 
for calcium channel alpha-2-delta (e.g., pregaba-
lin and gabapentin) and serotonin–norepineph-
rine reuptake inhibitors commonly known as 
SNRIs (e.g., duloxetine). Tramadol, which 

belongs to opioids and SNRI class, is recom-
mended majorly as second-line therapy for neu-
ropathic pain treatment  (Chris et al. 2017). The 
NICE guidelines recommend the use of tramadol 
specifically in rescue therapy as higher rates of 
withdrawal of tramadol have been observed due 
to adverse events compared with other treatments 
(NICE guidelines). Strong opioids, anti-epileptic 
drugs (other than gabapentinoids) and cannabi-
noids are commonly recommended for third-line 
and fourth-line treatment of neuropathic pain. 
Pregabalin and carbamazepine are one of the 
most recognized and effective medications avail-
able for trigeminal neuralgia (Cruccu and Truini 
2017; Colloca et al. 2017).

However, due to the complex pathophysiology 
of neuropathic pain, these drugs are not com-
pletely effective in attenuating neuropathic pain 
and have multiple reported side effects, viz. seda-
tion, dizziness, oedema and ataxia. This is one of 
the most important reasons to preferring the use 
of herbal medicines owing to less complication 
and fewer side effects than synthetic drugs (Boyd 
et al. 2017). Owing to the increase in the demand 
for medicinal plants and related compounds, the 
phytopharmaceutical studies and the utilization 
of these remedies for the treatment of  neuropathic 

Fig. 16.1 Few listed conditions leading to neuropathic pain conditions
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pain have been growing throughout the world 
(Garg and Adams 2012; Forouzanfar and 
Hosseinzadeh 2018).

Various plant-derived compounds are being 
studied for the treatment of neuropathic pain 
such as capsaicin that showed positive results in 
neuropathic pain conditions (Derry and Moore 
2012). Other common plants, which are used to 
treat neuropathic pain, are Acorus calamus (sweet 
flag or calamus), Artemisia dracunculus (tarra-
gon or estragon), Butea monosperma (flame of 
the forest), Citrullus colocynthis (colocynth or 
bitter apple), Curcuma longa (turmeric), Crocus 
sativus (saffron crocus or autumn crocus), 
Elaeagnus angustifolia (Russian olive), Ginkgo 
biloba (maidenhair tree), Mitragyna speciose 
(Kratom), Momordica charantia (bitter melon), 
Nigella sativa (black caraway, black cumin 
or kalonji), Ocimum sanctum (basil or tulasi) and 
Phyllanthus amarus (gale of the wind, stone-
breaker or seed-under-leaf). Anti-oxidant activ-
ity, anti-inflammatory, antiapoptotic, 
neuroprotective and calcium inhibitory actions 
are some of the pathways that are known to be 
involved in pain relief through herbal medica-

tions (Fig. 16.2) (Dworkin et al. 2007; Derry and 
Moore 2012; Garg and Adams 2012; Daniela 
2015; Diego 2017; Forouzanfar and Hosseinzadeh 
2018). This chapter focuses on natural products 
and their nano-formulations being used in neuro-
pathic pain. Table 16.1 lists a few important pat-
ents granted for these phytocompounds, and 
Table  16.2 lists some commercially available 
marketed products.

16.2  Capsaicin

16.2.1  Overview

Capsaicin, the active compound found commonly 
in genus Capsicum or chilli peppers, is reported 
to have analgesic properties. Chilli peppers are 
widely consumed worldwide, and the capsaicin 
content ranges from 0.1% to 1% from green to 
red varieties of peppers. The compound is 
reported to have high pharmacotherapeutic 
importance proving beneficial in multiple pain- 
associated conditions such as rheumatoid arthri-
tis, post-herpetic neuralgia, post-mastectomy 

Fig. 16.2 Flowchart explaining the role of multiple phytotherapeutics in pain management
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pain syndrome and diabetic neuropathy (Sawynok 
2005; Tesfaye 2009; Backonja et al. 2010; Derry 
et  al. 2017). The reported pathways suggest its 
pivotal role in effecting the primary afferent neu-
rons, which are the peripheral part of the sensory 
nervous system. The versatility of capsaicin 
comes from its role in exhausting the substance P, 
the neurotransmitter for painful impulses from 
sensory nerve terminals, making it an important 
experimental tool for pain-associated studies. 
Multiple topical formulations are commercially 
available for the treatment of different neuro-
pathic pain conditions such as post-herpetic neu-
ralgia, musculoskeletal pain, diabetic neuropathy, 
osteoarthritis and rheumatoid arthritis (Watanabe 
et  al. 1987; Sawynok 2005;  Mathhews et  al. 
2009; Tesfaye 2009; Backonja et al. 2010).

16.2.2  Mechanism of Action

Capsaicin acts as an agonist to pain receptors 
transient receptor potential cation channel sub-
family V member 1 (TRPV1), which is trans-
membrane, receptor-ion channel complex. 
Capsaicin acts as a ligand molecule and binds to 
TRPV1 receptor, resulting in the opening of the 
channel with a rapid influx of Na+ and Ca2+ ions, 
which in turn leads to depolarization state. The 
common expression of TRPV1 is generally in 
A-delta and C nerve fibres, where depolarization 
leads to action potential sending impulses to 
brain and spinal cord where they are interpreted 
as pain signals. The immediate response is vari-
ous inflammatory signals such as warming, tin-
gling, itching, stinging, or burning sensations. 
Capsaicin dosing results in the induction of an 
initial pain sensation followed by analgesia. 
Prolonged high and/or repeated capsaicin expo-
sure makes TRPV1 receptors in refractory state 
or desensitized state, making the receptors non- 
functional temporarily. This inhibition in the 
functionality of the receptor could be in response 
to thermal, mechanical, or chemical noxious 
stimuli. The reported evidence suggests that the 
process occurs when an exhaustion of neuropep-
tides occurs (Substance P), specifically in nerve 
fibres expressing TRPV1 receptors, and an 
increased level of Ca2+ ions intracellularly due to 

inhibition of high-voltage-activated (HVA) and 
low-voltage-activated (T-type) calcium channels. 
The delayed effect because of rapid Ca2+ influx in 
turn leads to further activation of certain calcium- 
dependent proteins which in turn leads to desen-
sitization of TRPV1 (Fattori et al. 2016).

16.2.3  Pharmacokinetics 
of Capsaicin

Various reports assessing the pharmacokinetic 
profile of capsaicin suggest absorption of capsa-
icin majorly in stomach and entire intestinal area, 
ranging from 50% to 90%, with the Cmax or mean 
plasma concentration reaching within one hour 
of oral administration. Following the absorption, 
the main site for the metabolism of capsaicin is 
liver where it produces three major metabolites 
such as 16-hydroxycapsaicin, 
17- hydroxycapsaicin and 16, 17- hydroxycapsaicin 
and vanillin as minor metabolite. Reports suggest 
that cytochrome P450 (P450) enzymes are also 
involved in hepatic metabolism of capsaicin. 
Capsaicin is eliminated mainly via renal route 
while small amount is excreted in faeces in both 
unchanged and glucuronide form (O’Neill et al. 
2012). The intravenous or subcutaneous adminis-
tration of capsaicin shows fivefold higher levels 
of capsaicin in brain regions as compared to 
blood, whereas liver concentrations were three-
fold higher as compared to blood. Upon topical 
application, capsaicin is reported to absorb rap-
idly through skin. A clinical study suggested that 
upon topical patch treatment of capsaicin, the 
mean peak plasma concentration was found to be 
only 1.86  ng/ml, while the maximum plasma 
concentration reached to 17.8 ng/ml, suggesting 
that it is unlikely to get absorbed directly to blood 
upon topical administration (Sayanlar et  al. 
2012).

16.2.4  Nano-formulations 
of Capsaicin

Nagoth et  al. (2015) synthesized capsaicin- 
capped silver nanoparticles which were 20–30 nm 
in size and were highly compatible with ABO 
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blood groups in haemagglutination test, suggest-
ing high biocompatibility and their potential role 
as therapeutic agent. In another study, Kaiser 
et al. (2015) synthesized capsaicin-loaded chito-
san nanocapsule to enhance the para-cellular 
transport, which was earlier having low permea-
bility, across an epithelial cell monolayer via a 
reversible opening of cellular tight junctions. The 
comparative study was performed and various 
physiochemical properties were assessed, com-
paring capsaicin-loaded chitosan nanocapsules 
with its free capsaicin counterpart, such as cyto-
toxicity towards epithelial MDCK-C7 cells, eval-
uating the effect on the integrity of tight junctions, 
membrane permeability and cellular uptake. The 
results exhibited that the nanocapsules modu-
lated the interaction between capsaicin and tight 
junctions and were internalized by MDCK-C7 
cells. Another similar study by Mrudhula et.al 
(2017) prepared PLGA-coated capsaicin mag-
netic nanoparticles (PCMN) using solvent- 
evaporation/co-precipitation technique and 
evaluated various characteristics in vitro. It was 
observed that the size of the nanoparticles was in 
the range of 10–20  nm and showed approxi-
mately 9.29% drug loading and 89.15% encapsu-
lation efficiencies (EE %). In addition, increased 
solubility of capsaicin (20 ± 3% for pure capsa-
icin, whereas for PLGA-coated capsaicin mag-
netic nanoparticles, 83 ± 4.1% release after 50 h) 
was observed in the in vitro dissolution studies 
due to the nanosize of PLGA-coated capsaicin 
magnetic nanoparticles. Mei et  al. (2015) pre-
pared capsaicin-loaded nanoparticle gel using 
hot-solvent high-pressure homogenization tech-
nique and employed Box-Behnken Design dur-
ing the optimization process to evaluate its 
properties in vitro and in vivo. The capsaicin per-
meability enhanced in nanoparticle-based gel 
was a 2.80-fold higher flux value compared to the 
conventional form after 24 hours. Choi et  al. 
(2013) formulated capsaicin-loaded nanoemul-
sions fabricated with alginate and chitosan to 
examine the pharmacokinetic properties of the 
formulated capsaicin-loaded nanoemulsions in 
comparison with capsaicin control in a rat. The 
formulated nanoemulsions could significantly 
enhance the bioavailability of capsaicin (131.7 

times increased bioavailability with extended 
half-life). Peng et al. (2015) prepared capsaicin- 
loaded methoxy poly (ethylene glycol)-poly(ε- 
caprolactone) nanoparticles using a modified 
emulsification solvent diffusion technique. The 
prepared nanoparticles had an average diameter 
of 82.54 ± 0.51 nm, high drug-loading capacity 
of 14.0% ± 0.13% and high stability than the con-
ventional form. Xia et  al. (2017) synthesized 
capsaicin-loaded nano-lipoidal carriers (NLCs) 
using modified hot melt homogenization tech-
nique to enhance permeation and attain the anal-
gesic and anti-inflammatory effect with lower 
skin irritation. The capsaicin-loaded nano- 
lipoidal carriers and capsaicin-loaded nano- 
lipoidal carrier gel improved the pain onset in a 
dose-dependent manner and inhibited inflamma-
tion compared with capsaicin cream and capsa-
icin solution.

16.3  Salicin

16.3.1  Overview

Salicin belongs to the class of glycoside and acts 
as a precursor molecule for the synthesis of ace-
tylsalicylic acid. Salicin is very commonly found 
in willow (Salix) barks and has reported anti- 
inflammatory properties in the human body. Also, 
Salicin is found in the bark of Populus spp., and 
the leaves of willows and other poplars. It is also 
used as an analgesic, antipyretic, disinfectant and 
antiseptic. Its action is very similar to that of 
aspirin. Willow bark is used as an alternative to 
aspirin to treat chronic headaches or back pain 
(Art 2009; Singh 2003).

16.3.2  Mechanism of Action

The mechanism of action of salicylic acid is iden-
tical to that of aspirin molecule. The compound 
inhibits cyclooxygenase enzymes (COX-1 and 
COX-2), which are involved in prostaglandin 
synthesis (Rao and Knaus 2008; Raju et al. 2015). 
The analgesic effect is produced via peripheral 
and direct CNS effects. On peripheral level, sali-
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cin is reported to act by hindering the synthesis 
and release of prostaglandins while centrally, it 
acts on hypothalamus, producing analgesia. The 
advantage of natural salicin over aspirin is that 
white willow does not interfere with coagulation, 
which is the major drawback of using aspirin 
(Vane and Botting 2003; Dissanayake et  al. 
2017).

16.3.3  Pharmacokinetics of Salicin

The absorption of salicin on oral administration 
is high and rapid. The initial metabolism of sali-
cin to saligenin is done by intestinal flora, which 
is rapidly absorbed into bloodstream and trans-
ported to liver where it is initially hydrolysed into 
salicylic acid, and further to salicyluric acid 
(upon conjugation with glycine moiety) and 
finally to glucuronic acid. The major excretion is 
via renal route in the form of salicylic acid or 
glucuronic acid in the urine kidney (Maclagan 
1879; Schmid et  al. 2001; Wagner and Heide 
2003). Its pharmacokinetic parameters are depen-
dent and may vary according to specific dosage 
form, salicylate used, and other factors such as 
dissolution rate of tablet and intraluminal or gas-
tric pH.  Plasma protein binding of salicin is as 
high as 99.5% (with albumin) with T1/2 or plasma 
half-life of around 15 minutes which is increased 
on increasing the doses (300–650 mg have T1/2 of 
around 3.1 hours, while 1–2 g of daily doses have 
T1/2 of around 5–9 hours, respectively, in the form 
of salicylate). Willow has a slower onset of action 
and an extended duration of action, where dosing 
is usually 60–120 mg (total salicin) daily (Lewis 
and Johnson 2006).

16.3.4  Nano- formulations of Salicin

Nanoparticulate delivery systems have the poten-
tial to enhance drug stability and expand the 
period of the therapeutic effect. Shang et  al. 
(2018) prepared chitosan (CS)-acetylsalicylic 
acid (ASA) nanoparticles using interpolymer 
complexation method. It was observed that the 

developed nanoparticles exhibited a sustained 
and pH-dependent drug release. In addition, the 
preliminary pharmacokinetic studies suggested 
prolonged circulation of the prepared nanoparti-
cles with higher bioavailability as compared to 
the crude acetylsalicylic acid. Woo et al. (2014) 
synthesized salicylic acid-loaded stearic acid- 
oleic acid nanoparticles (SONs) in cream-based 
formulation for topical delivery using melt emul-
sification method combined with ultrasonication 
technique. It was observed in in  vitro release 
studies that SONs incorporated in cream showed 
a steady release for 24  hours, designating the 
integration of salicylic acid in solid matrix of 
SON and elongating the in  vitro release. 
Taghizadeh and Javan (2010) prepared chitosan 
nanoparticles containing salicylic acid (SA) 
using the emulsion method. The nanoparticles 
were spherical with an average size of 300 nm, 
and the drug content ranged between 20% and 
35%.

16.4  Triptolide

16.4.1  Overview

Triptolide (TP) is the therapeutically active com-
ponent in Tripterygium wilfordii plant. Triptolide 
has a small molecular size of 360.406 g/mol. It 
also displays lipophilic properties, which makes 
it suitable for penetrating the blood–brain barrier. 
This characteristic property hence makes it a sig-
nificant drug candidate against inflammatory 
response in the CNS.  Studies have shown that 
repeated systemic administration of triptolide has 
successfully prevented and reversed neuropathic 
pain (Zhu et  al. 2010; Wang et  al. 2012; Tang 
et al. 2012).

16.4.2  Mechanism of Action

Triptolide shows its therapeutic potential in avert-
ing and diminishing neuropathic pain, by inhibit-
ing immune response in the spinal dorsal horn. 
The activation of glial cells leads to the immune 
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responses majorly by expressing various inflam-
matory cytokines from spinal dorsal horn, lead-
ing to the induction of neuropathic pain. Thus, an 
effective strategy to treat neuropathic pain is to 
target central immune activation. The triptolide 
extract is known to have potent anti- inflammatory 
and immunosuppressive effects and has been 
used successfully in the treatment of various 
inflammatory diseases. It also suppresses 
mitogen- activated protein kinases (MAPKs) 
phosphorylation that is essential for the induction 
and maintenance of neuropathic pain. The activa-
tion of MAPKs initiates signalling cascades and 
increases the synthesis of pro-inflammatory 
mediators. Triptolide results in the inhibition of 
inflammatory mediators including cytokine 
(interleukin-1β, tumour necrosis factor-α and 
interleukin-6) and chemokines. Since the exact 
mechanism of action of plant therapeutic is still 
unclear, mitogen-activated protein kinase activa-
tion and the following expression of inflamma-
tory cytokines can be the potential targeting sites 
of triptolide. Triptolide-mediated decrease in the 
expression of the inflammatory cytokines could 
prevent the excitatory synaptic transmission dur-
ing pain signal transduction and thus produce 
anti-nociception effects resulting in lowering the 
levels of pain (Wang et al. 2012; Jian et al. 2017).

16.4.3  Pharmacokinetics 
of Triptolide

A study performed on male Sprague-Dawley 
rats to investigate absorption, distribution, 
metabolism and excretion of triptolide after oral 
intravenous administration of single doses. It 
was observed that upon administration of trip-
tolide on various doses (0.6, 1.2 and 2.4 mg/kg), 
the Cmax or the maximum plasma concentration 
was achieved within min with the T1/2 or elimi-
nation half-life around 16.8 to 21.7 mins. The 
intravenous administration of triptolide showed 
one- compartment model kinetics. Oral absolute 
bioavailability was observed to be 72.08% at the 
dose of 0.6 mg/kg. Triptolide was also found to 
be distributed rapidly, extensively metabolized 
in liver and eliminated via urinary and faecal 

routes. Within 48 hours, < 1% triptolide of the 
dose was obtained from the bile, urine or faeces 
as parent drug molecule. The metabolism of 
triptolide occurs in liver majorly by CYP450 
(CYP3A) enzymes into 3 or 4 mono-hydroxyl-
ated metabolites (M2, M3, M4  in human live 
microsomes) which is then excreted out in urine, 
faeces and bile (Shao et  al. 2007; Xu et  al. 
2017).

16.4.4  Nano-formulations 
of Triptolide

Gu et al. (2018) prepared lipid nanoparticles of 
triptolide for transdermal delivery to evaluate the 
interactions between skin and nanoparticles. 
Triptolide-nanostructured lipid carriers and 
triptolide- solid lipid nanoparticles could easily 
penetrate the skin by changing their structure, 
thermodynamic properties and components of 
the stratum corneum. The histopathological stud-
ies of stratum corneum suggested the possible 
interactions between the surfactants present in 
triptolide-nanostructured lipid carriers and skin 
where the spacing increased upon the lipid 
exchange between the stratum corneum and leci-
thin, helping in the permeation of the prepared 
nano-formulation.

Wang et  al. (2015) prepared triptolide- 
polymeric micelles using methoxy poly(ethylene 
glycol)–block–poly(ε-caprolactone). The in vitro 
release profiles showed that the triptolide- 
polymeric micelles exhibited sustained-release 
action in comparison with free triptolide solu-
tion. Xiong et  al. (2005) synthesized triptolide- 
loaded solid lipid nanoparticles, microemulsions 
and polymeric nanoparticles. Triptolide-loaded 
solid lipid nanoparticles upon transdermal deliv-
ery showed its presence 2.4 times higher as com-
pared to triptolide solution after 12  hours of 
application. Similarly, triptolide-loaded poly-
meric nanoparticles upon oral administration 
showed significantly lower toxicity profiles in 
liver and kidney. These novel nanodrug delivery 
systems (NDDS) presented more powerful activ-
ity and a lower toxicity in comparison with com-
mon drug carrier forms.
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16.5  Epigallocatechin-3-Gallate 
(EGCG)

16.5.1  Overview

The most widely consumed worldwide beverage 
after water is tea. Green tea is botanically called 
Camellia sinensis. It contains leaf polyphenols 
that contribute to the health-promoting effects. 
The polyphenols (known as catechins) account 
for 30–42% of the dry weight of the solids in 
brewed Camellia sinensis. Tea comprises of four 
major catechins such as epigallocatechin-3- 
gallate (EGCG), epigallocatechin (EGC), 
epicatechin- 3-gallate (ECG), and epicatechin 
(EC). EGCG is present accounting 50–80% of 
the total catechines making it the main and the 
most abundant catechin which is known to have 
multiple therapeutic potentials even in the ner-
vous system. Various in vitro investigations have 
suggested the involvement of EGCG in upregu-
lating various signalling pathways, by inhibiting 
the inflammation and regulating oxidative stress 
(Tian et  al. 2013). Studies showed its potential 
role as a neuroprotective agent to relieve the pain. 
Multiple experimental works have proven the 
protective effects of EGCG against various con-
ditions such as spinal cord injury and control of 
inflammation in neurodegenerative diseases 
(Kuang et  al. 2012; Renno et  al. 2013; Raposo 
et al. 2015).

16.5.2  Mechanism of Action of EGCG

Anti-inflammatory and anti-oxidant properties of 
EGCG produce anti-nociceptive effects 
(Khalatbary and Ahmadvand 2011; Kuang et al. 
2012). In addition, it has been observed that vari-
ous EGCG derivatives can modulate neuropathic 
pain by reducing the NF-κB and the production 
of pro-inflammatory cytokines such as tumour 
necrosis factor-alpha (TNF-α) and interleukin-1 
beta (IL-1β). EGCG has been found to suppress 
neuropathic pain by regulating the expression 
levels of particular proteins comprised in specific 
molecular pathways: (1) nNOS/NO (neuronal 
nitric oxide synthase/nitric oxide); (2) CX3CL1 

(chemokine fractalkine ligand), JNK (c-Jun 
N-terminal kinases) and NF-κB (nuclear factor 
kappa-light-chain-enhancer of activated B-cells); 
and (3) TNF-α (tumour necrosis factor-ɑ). 
Allodynia is downregulated by EGCG, which 
interferes with NO by inhibiting the nNOS/NO 
pathway (Choi et  al. 2012). Chronic thermal 
hyperalgesia is reduced by EGCG through the 
regulation of the expression determinants of 
CX3CL1, which displayed a significant role in 
mediating the activity among microglia and neu-
rons (Bosch-Mola et al. 2017). EGCG is reported 
to reduce pain perception by modulating c-Jun 
N-terminal kinases and NF-κB activities (Xavier 
et al. 2015; Bimonte et al. 2017).

16.5.3  Pharmacokinetics of EGCG

A study was conducted on Beagle dogs to deter-
mine the pharmacokinetics of EGCG. EGCG was 
administered intravenously at a dose of 25 mg/kg 
body weight to Beagle dogs, [3H]-EGCG was 
eliminated from the plasma with a half-life of 
nearly 6  hours. The rate of clearance was low 
(1.19  ml/min-kg) and was consistent with rela-
tively slow metabolism and a mean residence 
time of 8.30  hours. The volume of distribution 
(0.59 L/kg) showed that the radioactivity was dis-
tributed to total body water. The blood/plasma 
ratios of the radioactivity over 24  hours were 
0.61–0.77, and this tells about preferential distri-
bution to plasma water. However, after a single 
oral administration of EGCG to Beagle dogs, the 
absorption was observed to be rapid with a maxi-
mal plasma concentration at approximately 
1 hour. The elimination half-life (6.8 hours) was 
found to be similar to that seen after i.v. adminis-
tration. The apparent bioavailability, that is, the 
ratio of the i.v. to the oral route of administration, 
was calculated to be 20% (James et al. 2001).

16.5.4  Nano-formulations of EGCG

Ramkumar et al. (2015) prepared ECGC-loaded 
chitosan nanoparticles using ionic-gelation 
method. The prepared nanoparticles were of 
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nanometric range with high stability. While 
studying the release profiles, it was observed that 
the release was sustained following diffusion 
and swelling mechanisms. Amanda et al. (2019) 
prepared EGCG-loaded PEGylated PLGA 
nanoparticles using double emulsion method. In 
vitro and ex vivo experiments suggested EGCG 
nanoparticles induced disruption of tight junc-
tions, opening blood–brain barrier (BBB). 
Further, the stabilization of EGCG in nanoparti-
cles complexes and a destabilized BBB resulted 
in the higher therapeutic EGCG concentrations 
in the brain. Jia et  al. (2011) prepared EGCG-
loaded chitosan nanoparticles using ionic poly-
meric method, and particles were around 141 nm 
range. EGCG-loaded chitosan nanoparticles 
showed initial burst release following a pattern 
of controlled release up to a 40-h period. Jin 
et al. (2016) synthesized EGCG-loaded chitosan/
β- lactoglobulin nanoparticles. The size of the 
resulting nanoparticles was observed to be 
between 100 and 500 nm. It was observed that 
the EGCG was incorporated with carboxymethyl 
chitosan and chitosan hydrochloride matrix and 
was diffused out slowly once the β-lactoglobulin 
layer was degraded. The sustained release pat-
tern observed for chitosan/β-lactoglobulin 
nanoparticles makes it an attractive candidate for 
the effective delivery of EGCG. Jia et al. (2013) 
synthesized EGCG-loaded nanoparticles to 
improve EGCG stability and cellular content. 
The size of the nanoparticles was about 
45–55  nm in diameter and it significantly 
increased the EGCG stability and cellular EGCG 
content.

16.6  Curcumin

16.6.1  Overview

Curcumin (diferuloylmethane) belongs to poly-
phenol class found in abundance in the rhizome 
region of Curcuma longa. It shows several differ-
ent properties such as anti-oxidant, anti- 
inflammatory, anti-mutagenic, anti-microbial and 
anti-cancer properties. Several reports have sug-
gested that the methoxy groups present on phenyl 

rings in curcumin structure areresponsible for 
having health effects. In traditional Indian and 
Chinese cultures, curcumin has been extensively 
used for combatting various pain conditions 
(Goel et al. 2008; Tianyu et al. 2018).

16.6.2  Mechanism of Action 
of Curcumin

Studies have suggested curcumin as a treatment 
option for diabetic neuropathy and associated 
pain. Various mediators such as TNF-α, superox-
ides and nitric oxides combining to form per-
oxynitrite (arising from glucose-induced 
oxidative injury in diabetes) results in hindering 
various body’s molecular signalling pathways by 
protein nitration, DNA damage and cell death 
arising toxic effects on nerve cells. Often the cel-
lular toxicity is because of high level of these 
nitrates in brain regions. Treatment using cur-
cumin suggested its dual nature: nitric oxide 
(NO) scavenger and lowering the TNF-α levels 
and acting as an inhibitor for inducible nitric 
oxide synthases (iNOS) expression by lipopoly-
saccharide in the mammary glands, thus playing 
a pivotal role in lowering inflammation (Sharma 
et al. 2006).

16.6.3  Pharmacokinetics 
of Curcumin

The reported oral bioavailability of curcumin is 
very limited (around 1%) which is because of its 
quick metabolism in human body. In a study con-
ducted on rats, it was observed that around 75% 
of curcumin and/or its metabolites were found in 
faeces, whereas urine had a negligible amount. In 
another study, oral absorption was found to be 
around 60% and major amount was excreted in 
faeces while one-third amount of curcumin was 
recovered unchanged. Further intravenous and 
intraperitoneal delivery of curcumin in rats have 
shown large amounts of various curcumin metab-
olites such as glucuronides of tetrahydrocur-
cumin and hexahydrocurcumin in bile (Sharma 
et al. 2007; Ricky et al. 2007).
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16.6.4  Nano-formulations 
of Curcumin

Jia et  al. (2018) synthesized curcumin-loaded 
poly-PEGMA-DMAEMA-MAO nanoparticles 
to investigate its effect on diabetic neuropathic 
pain mediated by the P2Y12 receptor on satel-
lite glial cells in the rat dorsal root ganglia. The 
prepared nanoparticle-encapsulated curcumin 
decreased upregulated P2Y12 receptor and the 
expression of interleukin-1β (IL-1β) and 
 connexin43 (Cx43) and reduced levels of 
phosphorylated- Akt (p-Akt) in the dorsal root 
ganglia of rats with diabetes mellitus. Athira 
and Jyothi (2014) prepared curcumin-loaded 
starch nanoparticles to improve cellular absorp-
tion. Curcumin-incorporated starch nanoparti-
cles were non-toxic to normal cells, and the 
cellular absorption of curcumin with starch 
nanoparticles was significantly higher by L929 
fibroblasts cells as compared to that of pure 
curcumin. This incorporation of curcumin in 
starch nanoparticles showed increasing bio-
availability of curcumin in  vitro. Joshi et  al. 
(2013) developed self-nano- emulsifying drug 
delivery system (SNEDDS) for curcumin 
(which has very poor aqueous solubility). This 
system enhanced the bioavailability of cur-
cumin, and the maximum plasma concentration 
was increased from 32.29 ng/ml (aq. curcumin 
suspension) to 527.01  ng/ml (curcumin-
SNEDDS) in the pharmacokinetics studies on 
rats. Zhang et  al. (2016) developed curcumin 
encapsulated nanoparticles for osteoarthritis- 
associated pain treatment. Upon oral and topi-
cal administration of curcumin nanoparticles 
on mice experimental models, it was observed 
that the developed nanoparticles were able to 
significantly reduce tactile hypersensitivity in 
response to external mechanical stimulus (von 
Frey tests) and other neuro- behavioural tests 
suggest the retention in the chondroprotective 
nature of curcumin perhaps due to its increased 
bioavailability onsite.

16.7  Conclusion

This chapter explains some phytocompounds 
exhibiting medicinal properties, which have been 
reported for the management of neuropathic pain. 
The pain that arises after any sort of nerve injury 
termed as neuropathic pain is a major chronic 
condition that is still problematic to treat. The 
conventional analgesics that are being used are 
non-steroidal anti-inflammatory drugs and opi-
oids that are ineffective clinically in attenuating 
neuropathic pain. Opioids have many disadvan-
tages such as it is addictive, causes seizures and 
respiratory depression. Tricyclic anti-depressants 
and anticonvulsants have also been observed to 
produce anti-allodynic effects in neuropathic 
pain. However, these drugs are reported to exhibit 
a wide range of adverse side effects, which limit 
their use for the treatment of neuropathic pain. 
Hence, there is a crucial need to explore for alter-
native medicine, which can attenuate neuropathic 
pain effectively with fewer or no side effects. 
This made the researchers to find a drug from 
natural sources. Plants such as Curcuma longa, 
Camellia sinensis, Tripterygium wilfordii, 
Capsicum species and their discussed active 
compounds might be useful in treating neuro-
pathic pain. However, still more research has to 
be carried out to discover a potent neuropathic 
pain reliever of natural origin.
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Abstract

The purpose of this chapter is to consolidate 
the existing data on nanoformulation(s) of two 
folklore molecules, curcumin and tetrahydro-
curcumin (THC). Latter curcuminoids have 
been explored extensively for their bioactive 
properties, including anti-inflammatory effi-
cacy to antimicrobial, antioxidant, and che-
mopreventive effects. In this chapter, an 
attempt is made to discuss the current state of 
knowledge regarding the usefulness of nano-
based drug delivery of curcumin and THC for 
various ailments. The mechanisms illustrating 
their in  vitro and in  vivo bioavailability in 
addition to the present clinical status of these 
molecules will also be considered. Different 
pharmaceutical nanodosage forms, viz. nano-
colloidal dispersions, SMEDDS, SNEDDS, 
microemulsions, and nanoemulsions, will be 
compared, as well as the market potential of 
these formulations along with their predicted 
shelf life, efficacy, and side effects will also be 
covered in detail. The objective is to compare 
the effects of curcumin with those of THC or 

vice versa depending on the purpose for which 
it is being administered. Towards the end of 
the chapter, the regulatory perspective, the 
scope and futuristic success with these nano-
formulations is discussed.
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17.1  Introduction

Curcumin and tetrahydrocurcumin (THC) have 
been selected as molecules of choice because of 
their multitargeting and pleiotropic features. The 
usefulness of these molecules has been proven in 
several disorders ranging from normal inflamma-
tion to cancer, inflammation, microbial diseases, 
oxidation, and others diseases (Lavor et al. 2018). 
These phytochemicals are evidenced to be stable, 
cost effective and exhibit minimal side effects, 
thus making them suitable candidates to be devel-
oped as therapeutics.

Turmeric is a natural plant that is well known 
for its medicinal properties since Vedic times in 
India. It has long been used as an edible spice and 
also is important in religious contexts. The chem-
ical constituent of turmeric, curcumin, is a naturally 
occurring phytochemical with potential anti-
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inflammatory effects (Hassan et al. 2019). It is a 
pleiotropic molecule used as an herbal medicine 
for the treatment of rheumatoid arthritis, chronic 
anterior uveitis, conjunctivitis, skin cancer, small 
pox, chicken pox, wound healing, urinary tract 
infections, liver disease, dissipating worms, regu-
lating menstruation, dissolving gall stones, clean-
ing wounds, and various digestive disorders and 
even bacterial infections (Lal et  al. 1999; Liu 
et al. 2017; Aggarwal et al. 2012). Turmeric con-
tains curcuminoid in the range of 2–9%. 
Commercial turmeric extracts hold approxi-
mately 70–75% curcumin, with about 20% 
demethoxycurcumin and 5% bisdemethoxycur-
cumin as structural curcumin analogs (Cavaleri 
2018). After per os (p.o.) dosing, curcumin 
undergoes metabolic O-conjugation to curcumin 
glucuronide and curcumin sulfate and bioreduc-
tion to THC, hexahydrocurcumin, octahydrocur-
cumin, and hexahydrocurcuminol (Jäger et  al. 
2014). Over the past three decades, in extensive 
preclinical studies, curcumin’s therapeutic poten-
tial has been observed in numerous human disor-
ders (Vollono et al. 2019). Additionally, curcumin 
has been shown to directly interact with several 
signaling molecules (Aggarwal et al. 2013), and 
positive results from preclinical studies form the 
basis of its evaluation in clinical trials. While the 
application of curcumin is hindered by its low 
stability and poor systemic bioavailability, it has 
been suggested that the biological activities of 
curcumin are closely related to its metabolites 
(Aggarwal et al. 2013).

The development of nanocarriers to solubilize 
or encapsulate curcumin has shown tremendous 
growth in the last decade. Nanocarriers provide 
improved solubility, stability, and selective deliv-
ery of curcumin to the target site and, hence, an 
improved pharmacokinetic profile. Systems 
developed in an attempt to resolve the compro-
mised bioavailability of these phytochemicals 
(Din et al. 2017), include formulation of micro/
nanoparticles (NPs) or capsules, micro/nano-
emulsions, nanovesicles, lyotropic liquid vesi-
cles, and foams. Developing these sytems help to 
improve the stability of these molecule against 
light degradation, help improve their aqueous 
solubility, and their permeation. In addition, they 
are biodegradable and biocompatibile and can 

encapsulate drugs with high efficiency and pro-
vide abundant surface area. Other drug delivery 
systems that have been reported include lyotropic 
liquid crystal systems, foams, micelles, hydro-
gels, and nanofibers (NFs). Lyotropic liquid crys-
tal systems can be lamellar, cubic, or hexagonal 
mesophases and can be administered via mucosal 
or topical delivery (Bruschi and Ferreira 2019).

Tetrahydrocurcumin (THC) is a colorless 
hydrogenated metabolite of curcumin possessing 
physiological and pharmacological properties 
analogous to those of innate curcuminoids. THC 
exhibits excellent antioxidant activity amongst 
all curcuminoids (Aggarwal et al. 2014). The free 
radical scavenging ability of THC was signifi-
cantly greater in series compared to curcumin 
followed by bisdemethoxycurcumin (Jäger et al. 
2014). Despite the distinctive biological activi-
ties of these curcuminoids, the major limitation 
on their broad range of clinical applications lies 
in their poor bioavailability in systemic circula-
tion in humans, which limits their therapeutic 
action (Aggarwal et al. 2013).

In this chapter, general comparison is made on 
the physicochemical profile of curcumin and 
THC highlighting their structural activity and 
challenges with respect to oral bioavailability. 
Further, nanotailoring approaches for both mole-
cules and their potential to treat several ailments 
are also compared. The chapter ends with a brief 
discussion on the market potential of these mol-
ecules as nutraceuticals owing to the over sight-
edness of regulators. 

17.2  Chemical Structure 
Characteristics

Curcumin, a bis-α,β-unsaturated β-diketone poly-
phenol obtained from the rhizome (turmeric) of 
the herb Curcuma longa is widely used as a yel-
low coloring agent and spice in foods. Curcumin 
is also known as diferuloyl methane and is a sym-
metric molecule. The IUPAC name of curcumin is 
(1E,6E)-1,7-bis(4-hydroxy-3-methoxyphenyl)-
1,6-heptadiene-3,5-dione, with chemical formula 
C21H20O6 and a molecular weight of 368.38. It has 
three chemical entities in its structure: two aro-
matic ring systems containing o-methoxy pheno-
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lic groups, linked by a seven-carbon linker 
consisting of an α,β-unsaturated β-diketone moi-
ety (Priyadarsini 2014). The chemical structure of 
curcumin is given in Fig. 17.1. The diketo group 
exhibits keto-enol tautomerism, which can be 
present in different types of conformers based 
upon the environment. The crystal state exhibits a 
cis-enol configuration and is stabilized by reso-
nance-assisted hydrogen bonding. The structure is 
composed of three substituted planar groups 
linked by two double bonds. The stability of the 
enol form is greater than that of the keto form by 
5–8 kcals mol−1 in the case of nonpolar and mod-
erately polar solvents since it is largely dependent 
on the polarity of the solvent. It shows extended 
conjugation, with a π electron cloud distributed all 
over the molecule. The solution phase of cur-
cumin exhibits cis-trans isomerism, where the 
trans form is marginally more stable than the cis 
form. Since it is a hydrophobic molecule with a 
log P value of ~3.0, the calculated dipole moment 
(DP) of curcumin in the ground state is 10.77 
D. Due to its hydrophobicity, it is almost insoluble 
in water and readily soluble in polar solvents like 
DMSO, methanol, ethanol, acetonitrile, chloro-
form, ethyl acetate, and others. but sparingly sol-

uble in hydrocarbon solvents like cyclohexane 
and hexane. Two absorption bands are observed in 
the absorption spectra in the visible and UV 
region at 410–430 nm and 265 nm, respectively. 
The molar extinction coefficient value of cur-
cumin in methanol is 55,000 dm3 mol−1 cm−1 at 
425 nm. It is a weak Brönsted acid with three pKa 
values owing to the presence of three labile pro-
tons. These pKa values were determined using 
both the NMR and absorption spectrometry 
(Priyadarsini 2014). The first pKa changes cur-
cumin from yellow to red within a pH range of 
7.5–8.5. Within this range of pH, curcumin shows 
increased chemical reactivity and solubility and is 
generally more soluble in water than the neutral 
form. The fully deprotonated (red) form of cur-
cumin in alkaline pH (pH > 10) shows absorption 
maxima at 467 nm and a molar extinction coeffi-
cient value of 53,000 dm3 mol−1 cm−1. However, 
the spectral changes arising due to a change in pH 
are difficult to differentiate between the acidic 
nature of the enolic OH or the phenolic OH 
groups, even though calculations specify that the 
enolic OH is the most acidic group. From 1 
H-NMR studies, the pKa value for the deproton-
ation of the enolic proton was suggested to be 

Fig. 17.1 Chemical structural comparison of curcumin and tetrahydrocurcumin (THC)
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12.5 and the pKa for the phenolic protons was 
suggested to be 13.6 (Borsari et al. 2002). These 
pKa values of enolic protons still show variations 
compared to values calculated by other additional 
methods. However, in the near future it will be 
feasible to resolve variations in these values 
thanks to the accessibility of other spectroscopic 
methods.

THC is a metabolite of curcumin that is pro-
duced by the selective reduction of alpha-olefinic 
bonds to the carbonyl group in the diferuloyl 
backbone. THC is a colorless molecule that is 
attributed to the disturbance of the chromophore, 
α, β-unsaturated carbonyl group due to the reduc-
tion of the (=) bonds in curcumin. Several meth-
ods have been reported for the reduction of α, 
β-unsaturated carbonyl compounds. Catalytic 
reduction of curcumin is carried out by palladium 
(Luiza et al. 1994), hydrosilane mediated by cop-
per (I) salt (Mori et  al. 1999), and oxygen-acti-
vated palladium catalyst (Alper and Sommovigo 
1992) or by raney nickel in the presence of hydro-
gen in organic solvents. Platinum catalysts, like 
PtO2, which are costly and have been utilized in 
curcuminoid reduction (Uehara et  al. 1987), so 
product yields are generally moderate. On the 
other hand, a low yield of only 14% is obtained by 
hydrogenation, which is also not region-specific. 
In addition, this process involves the difficulty of 
reaction scale-up. Reduction of α, β-unsaturated 
ketones by hydrogenation with palladium cata-
lysts on charcoal and barium sulfate produces 
2-benzyl-1-indanones at pressures up to 5  atm 
show low reaction selectivity. Alternatively, THC 
can be derived by the hydrogenation of curcumin 
in a mixture of acetone and water (95:5) under 
pressure using a palladium on carbon catalyst. 
Conversion of curcumin into THC has also been 
reported using Marchantia polymorpha cells with 
a yield of 90% in 1 day (Shimoda et al. 2012).

The off-white colored THC obtained has a 
melting point of 96  °C. The molecular formula 
and molecular mass of THC are C21H24O6 and 
372.4 g/mol, respectively. The pKa value of THC 
is 2.98, and the molecule is nonplanar with 
orthogonally placed benzene rings at the ends of 
a heptane chain with a dihedral angle of 84.09°. 
The molecular geometry and H-atom locations 
reveal the existence of a “heptane-3,5-dione” 

moiety in the keto-enol form. The positioning of 
the molecules in the lattice is directed by O-H 
and O intermolecular hydrogen bonds to create 
two-dimensional sheets (Girija et al. 2004).

THC is more soluble and stable than curcumin 
at a physiological pH, as well as at basic pH, and 
in plasma. There is no evidence of decomposition 
within 2 hours, demonstrating higher stability in 
aqueous solutions under air (Sato et al. 2008).

17.3  Bioavailability Concerns  
of Curcumin and THC

One of the major problems with curcumin is its 
low bioavailability because it is not readily solu-
bilized, is poorly absorbed in the gut, is quickly 
metabolized, and is excreted from the body. A 
substance is considered to have poor bioavail-
ability if it has low intrinsic activity in the body. 
For example, it may show little absorption, be 
metabolized quickly, have inactive metabolites, 
or be eliminated quickly from the body (Anand 
et  al. 2007). Undetectable or low levels of cur-
cumin in human blood serum were found when 
2 g curcumin was administered to healthy volun-
teers (Shoba et  al. 1998). A study showed that 
3.6 g curcumin administered orally gave rise to a 
0.0111 μM concentration of curcumin in human 
plasma after 1 hour. In conjunction with the low 
bioavailability of curcumin in blood plasma, cur-
cumin is not well distributed in tissue. Anand 
et al. (2007) reported that after oral administra-
tion of 400 mg curcumin to rats, trace levels of 
curcumin were found in the kidney and liver and 
only 1% of the curcumin was left in the stomach 
and small intestine after 24 hours (Anand et al. 
2007).

Furthermore, a study conducted on humans 
with colorectal cancer that had metastasized to 
the liver showed no curcumin in the liver after 
oral administration of 450–3600  mg curcumin 
each day for a week (Anand et  al. 2007). 
Curcumin’s poor bioavailability has forced inves-
tigators to look for similar anticancer drugs with 
higher bioavailability. The poor oral absorption 
of curcumin in both humans and animals has 
increased the numerous concerns that may limit 
its clinical impact (Kelloff et al. 1996).

V. Kakkar et al.



381

Curcumin is a biphenolic compound having 
hydroxyl groups at the ortho-position on the two 
aromatic rings that are connected by a β-diketone 
bridge, containing two double bonds (dienone), 
which can undergo Michael addition, critical for 
some of the effects of curcumin, but contributing 
to chemical instability in aqueous solution. 
Pharmacokinetic characterization of curcumin 
illustrates extensive intestinal sulfation and gluc-
uronidation. Most clinical trials have shown neg-
ligible unconjugated curcumin plasma levels post 
oral dosing, suggesting that its in vivo efficacy is 
derived from a more bioavailable or effective 
metabolite (Kelloff et  al. 1996). The physico-
chemical parameters of curcumin and THC are 
compared in Table 17.1.

THC, an active metabolite of curcumin, is pro-
duced by the reduction of dienone double bonds 
predominantly in the intestinal cells. It is resis-
tant to hydrolysis (Pan et  al. 1999), is a potent 
antioxidant, and possesses anti-inflammatory 
properties in vitro and in vivo (kidney). Due to 
these properties and its assumed increased bio-
availability, THC has been shown to considerably 
increase mean and maximum life spans when 
constantly fed to aging mice (Pan et  al. 1999). 

The functional significance of the dienone bridge 
of curcumin has also been evaluated by experi-
ments comparing THC and curcumin. To deter-
mine the in vivo antioxidant, anti-inflammatory, 
and antiamyloid activity and the importance of 
the dienone bridge, effective blood and tissue 
THC and curcumin levels were studied in an 
acute inflammatory model and a chronic atopic 
dermatitis (AD) model. In the acute paradigm 
models, curcumin and THC were administered 
through different routes and the researchers 
examined the distinctive effects of curcumin ver-
sus THC on the drug levels in plasma and brain 
achieved, and effects on the neuroinflammatory 
responses were also observed. Curcumin metab-
olism and the effect of chronic dietary adminis-
tration of curcumin or THC was studied in an 
aging APPsw transgenic mouse model of AD, 
and the results showed modified Aβ and inflam-
matory parameters (Begum et  al. 2008). Few 
studies have been reported on THC that show it to 
be a better anti-oxidant, anti-inflammatory mole-
cule and better at scavenging free-radicals com-
pared to curcumin (Hassainasab et  al. 2011). A 
2-week study showed that when both THC and 
curcumin were incubated in human plasma, THC 

Table 17.1 Physicochemical parameters of curcumin and tetrahydrocurcumin (THC)

Properties Curcumin (Aggarwal et al. 2014)
Tetrahydrocurcumin (Aggarwal et al. 2014; 
Kakkar et al. 2018a, b)

IUPAC name (1E,6E)-1,7-bis(4-hydroxy-3-
methoxyphenyl)-1,6-heptadiene-3,5-dione

1,7-bis(4-hydroxy-3-methoxyphenyl)-3,5-
heptanedione

Common name Curcumin Tetrahydrocurcumin/white curcumin
Empirical formula C21H20O6 C21H24O6

Molecular 
structure

Molecular weight 368.38 g/mol 372.41 g/mol
Appearance Yellow Off-white powder
Melting point 183 °C 95–97 °C
Packaging storage Preserve in tightly closed container Preserve in tightly closed container
Solubility Soluble in ethanol, DMSO, methanol, acetic 

acid
Freely soluble in methanol
Soluble in acetone, glacial acetic acid

Water solubility 0.1 mg/mL 0.0056 mg/mL
Log P 3.29 2.98
Pka 9.06 9.31
Half-life 7 h 813 min
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was reported to be more stable than curcumin 
with respective recovery rates of 67–77% and 
35–45%. The latter is attributed to higher satura-
tion, making it more water soluble, compared to 
curcumin (Hassainasab et al. 2011). Curcumin is 
found to be less stable in culture medium than 
THC by in vitro studies with half-lives of 186 and 
813 minutes, respectively (Saradhi et al. 2010). It 
has been reported that THC is also more readily 
absorbed in the gastrointestinal tract. Hence, it 
has been proposed that THC is responsible for 
curcumin’s pharmacological affects in  vivo 
(Kang et al. 2014). Several molecular targets of 
THC have been identified, including targets that 
make it effective against cancers. THC activates 
the antioxidant enzymes NADPH:quinone reduc-
tase, glutathione peroxidase, and glutathione 
S-transferase. Kang et  al. (2014) showed that 
MCF-7 breast cancer cells exhibited mitochon-
drial apoptosis and G2/M phase arrest in  vitro 
when treated in a dose-dependent manner with 
15–112.5 μM THC. The effect is due to increased 
protein expression of Bax and caspases-3 and -9 
due to THC (Kang et  al. 2014). Furthermore, 
THC shows chemopreventive abilities by retard-
ing the development of aberrant crypt foci in the 
colon (Kim et al. 1998). THC also inhibits colon 
carcinogenesis by decreasing cancer cell prolif-
eration and inhibiting phosphorylation of ERK1/2 
(Lai et al. 2011), making it a better alternative to 
curcumin. THC was also found to be a stronger 
anti-angiogenic agent, whereas curcumin was 
found to have stronger antiproliferation proper-
ties when HepG2 cells were treated with both of 
them (Yoysungmoen et  al. 2008). THC effec-
tively increases leukemic cell death through 
autophagy. In a study by Wu et al. (2014), it was 
demonstrated that THC inhibits the metastasis of 
fibrosarcoma by lowering levels of Matrix metal-
lopeptidases MMP-2 and MMP-9  in HT1080 
cells (Wu et al. 2014).

Phytochemicals derived from natural plants 
exhibit chemical diversity, with flexible chemical 
and biological properties exhibiting macromo-
lecular specificity and less toxicity. These make 
them favorable leads in the discovery of novel 
drugs. Despite their several advantages, pharma-
ceutical companies are hesitant to invest more in 

natural product-based drug discovery and drug 
delivery systems and are more inclined to instead 
explore the available chemical compound librar-
ies to discover novel drugs (Pan et al. 2013).

17.4  Nanotailoring Approaches 
of Curcumin and THC

On the basis of almost decade-long experience 
with nanobased delivery systems for curcumin 
and THC, it was evident that these phytochemi-
cals hold an excellent level of therapeutic poten-
tial for neurodegenerative diseases, cancer, 
inflammation not relating to the skin but in gen-
eral, and several other ailments (Kakkar et  al. 
2011, 2012, 2013, 2018b; Kakkar and Kaur 
2011). Nanotechnology is indeed being used to 
discover innovative ways to develop these mole-
cules as therapeutic agents, owing to its ability to 
reduce the therapeutically effective dose and 
improve its solubility and permeation, thereby 
enhancing the overall bioavailability of the 
molecules.

NPs have the ability to increase the bioavail-
ability and solubility of lipophilic compounds 
such as curcumin/THC in drug delivery systems. 
Nanobased systems can lead to improved thera-
peutic effects by encapsulating drugs and protect-
ing them from enzymatic degradation, result in a 
controlled release and an extended blood circula-
tion time. They can modify the pharmacokinetic 
profile of drugs, decrease their toxicity, and limit 
their nonspecific uptake (Patra et  al. 2018). 
Therefore, over the last two decades, there have 
been tremendous advancements in their involve-
ment as nanocarriers.

Nanotechnology when applied to the field of 
medicine is referred to as nanomedicine. 
Nanomedicine involves the use of nanomaterials 
for the diagnosis, monitoring, control, preven-
tion, and treatment of diseases (Tinkle et  al. 
2014). Nanomaterials have unique physicochem-
ical properties due to their small size. These 
properties make them highly useful in drug 
development, but some concerns pertaining to 
their safety have been reported. Nanoformulations 
possess a different pattern of pharmacokinetics, 
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such as absorption, distribution, elimination, and 
metabolism of the encapsulated drugs, can easily 
cross the biological barriers, and reduce the 
amount of doseto be administered, thus reducing 
the chancing of side effects (Tinkle et al. 2014; 
Bleeker et al. 2013). 

The term nanoparticle is an umbrella word 
that comprises several delivery systems, i.e., 
liposomes, polymeric NPs, micelles, nanogels, 
niosomes, cyclodextrins, dendrimers, silvers, and 
solid lipids, as useful alternatives for delivering 
therapeutically effective concentrations of poorly 
water soluble molecules, i.e., curcumin (Zhao 
et  al. 2016). These systems thus improve their 
solubility, stability, bioavailability, and metabo-
lism to result in therapeutically effective concen-
trations for the treatment of cancers, wound 
healing, Alzheimer’s disease, status epilepticus, 
ischemia, inflammatory diseases, and many more 
(Negar et al. 2014).

The field of delivery systems has undergone 
rapid growth in recent years in terms of the tar-
geted delivery of therapeutics or phytochemicals 
in the treatment of various ailments (Obeid et al. 

2017). Minimal toxicity and side effects, reason-
able economies, and good therapeutic potential 
are the reasons for exploring these phytochemi-
cals for their therapeutic use. Curcumin and THC 
in their natural forms suffer from issues such as 
low bioavailability and low solubility, leading to 
poor absorption in the body. In addition, there are 
issues pertaining to target-specific delivery, tonic 
effectiveness, and probable adverse effects of 
drugs in addition to the poor physiological stabil-
ity of curcumin. Hence, taking into account these 
issues, new drug delivery systems for targeting 
drugs to specific body parts might resolve these 
critical issues. Thus the role of nanotechnology 
in advanced medicine/drug formulations, tar-
geted delivery, and controlled drug release can be 
significantly enhanced.

A number of different types of drug delivery 
systems have been successfully used in recent 
years; however, owing to certain challenges, the 
development of an innovative technology needs 
to be achieved for successful and targeted drug 
delivery (Martinho et al. 2011). Figure 17.2 illus-
trates various molecular targets by which cur-

Fig. 17.2 Potential targets of curcumin and tetrahydro-
curcumin. Cytokines (IL-1,2,5,6,12,16,17), ROS reactive 
oxygen species, HO-1 heme oxygenase 1, JNK c-Jun 
N-terminal kinases, COX-2 cyclooxygenase-2, TNF 

tumor necrosis factor, NF-Kβ nuclear factor-kappaβ, 
EGFR epidermal growth factor receptor, STAT signal 
transducers and activators of transcription, BAX bcl-2-
like protein 4
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Table 17.2 Nano-mediated carriers for curcumin and THC for various disorders

Sr. 
No. Disease Drug Formulation

Route of 
administration Reference

1 Mouth ulcers Curcumin Thermoreversible 
mucoadhesive gel

Buccal route Thorat et al. (2015)

Tetrahydrocurcumin Nanofibers Buccal drug 
delivery system

Rramaswamy et al. (2018b)

2 HIV Curcumin Nanoparticles Oral Sankar et al. (2013)
Silver nanoparticles Oral Sharma et al. (2017)
Nanoparticles Oral Gandapu et al. (2011)

Tetrahydrocurcumin Vaginal nanomicrobicide Vaginal Mirani et al. (2019)
3 Diabetic Curcumin SNEDDS Oral Joshi et al. (2013)

Liposomes Intraperitoneal Yekollu et al. (2011)
4 Alzheimer’s 

disease
Curcumin Solid lipid nanoparticles Oral Kakkar and Kaur (2011)

Solid lipid nanoparticles Oral Kakkar et al. (2013)
Nanoparticles Oral Ramassamy et al. (2012)
Nanoparticles Oral Cheng et al. (2015)
Nanoparticles Oral Ray et al. (2011)
Magnetic nanoparticles Intraperitoneal Jaruszewski et al. (2014)
Nanoparticles Oral Doggui et al. (2013)
Nanoparticles i.v. Sandhir et al. (2014)

5 Cardiovascular 
diseases

Curcumin Nanoparticles Oral Wang et al. (2012)
Nanoparticles Oral Carlson et al. (2014)
Nanoparticles Oral Pramanik et al. (2012)
Nanoparticles Oral Deveza et al. (2012)

(continued)

cumin and THC exhibit their therapeutic 
activities.

The role of these nanobased drug delivery sys-
tems in several disorders is summarized in 
Table 17.2.

17.4.1  Ulcers

Mouth ulcers are painful round or oval sores that 
occur on mucous membranes of the oral cavity. 
The general causes of mouth ulcers include nutri-
tional deficiencies like iron, vitamins, especially 
B12and C, poor oral hygiene, infections, stress, 
indigestion, mechanical injury, food allergies, 
hormonal imbalance, and skin disease, for exam-
ple. Mouth ulcers (also referred as aphthous 
ulcers) can be painful when eating, drinking, or 
brushing teeth (Daddy et  al. 2013; Shashy and 
Ridley 2000).

THC has been shown to be beneficial in the 
treatment of disorders like mouth ulcers. 
Rramaswamy et al. (2018b) prepared PVP-THC 

composite NF using an electrospinning method, 
and these NFs have been found to be a potential 
buccal drug delivery system with higher drug 
entrapment efficiency. The prepared NF mat 
showed a drug release of around 91% of the 
loaded THC within the first 5 minutes of dissolu-
tion evaluation, which might be suitable for a 
buccal delivery system with a higher dissolution 
rate (Rramaswamy et al. 2018a, b, c).

Curcumin, which shows excellent wound-
healing, anticarcinogenic, and antibacterial 
activities, has also shown effects in mouth 
ulcers. Thorat et al. (2015) formulated a ther-
moreversible mucoadhesive gel (TMG) con-
taining curcumin for curing mouth ulcers. With 
an increase in the concentration of mucoadhe-
sive agent, mucoadhesive force significantly 
increased. In vitro release showed that formu-
lations delivered the drug for about 4  hours. 
This showed that the residence time and con-
tact area of curcumin at ulcers could be 
enhanced along with a sustained release. The 
authors concluded that a TMG of curcumin can 

V. Kakkar et al.



385

Sr. 
No. Disease Drug Formulation

Route of 
administration Reference

6 Inflammatory 
diseases

Curcumin Nanoparticles Intervention Singh et al. (2013)
Nanoparticles Topical Beloqui et al. (2014)
Nano-exosomes Topical Shukla et al. (2014)
Nanoparticles Topical Sun et al. (2010)
Nanoparticulate hydrogel Topical Chaudhary et al. (2014)
Nanoparticles Oral Gugulothu et al. (2014)
Nanoparticles Oral Singh et al. (2014)
Nanoparticles Topical Arora et al. (2015)
Nanoparticles Topical Rachmawati et al. (2013)
Nanoparticles Topical Janesirisakule et al. (2013)
Nanoparticles Topical Suwannateep et al. (2013)
Liposomes Topical Castangia et al. (2014)
Nanoparticles Topical Suwannateep et al. (2012)

Tetrahydrocurcumin Nanoparticles Topical Kakkar et al. (2018a, b)
Nanofibers Topical Rramaswamy et al. (2018c)

7 Antimicrobial 
activity and 
wound healing

Curcumin Nanovesicles Topical Dogra et al. (2015)
Hydrogel Topical Gong et al. (2013)
Nanoparticles Topical Krausz et al. (2015)
Nanoparticles Topical Krausz et al. (2015)
Nanoparticles Topical Chereddy et al. (2013)
Nanofilm Topical Li et al. (2012)
Nanoparticles Topical Dai et al. (2017)

Tetrahydrocurcumin Nanofibers Topical Rramaswamy et al. (2018a)
Nanofibers Topical Goto et al. (2019)

8 Gastrointestinal 
tract

Curcumin Solid lipid nanoparticles Oral Ji et al. (2016)
Tetrahydrocurcumin Liquid THC-SMEDDS Oral Sermkaew et al. (2013)

THC-SEFDDS Oral Setthacheewakul et al. 
(2011)

9 Hepatotoxicity Curcumin Nanoparticles Oral Marslin et al. (2018)
10 Colorectal 

cancer
Curcumin Micelles i.v. Gou et al. (2011)

Nanoparticles Oral Udompornmongkol and 
Chiang (2015)

Nanoparticles Oral Lotfi-Attari et al. (2017)
Nanoparticles Oral Prajakta et al. (2009)

11 Breast cancer Curcumin Nanoparticles Oral Yallapu et al. (2010)
Nanoparticles Oral Mirakabad et al. (2016)
Nanoparticles Oral Farajzadeh et al. (2018)
Nanoparticles Oral Shutava et al. (2009)

12 Lung cancer Curcumin Liposomes Oral Ibrahim et al. (2018)
Nanoparticles Oral Lee et al. (2014)
Nanoparticles Oral Yin et al. (2013)
Nanoparticles Oral Khan et al. (2018)
Nanoparticles Oral Kakkar et al. (2012)

13 Malaria Curcumin Liposomes Oral Coma-cros et al. (2018)
Nanoparticles Oral Nayak et al. (2010), Isacchi 

et al. (2012), Alam et al. 
(2016), Akhtar et al. (2012)

14 Osteoporosis Curcumin Gold nanoparticles Oral Heo et al. (2014)
15 Cystic fibrosis Curcumin Nanoparticles Oral Cartiera et al. (2010)

Table 17.2 (continued)
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be a principal candidate for mouth ulcer treat-
ment (Thorat et al. 2015).

17.4.2  Human Immunodeficiency 
Virus (HIV)

Acquired immunodeficiency syndrome (AIDS) 
is a communicable disease caused by infection 
by the human immunodeficiency virus (HIV). 
According to recent reports of the Joint United 
Nations Programme on HIV/AIDS (UNAIDS) in 
2015, 34 million people currently live with HIV 
around the world (UN Joint Programme 2016). 
Etiologically, sexual transmission is the principal 
form of HIV spread and is confirmed to be the 
chief cause in 80% of the total reported cases. 
This type of transmission of HIV is frequent in 
females (52% of total infected) due to the absence 
of women-dependent prophylactic approaches 
(Ariën et al. 2011).

Currently available treatment is a regimen 
known as highly active antiretroviral therapy 
(HAART) (Neves et  al. 2010). There are five 
major types of antiretroviral drugs presently 
approved for the treatment of AIDS.  These are 
reverse transcriptase inhibitors that contain 
nucleoside reverse transcriptase inhibitors 
(NRTIs), nucleotide reverse transcriptase inhibi-
tors (NtRTIs) and nonnucleotide reverse tran-
scriptase inhibitors (NNRTIs), protease inhibitors 
(PIs), fusion inhibitors, and integrase inhibitors 
(Wong et  al. 2010). The latter act in different 
phases of the viral life cycle (Gupta and Jain 
2010).

Curcumin formulations have shown to be 
advantageous in treating HIV infection. 
Formulations releasing curcumin after softening 
the polymer implants have dual functions of 
causing minimal implant neuroinflammation and 
utilizing a novel localized curcumin delivery 
model (Potter et  al. 2014). Sankar et  al. (2013) 
showed that curcumin nanoformulations caused a 
reduction in arsenic-induced oxidative damage to 
the brain with significant enhancement in enzy-
matic and nonenzymatic anti-oxidants (glutathi-
one content (GSH), superoxide dismutase (SOD), 
catalase, glutathione (GSH) peroxidase, and glu-

tathione (GSH) reductase) and resulted in a 
decrease in lipid peroxidation (LPO) (Sankar 
et  al. 2013). They reported a simple and direct 
poly(N-isopropyl acrylamide)–based nose-to-
brain delivery of curcumin nanoformulation.

Sharma et al. (2017) fabricated curcumin-sta-
bilized silver nanoparticles (Cur-AgNPs) that 
caused a reduction in the extent of replication of 
HIV by inhibiting NF-κB nuclear translocation 
and the expression of proinflammatory cytokines 
(Sharma et al. 2017).

Gandapu et  al. (2011) revealed superior anti-
HIV activity of nanocurcumin (IC(50) < 1.75 μM) 
compared to sol–curcumin (IC(50) = 5.1 μM) by 
preparing apotransferrin (Apo Tf)–tagged cur-
cumin NPs to improve uptake in T cells through 
sol–oil chemistry via transferrin-mediated endocy-
tosis. This was attributed to the inhibition of HIV-
1-induced expression of Topo II α, IL-1β, COX-2, 
and others and blockage in the gag region for the 
synthesis of viral cDNA (Gandapu et al. 2011).

Mirani et  al. (2019) designed a THC-based 
vaginal microbicide as a potential substitute for 
condoms for unprotected sexual intercourse–
associated HIV prevention. It was observed to be 
stable with a coitus-independent release rate and 
displayed rapid time-independent intracellular 
uptake. The results indicate that THC could be an 
excellent prophylactic agent for HIV/AIDS 
(Mirani et al. 2019).

17.4.3  Diabetes

Diabetes mellitus is a condition that exhibits high 
blood glucose levels. It is one of the most preva-
lent metabolic and chronic disease affecting more 
than 415 million adults in the world. Over time, 
ineffective or absent insulin in a person may cause 
damage to tissues, leading to the development of 
disabling complications such as renal failure, car-
diovascular disease, ketoacidosis, stroke, nerve 
damage, lower limb amputation, and retinopathy 
(Wonga et  al. 2017). Improved therapeutic out-
comes have been reported through NPs and lipid/
liposome-based delivery of curcumin for diabe-
tes-related ailments as well as heart, kidney, and 
liver disease (Maradana et al. 2013).
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Self-nanoemulsifying drug delivery systems 
containing curcumin for diabetic neuropathy 
were developed and evaluated by Joshi et  al. 
(2013) in male Sprague–Dawley rats (Joshi et al. 
2013). Their study showed a greater neuroprotec-
tive function as confirmed by a change in the 
expressions of the evaluated parameters (NF-κB, 
COX-2, IKK-β, iNOS, IL-6, and TNF-α). 
Reductions in C-reactive protein levels, IL-6, and 
tumor necrosis factor (TNF) were observed in 
streptozotocin-induced diabetic rats using a 
PLGA-curcumin nanoformulation. Considerable 
lessening of plasma triglycerides and total cho-
lesterol in addition to high-density lipoprotein 
(HDL) cholesterol enhancement were also 
observed (Devadasu et al. 2011).

Yekollu et  al. (2011) reported a targeted 
inflammatory approach for type 2 diabetes by 
preparing curcumin-loaded liposomes for 
improved insulin resistance in a leptin-deficient 
(ob/ob) mouse model. Proinflammatory path-
ways were inhibited in hepatic TNF, inducible 
nitric oxide (NO) synthase-producing dendritic 
cells, as well as adipose tissue macrophages 
(ATMs) (Yekollu et  al. 2011). There were no 
direct study reports on the effects of THC on alle-
viating diabetes.

17.4.4  Neurodegenerative Disorders

Several strategic approaches to bypassing the 
blood-brain barrier (BBB) have been explored and 
reported by researchers across the globe. In one 
study, the authors functionalized NPs using apoli-
poprotein E (ApoE)-originated peptides (141–150 
residues) to reach targeting (Re et al. 2011).

One neurodegenerative disease is Alzheimer’s 
disease, which involves progressive neurodegen-
eration and is characterized by the presence of 
amyloid-β (Aβ) accumulation and intraneuronal 
neurofibrillary tangles (Apetz et  al. 2014; Tsai 
et al. 2014). Curcumin can be used as a targeting 
moiety for amyloid pathology, so delivering its 
bioavailable form has received considerable 
attention. Further, being fluorescent in nature, it 
can be used for both therapeutic and diagnostic 
purposes (Lee et al. 2013).

The effect of curcumin-loaded solid lipid 
nanoparticles (SLNs) in an AlCl3 mouse model of 
Alzheimer’s disease was demonstrated by the 
authors (Kakkar and Kaur 2011). The SLNs 
revealed a 97% and 73% rate of recovery in lipid 
peroxidation (LPO) and acetylcholinesterase 
(AchE) with a dose of 50  mg/kg, respectively. 
Morris water maze (MWM) experiment observa-
tions showed much better upgrading using SLNs 
administered orally (50  mg/kg and 1  mg/kg, 
respectively) (Kakkar and Kaur 2011). We fur-
ther confirmed, via confocal microscopy, the 
presence of fluorescent NPs in the plasma and 
brain representing the efficient penetration of 
oral SLNs across the gut wall and BBB.  The 
AUC for SLNs was 8.1 times higher compared to 
the AUC of free curcumin. Also, a 30-fold 
increase in curcumin accumulation in the brain 
was assigned to curcumin loaded SLNs in com-
parison to free curcumin (Kakkar et al. 2013).

Ramassamy et al. (2012) reported the neuro-
nal uptake and neuroprorective effects of devel-
oped biodegradable PLGA–curcumin 
nanoformulations. They reported the prevention 
of induction of the redox-sensitive transcription 
factor Nrf2 in the presence of H2O2, to offer pro-
tection to neurons against damage caused by the 
use of free radical generation in Alzheimer’s dis-
ease (Ramassamy et al. 2012). In another study, a 
NanoCurc™ formulation showed a lowering of 
H2O2 levels, an increase in GSH levels, and 
reduced levels of caspase 3 and caspase 7 activity 
in athymic mouse brain, suggesting a potential 
redox intracellular environment and proposing it 
as a potential product for Alzheimer’s disease 
treatment (Ray et al. 2011).

Similarly, another study reported the reversal 
of neurotoxicity induced by acrolein using 
PLGA-based curcumin nanoformulations. This 
reversal was attributed to the restoration of 
γ-glutamylcysteine synthetase (GCH) expres-
sion, ROS, and reactive nitrogen species levels 
but had no effect on the decrease of glutathione 
(GSH) and on the elevation of protein carbonyls 
(Doggui et al. 2013).

A research study reporting on the usefulness 
of superparamagnetic iron oxide conjugated with 
curcumin demonstrated its ability to be detected 
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in the amyloid plaques in Tg2576 mouse brains 
using ex vivo magnetic resonance imaging (MRI) 
(Cheng et al. 2015). The researchers observed the 
accumulation and colocalization of NPs in mouse 
brain in the presence of amyloid plaques in 
immunohistochemical examination. In essence, 
their formulation could be used effectively for the 
noninvasive diagnosis of Alzheimer’s disease via 
MRI over positron emission tomography (PET) 
scan imaging. Some researchers have used anti-
amyloid antibody-conjugated, and curcumin/
dexamethasone-loaded gadolinium/magnetic 
NPs for early analysis, efficient targeting, and as 
therapeutic agents of cerebrovascular amyloid 
(Jaruszewski et al. 2014).

Attenuation of 3-nitropropionic-acid (NPA)-
induced Huntington’s disease (HD) in rats was 
illustrated by another curcumin SLN formulation 
due to increased complex II activity, which 
restored the GSH and SOD. Involvement of ame-
liorated mitochondrial dysfunctions in HD was 
attributed to the lowering of mitochondrial swell-
ing, LPO, protein carbonyls, and ROS (Sandhir 
et al. 2014). To the best of our knowledge there 
are no reports on the usefulness of THC in AD.

17.4.5  Cardiovascular Diseases

Cardiovascular disease generally refers to condi-
tions that involve narrowed or blocked blood ves-
sels that can lead to a heart attack, chest pain 
(angina), or stroke. The current nanobased 
research explores new technologies and treat-
ment strategies curbing the limitations of conven-
tional therapies for consolidating future 
pharmacological, clinical, and therapeutic pros-
pects in this area (Khodabandehloo et al. 2016; 
Kumari et al. 2016; Kaushik et al. 2014; Ali et al. 
2011). Curcumin’s role in the prevention and 
cure of cardiovascular illness has been reported; 
however, no such reports for THC exist to date.

A self-assembled curcumin loaded in amphi-
philic carbomethyl-hexanol chitosan nanomatrix 
was reported by Wang et al. (2012). They dem-
ostrated an.efficient therapeutic approach to 

inhibit the migration and growth of vascular 
smooth muscle cells (VSMCs) via a low-dose 
sustained elution of demethoxycurcumin (DMC), 
through a self-assembled amphiphilic carbo-
methyl-hexanol chitosan (CHC) nanomatrix. 
Further they reported the cellular internalization 
and controlled cytotoxic effect of DMC-CHC 
nanoparticles over the VSMCs. Pluronic loaded 
nanocurcumin formulation diminished the severe 
cardiotoxicity caused by doxorubicin hydrochlo-
ride (DOX) by reducing apoptosis and ROS lev-
els (Carlson et al. 2014). Pramanik et al. (2012) 
further illustrated that the nanocurcumin formu-
lation could overcome multidrug resistance 
(MDR) in cancer cells and ameliorate doxorubi-
cin-associated cardiomyopathy due to a decline 
in DOX-induced intracellular oxidative stress (an 
indicator of total GSH levels and GSH peroxi-
dase activity) in cardiac tissue. Angiogenesis 
plays a fundamental role in atherosclerosis and 
other cardiovascular diseases worldwide (Deveza 
et al. 2012). Curcumin in poly(ester amine) NPs 
revealed novel anti-angiogenesis therapy by 
inhibiting angiogenesis in a transgenic zebra fish 
model (Ding et al. 2014).

17.4.6  Inflammatory Diseases

Inflammation is one of the body’s defensive bio-
logical reactions to several harmful infections 
and is elucidated in most of the disorders.
Curcumin and its nanoformulations have shown 
to have several intrinsic properties like anti-
inflammatory, anti-oxidative, and neuro-protective 
properties (Aggarwal et al. 2014).

Curcumin nanoformulations revealed subdued 
lipopolysaccharide (LPS)-induced inflammation 
in rat model (Singh et al. 2013) independently of 
the administered concentration. No adverse 
effects were observed as measured by blood as 
well as brain lactic acid concentrations, kidney 
function, or neuronal apoptosis. In another study, 
the author showed the ability of a PLGA-
Eudragit®S100-based nanoformulation of cur-
cumin to decrease the secretion of TNF-α by 
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LPS-activated macrophages (J774 cells) (Beloqui 
et al. 2014). The results of in vivo studies showed 
a drop in neutrophil infiltration and TNF-α dis-
charge in a murine dextran sulfate sodium–
induced colitis model representing an appropriate 
treatment mode for inflammatory bowel disease 
(IBD) (Beloqui et al. 2014).

In another study by Shukla et al. (2014), LPS-
induced lung- and liver-associated injury in rats 
was inhibited by the nanoemulsion of curcumin 
due to its ability to minimize the migration of 
neutrophils, a reduction in levels of TNF-α, and 
finally oxidative stress. Curcumin delivery medi-
ated by exosomes was also found to be compe-
tent in myeloid cells activation in septic shock 
mouse model induced by LPS (Sun et al. 2010).

Chaudhary et  al. (2014) prepared a nanocar-
rier transdermal gel of curcumin for localized 
inflammation, and it was found to be a nonirritant 
(skin irritation scored 0.49) and safe for human 
use (Chaudhary et al. 2014). Reduction in IL-1β 
expression and serum proinflammatory cytokines 
(IL-6, TNF-α, and IL-1β), inflammation (cyto-
kine IL-10), and suppressed NF-κB activation 
and IκBα degradation levels was established by 
curcumin-loaded SLNs signifying sepsis treat-
ment (Wang et al. 2015). In another study thera-
peutic efficacy was achieved using a combination 
of celecoxib and curcumin in nano form in rats in 
an ulcerative colitis model (Gugulothu et  al. 
2014). Curcumin SLNs have also been tested for 
hepatoprotection (Singh et  al. 2014). This was 
confirmed by examining (i) the extent of liver 
damage and repair, (ii) concentrations of alanine 
aminotransferase (ALT) and aspartate amino-
transferase (AST), (iii) OS markers (malondial-
dehyde, SOD, and reduced GSH), and (iv) 
TNF-α, in a carbon tetrachloride-induced hepatic 
injury rat model.

Curcumin SLNs also hold potential for the 
treatment of rheumatoid arthritis that is a chronic 
inflammatory disease occurring in joints and car-
tilages. A study by Arora et al. (2015) confirmed 
the utility of curcumin SLNs in complete Freund’s 
adjuvant-induced arthritis rat model (Arora et al. 
2015). The results in arthritic rat model showed a 
significant boost in (i) white blood cell count, (ii) 
oxidative-nitrosative stress, (iii) TNF-α and 

C-reactive protein, (iv) cyclic citrullinated peptide 
antibody levels, and (v) radiological alterations, 
hence showing protective effects.

Rachmawati et al. (2013) prepared a NP com-
plex of β-cyclodextrin–curcumin for improving 
permeability across skin model tissue by 1.8 
times in gel form compared to free CUR gel 
(Rachmawati et al. 2013). No improved penetra-
tion across pig skin dermis via hair follicles was 
observed in a study by Janesirisakule et  al. 
(2013), who prepared a curcumin PVA nanofor-
mulation (Janesirisakule et al. 2013). Ethyl cel-
lulose and methylcellulose blended curcumin 
NPs have been utilized for the efficient transpor-
tation of curcumin into porcine ear skin 
(Suwannateep et al. 2013). Castangia et al. (2014) 
formulated biocompatible curcumin-loaded 
phospholipid vesicles that showed their efficacy 
in phorbol ester 12-O-tetradecanoylphorbol-13-
acetate (TPA)-induced lesions as well as inflam-
mation (Castangia et al. 2014). This finding was 
subsequently further verified by a wide spectrum 
of re-epithelialization in TPA-damaged skin. 
Another study showed that encapsulated cur-
cumin NPs enter into the skin and later slow 
down the UVB-irradiation-induced radical for-
mation more than curcumin that is present in free 
form (Suwannateep et al. 2012).

AD or eczema is a chronic inflammatory itchy 
disease that starts early in life. Kakkar et  al. 
(2018a, b) prepared THC-loaded lipidic NPs 
using a microemulsification technique. It was 
found that THC-SLNs gel showed significantly 
better (p ≤ 0.001) activity than free THC in gel. 
Because inflammation is innate to all skin disor-
ders, the developed product opens up new thera-
peutic avenues for several skin diseases (Kakkar 
et al. 2018a, b).

Rramaswamy et al. (2018a, b, c) developed a 
simple composite electrospun NF made of cellu-
lose acetate phthalate (CAP)-polyethylene glycol 
(PEG) loaded with THC.  It was found that the 
formulated THC-loaded CAP + PEG NF showed 
an anomalous mechanism, demonstrating both 
diffusion and swelling controlled modes. The 
drug release extended up to 12 hours with a final 
cumulative release of 94.24% (Rramaswamy 
et al. 2018c).
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17.4.7  Antimicrobial Activity 
and Wound Healing

Wound healing represents a dynamic set of coor-
dinated physiological processes observed in 
response to tissue injury. Several natural products 
are known to accelerate the process of wound 
healing (Bhaskar Rao et al. 2015). Curcumin has 
been well known for centuries as a home therapy 
that has antimicrobial properties (Moghadamtousi 
et  al. 2014). Additionally, the wound healing 
activity of curcumin aids in increased granulation 
tissue formation, collagen deposition, tissue 
remodeling, and wound contraction (Akbik et al. 
2014). Nanoformulations of THC and curcumin 
have shown equivalent therapeutic efficacy in 
wound healing animal models in our lab. We can 
thus forsee these molecules to reach the market 
once the clinical studies have been performed 
(Kakkar et al. 2018a, b).

Dogra et  al. (2015) prepared curcumin 
nanovesicles for binding efficacy to the surface 
of bacteria and showed a decline from 5 log CFU 
mL−1 to an untraceable level, suggesting a new 
process for controlling microbial growth, cross 
contamination, and biofilm formation (Dogra 
et al. 2015).

Gong et  al. (2013) prepared a curcumin-
loaded biodegradable in situ gel that supported 
tissue adhesiveness to release curcumin in a sus-
tained mode for wound healing treatment (Gong 
et al. 2013). In vivo wound healing activity was 
studied in the epidermis, and an increase in col-
lagen content, granulation, wound maturity, and 
catalase content was established by this gel for-
mulation, and a decrease in SOD was observed.

Krausz et al. (2015) reported the dose-depen-
dent inhibition of methicillin-resistant S. aureus 
(MRSA) and P. aeruginosa by curcumin-encap-
sulated NPs (Krausz et  al. 2015). A murine 
wound model showed MRSA growth inhibition 
and enhancement of wound healing activity. One 
combination of curcumin NPs with a silver and 
chitosan formulation was efficient in eliminating 
parasites from stool and intestine in Giardia lam-
blia cyst rat model (Said et al. 2012). The treat-
ment produced no signs of undesired toxicity.

Chereddy et  al. (2013) prepared PLGA NPs 
encapsulating curcumin that could potentially 

greatly accelerate wound healing. PLGA–cur-
cumin NPs showed twofold higher wound heal-
ing activity in a mouse model in comparison with 
PLGA or curcumin. Histology and reverse tran-
scription polymerase chain reaction (RT-PCR) 
studies confirmed that PLGA–curcumin NPs 
exhibited higher re-epithelialization, granulation 
tissue formation, and anti-inflammatory poten-
tial. PLGA NPs offered various benefits for the 
encapsulated curcumin, such as protection from 
light degradation and enhanced water solubility, 
and showed a sustained release of curcumin over 
a period of 8 days. As a result, the study demon-
strated the additive effect of lactic acid from 
PLGA and encapsulated curcumin for the active 
healing of wounds (Chereddy et al. 2013).

Li et al. (2012) studied the curcumin nanofor-
mulation-loaded methoxy poly(ethylene glycol)-
graft-chitosan film (curcumin-MPEG-chitosan 
film) and its applicability that showed the effec-
tiveness of curcumin-MPEG chitosan film in 
wound healing (Li et al. 2012). In another study, 
Dai et al. (2017) presented a simple methodology 
to engineer a smart integrated system that could 
act as a mechanically competent carrier to topi-
cally deliver bioactive curcumin to wounds to 
improve healing (Dai et al. 2017).

In the case of THC, Rramaswamy et  al. 
(2018a, b, c) developed THC-loaded polycapro-
lactone (PCL)- PEG composite electrospun NF 
and hybridized as a transdermal patch for wound 
healing. As a result, a transdermal NF patch 
showed that the formulated NF mats with the 
specific polymeric and drug ratios could be used 
to hybridize the prepared NFs as transdermal 
patches (Rramaswamy et al. 2018a).

Goto et  al. (2019) prepared freeze-dried Sac/
SDACNF (1:1) pellets containing a THC/HP-β-CD 
complex for increasing the antioxidant activity of 
the drug by increasing its solubility. In particular, 
freeze-dried Sac/SDACNF (1:1) pellets can be 
used as an effectual wound dressing biomaterial to 
deliver THC that is complexed with HP- β-CD. It 
has been suggested that freeze-dried Sac/SDACNF 
(1:1) pellets containing the THC/HP-β-CD com-
plex has the potential for use as a new transdermal 
therapeutic system, from the perspective of wound 
healing activity with a slow release of the THC 
and the usability of pellets (Goto et al. 2019).
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17.4.8  Gastrointestinal Tract

When coming in contact with our gastrointesti-
nal tract, NPs can cause drastic changes to our 
cells, tissues, and organs because they are prone 
to be “influenced” by these nanomaterials in 
largely undiscovered ways (Karavolos and 
Holban 2016). Owing to the low aqueous solu-
bility of lipophilic drugs, oral delivery of such 
compounds is a challenging task. In such cases, 
the oral absorption of lipophilic drugs can be 
improved by using a self-emulsifying drug 
delivery system (SEDDS) to design formula-
tions. Sermkaew et  al. (2013) prepared self-
microemulsifying floating tablets of THC. The 
optimized formulation showed good floating 
behavior along with more controlled drug 
release in comparison to other formulations. 
The authors illustrated the potential use of a 
new solid self-microemulsifying system for oral 
delivery of THC (Sermkaew et  al. 2013). 
Similarly, Setthacheewakul et  al. (2011) pre-
pared floating pellets of THC with 70% mix-
tures of two surfactants, Cremophor EL and 
Labrasol (1:1), and 30% mixtures of oil/
Labrafac PG and Capryol 90 (1:1) with silicon 
dioxide, Compritol®ATO888, pregelatinized 
starch, sodium starch glycolate, and microcrys-
talline cellulose, for example. These floating 
pellets may give a useful solid lipid-based dos-
age form of THC and other hydrophobic com-
pounds for oral delivery (Setthacheewakul et al. 
2011).

Ji et  al. (2016) formulated the SLNs of cur-
cumin with Brij 78 and TPGS to inhibit a 
P-glycoprotein efflux pump. Their i n vivo phar-
macokinetic study revealed AUC0→t for Cur-
SLNs to be 12.27-folds greater than curcumin 
suspension and the relative bioavailability of Cur-
SLNs was 942.53%. They showed Tmax and t1/2 
of curcumin for Cur-SLNs were delayed com-
pared to the suspensions (p < 0.01). Further, in situ 
intestinal absorption study revealed that the effec-
tive permeability (Peff) value of curcumin for 
SLNs was significantly improved (p < 0.01) com-
pared to curcumin solution. It was concluded that 
the Cur-SLNs with TPGS and Brij78 could 
improve the oral bioavailability and intestinal 
absorption of curcumin effectively (Ji et al. 2016).

17.4.9  Hepatotoxicity

The liver is the second major organ that infiltrates 
and biotransforms all received chemicals and flu-
ids. Liver diseases are generally caused by toxic 
chemicals, excessive intake of alcohol, infec-
tions, and autoimmune disorders. Hepatotoxicity 
due to drug intake appears to be a common con-
tributing factor. Phytochemicals have shown sig-
nificant hepatoprotective effects and are generally 
preferred over allopathic medications owing to 
their economics, better cultural acceptability, 
improved compatibility with the human body, 
and minimal side effects (Kumar and Mohan 
2015).

Marslin et  al. (2018) reported the usefulness 
of PLGA- and PLA-encapsulated curcumin NPs 
in protecting Wistar rats against carbon tetrachlo-
ride (CCl4)-induced subacute hepatotoxicity. 
Nanoformulations were found to be very effec-
tive in terms of the behavioral, biochemical, and 
histochemical examination of liver (Marslin et al. 
2018).

In another study, Pari and Amali (2005) stud-
ied the effects of THC and curcumin against 
chloroquine (CQ)-induced toxicity. They 
reported that THC, being a metabolic product of 
curcumin, has greater effects in terms of attenua-
tion of CQ-induced lipid peroxidation than cur-
cumin (Pari and Amali 2005).

17.4.10  Various Cancers

17.4.10.1  Colorectal Cancer
With more than 1.8 million new cases and result-
ing in almost 861,000 deaths in 2018, colorectal 
cancer is among the most common cancer affect-
ing humans (WHO 2018). While treatment 
approaches like surgery, chemotherapy, radio-
therapy, immunotherapy, and photothermic ther-
apy have resulted in lower mortality rates 
following cancer, but chemotherapy-associated 
side effects occur generally due to their harmful 
effects on healthy tissue cells. Moreover, it has 
also been observed that cancer cells have the abil-
ity to develop resistance to chemotherapy and 
radiotherapy over time (Yallapu et  al. 2015). 
Thus, herbal drugs like curcumin and their nano-
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formulations have now emerged as a plausible 
option with added advantages of fewer or less 
severe side effects. Gou et al. (2011) incorporated 
curcumin into biodegradable monomethoxy 
poly(ethylene glycol) poly(lactide) copolymer 
(MPEG-PLA) micelles, and this resulted in 
improvements in the pharmacokinetic parameters 
and efficient inhibition of tumor cell-induced 
angiogenesis compared to that of free curcumin 
(Gou et al. 2011). In a different study, curcumin 
encapsulated in chitosan and gum arabic NPs 
using an emulsification solvent diffusion method 
imparted potent anticolorectal cancer activities 
against HCT116 and HT29 cell lines 
(Udompornmongkol and Chiang 2015).

Additionally, in another study, curcumin and 
chrysin were co-encapsulated in PEGylated 
PLGA NPs and their synergistic inhibitory effects 
against Caco-2 cancer cells were investigated. It 
was revealed by Rt-PCR that curcumin, chrysin, 
and their combinations could inhibit human 
telomerase reverse transcriptase (hTERT) gene 
expression (Lotfi-Attari et  al. 2017). Prajakta 
et  al. (2009) designed pH-sensitive polymeric 
NPs of curcumin using Eudragit® S100 for the 
treatment of colon cancer. It was determined that 
the IC50, i.e. the concentration of the drug moi-
ety per formulation required to kill 50% of the 
cells in a given period, was 5 M for polymeric 
NPs compared to 50 M for free curcumin, thereby 
indicating the better cytotoxic action of poly-
meric NPs in comparison to plain curcumin 
(Prajakta et  al. 2009). While a lot of work has 
already been done on curcumin in colorectal can-
cer, THC remains unexplored, and little data are 
available on its nanoformulations in cancer 
treatment.

17.4.10.2  Breast Cancer
With one in eight women in the United States 
(USA) predicted to develop breast cancer, this 
cancer is a concern to the vast majority of the 
female population. Breast cancer is the second 
largest cause of cancer-related deaths in women 
(Liu and Chen 2013). Though drugs including 
doxorubicin, etoposide, and paclitaxel are com-

mercially available, their use is associated with 
high recurrence rate, low survival rates, and a sig-
nificant decrease in quality of life after treatment. 
As a result, complementary and alternative medi-
cines have been explored that could produce pos-
itive results without the associated side effects. 
Curcumin offers a good option for treating the 
cancer owing to its low nonspecific danger to 
normal cells. Curcumin affects different bio-
chemical pathways responsible for the prolifera-
tion and survival of malignant cells by acting on 
different molecular targets. It is involved in 
blocking NF-κB activation, which is associated 
with the proliferation, invasion, and potentiation 
of apoptosis (Reuter et  al. 2011). Yallapu et  al. 
(2010) prepared poly(lactic-co-glycolide)-loaded 
curcumin NPs that showed a substantial increase 
in cellular uptake performed in cisplatin-resistant 
A2780CP ovarian and metastatic MDA-MB-231 
breast cancer cells compared to plain curcumin 
(Yallapu et  al. 2010). Mirakabad et  al. (2016) 
compared the cytotoxic effects of curcumin with 
PLGA-PEG-encapsulated curcumin NPs and 
observed their greater cytotoxicity against 
MCF-7 breast cancer lines compared to curcumin 
perse (Mirakabad et al. 2016).

Furthermore, Farajzadeh et al. (2018) prepared 
curcumin- and metformin-encapsulated PLGA/
PEG NPs using the double emulsion method and 
the combination was found to exhibit superior 
anticancer properties in comparison to individual 
drugs. A synergistic action between the two drugs 
was recorded as the combination exhibited hTERT 
to a greater degree than either free drug 
(Farajzadeh et al. 2018). Zeighamian et al. (2016) 
fabricated curcumin-encapsulated poly(N-isopro-
pylacrylamideco-methacrylic acid) (PNIPAAm–
MAA) NPs using a free radical mechanism and 
showed an increased cytotoxic effect on the 
MCF-7 cell line, which powerfully inhibited the 
growth of the breast cancer cell population, in 
comparison with the curcumin in free form 
(Zeighamian et  al. 2016). Newer approaches, 
including the layer-by-layer deposition of poly-
electrolytes (polystyrene sulfonate/polyallyl-
amine hydrochloride, polyglutamic acid/
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poly-l-lysine, dextran sulfate/protamine sulfate, 
and carboxymethyl cellulose/gelatin loaded with 
curcumin), can establish to be advantageous in the 
treatment of breast cancer and in the blockage of 
hepatocyte growth factor-induced signaling in the 
breast cancer cell line, MDA-MB-231 (Shutava 
et al. 2009). Though there are few reports on the 
anticancer effects of THC, efficacy of nanoformu-
lations of THC are not available.

17.4.10.3  Lung Cancer
Lung cancer is the most common cancer in men 
and is among the four main cancers in women. It 
is an aggressive and progressively deadly disease 
with few treatment options and poor overall sur-
vival rates. While systemic chemotherapy does 
show some promise, it is associated with unavoid-
able toxicity without satisfactory treatment 
effects. Therefore, it is important to identify 
potential drugs and explore more efficient thera-
peutic strategies for the treatment of lung cancer.

Ibrahim et  al. (2018) prepared lipid-based 
curcumin-loaded liposomes (marinosomes) uti-
lizing a modified thin drug-lipid film hydration 
method supplemented by extrusion or sonica-
tion. These marinosomes exhibit high physico-
chemical and oxidative stability and showed 
effective anticancer effects on A549 and HUVEC 
cells (Ibrahim et al. 2018). In another study, Lee 
et  al. (2014) synthesized curcumin micellar 
nanoparticles (Cur-NPs) using a homogenization 
method and subsequently evaluated their cyto-
toxic effects against non-small-cell lung cancer, 
human lung carcinoma (A549), and human lung 
adenocarcinoma (Calu-3). They reported that 
Cur-NPs were superior to raw curcumin in kill-
ing lung cancer cells (Lee et al. 2014). Yin et al. 
(2013) fabricated curcumin-loaded NPs using 
amphilic methoxy poly(ethylene glycol)–poly-
carbonate block copolymers using in vitro stud-
ies to show that the NPs had significant effects 
on A549 cells compared to plain drug (Yin et al. 
2013). In a study report on biodegradable cur-
cumin-loaded poly(lactic-co-glycolic acid) 
PLGA NPs fabricated using a solvent evapora-
tion technique a significant lowering of increased 
levels of hypoxia-inducible factor (HIF)-1α and 
nuclear p65 proved their efficacy (Khan et  al. 

2018). Kakkar et  al. (2012) synthesized cur-
cumin-loaded NPs and found them to have 
potent action in the A549 cancer cell line because 
there was a several-fold reduction in IC50 values 
(Kakkar et  al. 2012). While it is believed that 
THC shows anticancer actions similar to cur-
cumin, not much work has been reported or pub-
lished in this area.

17.4.11  Malaria

The World Health Organization (WHO) esti-
mates that around 219 million people have been 
infected with malaria and about a half million 
deaths happen because of it in 2017 (Potter et al. 
2014). Malaria is a parasitic infection caused by 
different species of Plasmodium and transmitted 
via the bites of infected mosquitoes. Coma-cros 
et al. (2018) fabricated curcumin-loaded Eudragit 
nutriosomes, and these nutrisomes enhanced the 
survival of all Plasmodium yoelii in comparison 
to free drug (Coma-cros et al. 2018). Nayak et al. 
(2010) prepared a parenteral formulation  
incorporating curcumin-based SLNs, which 
caused a twofold increase in antimalarial activity 
over free curcumin (Nayak et al. 2010). Several 
other formulations, like curcumin-encapsulated 
PEGylated liposomes, curcumin-based 
phenylalanine–α,β-dehydrophenylalanine nano-
tubes, and chitosan-bound curcumin nanoformu-
lations, have also shown promise as antimalarial 
agents (Isacchi et  al. 2012; Alam et  al. 2016; 
Akhtar et al. 2012).

17.4.12  Osteoporosis

Osteoporosis is a condition associated with a 
weakening of bones where the bones become 
fragile and likely to break. Curcumin and its 
nanoformulations have shown promise as anti-
osteoporotic agents. Heo et  al. (2014) synthe-
sized cyclodextrin-conjugated gold NPs 
self-assembled with curcumin to slow down the 
osteoclast formation of bone marrow-derived 
macrophages by suppressing the receptor activa-
tor of NF-κB ligand-induced signaling pathways 
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(Heo et al. 2014). It was determined that this for-
mulation improved bone density and could be a 
promising anti-osteoporotic agent. THC has been 
relatively unexplored and little work has been 
done to evaluate its anti-osteoporotic activity.

17.4.13  Cystic Fibrosis

Cystic fibrosis is associated with retention of 
ΔF508-CFTR in the endoplasmic reticulum and 
absence of CFTR Cl(−) channels due to muta-
tions in the gene encoding the cystic fibrosis 
transmembrane conductance regulator (CFTR). 
Curcumin has shown potential in treating this 
life-threatening disease (Egan et  al. 2004; 
Lipecka et  al. 2006). Cartiera et  al. (2010) 
designed a PLGA-based curcumin nanoparticle 
formulation that was found to be effective against 
symptoms of cystic fibrosis in two different 
mouse strains (Cartiera et al. 2010). Additionally, 
it was established that a formulation with a merging 
of PLGA-b-PEG-triphenylphosphonium could 
target mitochondria and be used in mitochon-
drial-associated diseases (Sharma et al. 2012).

17.5  Clinical Status of Curcumin 
and THC

Extensive research data accumulated over the 
past half-century indicate that curcumin, a com-
ponent of the golden spice turmeric, can modify 
multiple cell signaling pathways. The nutraceuti-
cal has been found to have pharmacokinetic 
action, be safe, and be effective against numerous 
diseases in humans.

Human clinical trials show safety, tolerability, 
and nontoxicity of curcumin at high doses (Vogel 
and Pelletier 1815). It was found that the admin-
istration of curcumin at a dose as high as 8 g/day 
in combination with gemcitabine was safe and 
well tolerated in patients with pancreatic cancer 
(Kanai et al. 2011). Curcumin has been reported 
to hold therapeutic promise against a wide range 
of human diseases as per the clinical trial reports 
conducted so far and to be effective against 
hepatic conditions, chronic arsenic exposure, and 

alcohol intoxication. In these clinical trials, cur-
cumin was used either alone or in combination 
with other agents such as quercetin, gemcitabine, 
piperine, docetaxel, soy isoflavones, bioperine, 
sulfasalazine, mesalamine, prednisone, lactofer-
rin, N-acetylcysteine, and pantoprazole. The 
multitargeting potential of curcumin has been a 
mystery for scientists. However, abundant lines 
of evidence have indicated curcumin’s ability in 
human subjects to modulate multiple cell signal-
ing molecules such as proinflammatory cytokines 
(TNF-α, IL-1β, IL-6), apoptotic proteins, NF-κB, 
cyclooxygenase (COX)-2, STAT3, IKKβ, endo-
thelin-1, malondialdehyde (MDA), C-reactive 
protein (CRP), prostaglandin E2, GST, PSA, 
VCAM1, GSH, pepsinogen, phosphorylase 
kinase (PhK), transferrin receptor, total choles-
terol, transforming growth factor (TGF)-β, tri-
glyceride, creatinine, HO1, antioxidants, AST, 
and ALT.

Although curcumin has shown efficacy against 
numerous human ailments, its poor bioavailabil-
ity due to poor absorption, rapid metabolism, and 
rapid systemic elimination often limits its thera-
peutic efficacy (Anand et al. 2007). Thus, abun-
dant efforts have been made to improve 
curcumin’s bioavailability by altering these fea-
tures. The most common approach to increasing 
the bioavailability of curcumin is by the use of 
adjuvants that can block the metabolic pathway 
of curcumin. Piperine, a known inhibitor of 
hepatic and intestinal glucuronidation, when 
combined with curcumin enhanced the bioavail-
ability of curcumin in healthy human subjects 
(Shoba et al. 1998). The serum levels of curcumin 
in humans were either undetectable or very low 
upon administration of a dose of 2  g curcumin 
alone. Piperine is known to increase the curcumin 
bioavailability by 2000% via simultaneous 
administration of 20 mg piperine with curcumin. 
It produced much higher concentrations within 
30 minutes to 1 hour after drug treatment. Several 
methods have been employed to increase cur-
cumin bioavailability in humans such as the use 
of NPs (Sasaki et  al. 2011), liposomes (Gota 
et  al. 2010), phospholipid complexes (Cuomo 
et al. 2011), and structural analogs (Anand et al. 
2007). Meriva, a patented phytosome complex of 
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curcumin with soy phosphatidylcholine, has bet-
ter bioavailability compared to curcumin. A study 
on the absorption capacity of a curcuminoid mix-
ture and Meriva was examined in a randomized, 
double-blind, crossover human study (Cuomo 
et  al. 2011). It was observed that the total cur-
cuminoid absorption was about 29 times higher 
for the Meriva mixture in comparison with a cor-
responding curcuminoid mixture alone. The 
phospholipid formulation has been reported to 
increase the absorption of demethoxylated cur-
cuminoids much more compared to the curcumin 
(Cuomo et al. 2011). Altering curcumin with the 
noncurcuminoid components of turmeric has also 
been shown to greatly improve curcumin bio-
availability (Antony et al. 2008), as observed in 
clinical studies on people with health problems.

The health-promoting efficacy of lipidated 
curcumin was evaluated in healthy middle-aged 
applicants (40–60  years old). The study com-
prised participants who were given either lipi-
dated curcumin (80  mg/day) or placebo for 
4 weeks. It was observed that curcumin, but not 
placebo, produced a reduction in salivary amy-
lase and in the plasma levels of triglycerides, beta 
amyloid, ALT, and soluble intercellular adhesion 
molecule1 (sICAM-1). In addition, increased 
salivary radical scavenging capacities, activities 
in plasma catalase, myeloperoxidase, and nitric 
oxide production were also reported in these par-
ticipants. These studies predicted the health-pro-
moting effects of lipidated curcumin in healthy 
middle-aged people (Disilvestro et  al. 2012). 
Recent reports revealed the inhibitory action of 
Theracurmin, a highly absorptive curcumin, 
against alcohol intoxication in humans when dis-
persed with colloidal NPs (Sasaki et al. 2011).

17.6  Regulatory Aspects 
of Nanobased Products

Though nanotechnology-based formulations are 
being marketed under the banner of nutraceuti-
cals, there is still a long way to go to develop 
them as drugs with known therapeutic efficacy. 
Based on the existing database on curcumin and 
THC, it is clear that, although curcumin has 

shown its efficacy against all the investigated dis-
orders, THC still needs to be explored in chronic 
conditions. It is a more stable molecule than cur-
cumin and is expected to demonstrate a superior 
in vitro–in vivo correlation once all study proto-
cols are suitably tested.

Regulatory agencies are required to take tan-
gible measures to set up a standardized interna-
tional board to promote recent guidelines, 
developing new procedures, improving the regu-
lation of safety-assessment procedures governing 
the approval of nanobased phytoproducts, and 
regulating new products entering the market. 
Nevertheless, for successful commercialization, 
consumers must also be educated about the advan-
tages versus risks of these nanoceuticals. In vitro 
and in vivo animal studies have shown an increase 
in the bioavailability and therapeutic potential of 
nanoceuticals (Kakkar et al. 2018a, b).

However, it is important to execute additional 
in vivo efficacy studies in order to assess the tox-
icity and safety aspects of these nano-encapsu-
lated nutraceuticals in the human body and in the 
environment. A reform once drafted by the FDA 
may pave a clear path for marketing safe nano-
ceuticals to reach consumers for subsequent use.

17.7  Conclusion and Remarks 
on Future Directions

Undoubtedly, the nanoformulations of curcumin 
and THC are better candidates with greater 
 therapeutic effects and represent candidates for 
development as drugs. It seems that only multidis-
ciplinary efforts can raise the status of these prom-
ising traditional molecules to that of therapeutics 
from one of being just prophylactic agents against 
different diseases. Therefore, the promise of nano-
technology-based medicine may become a reality 
if sufficient effort is devoted it by researchers. 
Considering the high cost and long period of new 
drug development, as well as the high drug attri-
tion rate, an urgent task of pharmaceutical compa-
nies is to investigate new directions of drug 
research and development. Consequently, addi-
tional attention in the field of drug discovery has 
been paid to nutraceuticals, which as a source of 
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new compounds for drugs will emerge as a world-
wide trend in the pharmaceutical industry. Human 
trials need to be conducted to establish the effec-
tiveness of curcumin and THC in clinical applica-
tions as an improved therapeutic modality for the 
treatment of different diseases.
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Abstract

The global incidence of skin cancer has 
increased dramatically in recent years. It is 
viewed as the most widespread form of malig-
nant disease in the world, particularly in the 
United States. Surgery or radiotherapy has 
taken the first place among the treatment 
modalities for skin tumors. However, to 
improve patient compliance and to lessen 
undesirable scars and surgical expenses, espe-
cially where malignant growth has spread over 
maximum body parts, the topical route for 
anticancer moieties has been investigated by 
researchers. Further, this mode of delivery of 
anticancer moieties is an appealing approach 
for circumventing side effects and for improv-
ing therapeutic benefits and drug targeting. In 
the last few years, efforts of the scientific com-
munity have been toward the discovery of 
effective and new chemopreventive agents 
from natural origin. Literature reports show 
that a multitude of phytoconstituents have 
been investigated (in vitro and in  vivo) for 
their potential to prevent carcinogenesis via 
diverse cellular as well as molecular 

approaches. One of the most active research 
domains relates to nanomedicine, which 
applies nanotechnology to highly precise 
medical interventions, including cancer. 
Nanomedicine possesses a broad potential to 
enhance the selective targeting of neoplastic 
cells by preferential delivery of agents to 
tumors, owing to the improved permeability 
and drug retention. Nanocarriers can also 
ameliorate the solubility of poorly soluble 
drugs, enhance the bioavailability, increase 
drug half-life by controlling immunogenicity, 
and enhance pharmacokinetics and reduce 
drug metabolism. They can also allow an 
adjustable release of therapeutic agents and 
the simultaneous administration of two or 
more drugs. By administering the drug doses, 
it is also possible to reduce related side effects 
and improve the patients’ compliance. The 
present chapter will briefly discuss conven-
tional modalities for the treatment of skin can-
cer. The aim of this chapter is to furnish a 
comprehensive account of the nanomedicine- 
based approaches that can be applied to van-
quish the skin barrier. Nanocarrier-based 
delivery systems have been reviewed in the 
context of their utility for the topical delivery 
of anticancer drugs. An account of phytoag-
ents for the treatment and prevention of skin 
cancers has also been provided.
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18.1  Introduction

Skin cancer represents the most challenging pub-
lic health issue worldwide that has led to the 
greatest economic loss to humans (Torre et  al. 
2018). It is chiefly categorized into non- 
melanoma (NM) and melanoma (MM) (Katalinic 
et  al. 2003). Among these, MM is the harshest 
form of cancer developed from melanocytes, 
located at the bottom epidermis. This layer pro-
tects the skin from environmental factors. 
Although less commonly found, among the vari-
ous skin cancers, it has a larger mortality rate 
(Strickland et al. 2015; Penta et al. 2018). As per 
current reports, every year approximately 48,000 
deaths occur worldwide due to melanoma. The 
mortality associated with it is 90%, with a sur-
vival rate of fewer than 10  years (Garbe et  al. 
2010; Eggermont et  al. 2014). Another type of 
skin cancer, NM, is further categorized into BCC 
(basal cell carcinoma) and SCC (squamous cell 
carcinoma), both originating from the epidermis. 
In the Caucasians, the incidences of NM are 
found greater (by as much as 18–20 times) in 
comparison to MM  (Leiter et  al. 2014; Apalla 
et  al. 2017). The risks associated with BCC 
include age, genetic disorder, and gender [Gorlin- 
Goltz syndrome, Fitzpatrick skin types I and II] 
(Didona et al. 2018). Howbeit, UV rays act as the 
key factor in triggering BCC pathology. Basal 
cell carcinoma usually develops on sun-exposed 
skin areas (Apalla et al. 2017). On the other hand, 
squamous cell carcinoma is known by the multi-
plication of squamous cells possessing metasta-
sizing property. Squamous cell carcinoma is also 
known to have a notable feature of relapse, which 
depends on tumor lesion depth, size, perineural 
invasion, the immune capacity of the patient, and 
its anatomical position. Risk factors 
include Fitzpatrick skin (types I and II), human 

papillomavirus (types 16, 18, and 31), and genetic 
disorders, viz., albinism and xeroderma pigmen-
tosum (Steward and Brown 2013). However, the 
most important risk factors are sunlight and UV 
radiations (Hennings et  al. 1993; Calzavara- 
Pinton et  al. 2015). Commonly, SCC flourishes 
on specific regions of the skin having direct expo-
sure to sunlight (Leiter et al. 2014; Apalla et al. 
2017).

Skin cancer is a multistage disorder compris-
ing initiation, promotion stage, and progression 
(Fig.  18.1) (Hennings et  al. 1993; Cadet et  al. 
2005). The initiation of this disease is stimulated 
after exposure to a carcinogen, like UV rays, 
resulting in damage either by photons, via DNA 
alteration, proteins, or membranes through reac-
tive oxidative stress (Kvam and Tyrrell 1997). In 
case DNA damage is not repaired, the cell 
encounters permanent genetic modifications and 
develops the tendency for autonomous growth 
(Brash et  al. 1991). Next comes the promotion 
stage in which initiated cells are continually 
exposed to compounds that provoke selective 
proliferation of clonal cells in a benign tumor 
with time. Regenerative proliferation, UV radia-
tion, oxidative stress, and chronic inflammation 
promote skin tumor (Rundhaug and Fischer 
2010). Eventually, during the progression stage, 
the benign tumor engages in more genetic muta-
tions and becomes progressively invasive, lead-
ing to a malignant tumor with a capacity to 
metastasize (Hennings et al. 1993). The exponen-
tial growth of tumor during this stage depends on 
the intake of nutrition and oxygen supply via 
angiogenesis (a process in which new blood ves-
sels originate from existing vascular bodies) 
(Naumov et  al. 2006). Epidemiological reports 
throughout the world have also advocated that 
UV exposure of skin is the major environmental 
carcinogen, responsible for the development of 
both MM and NM. Exposure of the skin to both 
ultraviolet A (320–400 nm) and B (280–320 nm) 
radiation has been reported to cause immunosup-
pression and DNA damage. In comparison to 
UVA, UVB has been found to be more lethal, 
which acts as a complete carcinogen (Miller and 
Weinstock 1994). An in-depth understanding of 
the etiological parameters is crucial for prevent-
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ing skin cancer (Fabbrocini et  al. 2010). 
Individuals with a family history of genetic syn-
dromes are vulnerable to specific types of skin 
cancers. Around 10% of patients having mela-
noma possess a positive family history (Azoury 
and Lange 2014). Ionizing radiation, chemical 
carcinogens, environmental pollutants, and work- 
associated exposures have been associated with 
skin cancer (Table  18.1) (Saladi and Persaud 
2005). The increase in incidence and poorer 
progress of melanoma with higher age may be 
partially due to the accumulation of cellular dam-
age with time and reduced immune surveillance 
and host defense (Azoury and Lange 2014). 
Inorganic arsenic exposure via drinking water is 
a major concern, particularly because it is a 
strong multi-site carcinogen for humans. The 
combination of arsenic and UVB treatments 
results in proapoptotic and anti-proliferative 
effects by stimulating both caspase pathways in 
skin cells (Fabbrocini et al. 2010). Several RNA 
and DNA viruses are also carcinogenic. HPV 
(human papillomavirus), hepatitis viruses B and 
C, EBV (Epstein-Barr virus), and KSHV 

Fig. 18.1 Skin cancer proliferation

Table 18.1 Most common causes reported for skin 
cancer

UV radiation Chemicals Viruses
ROS (generate 
reactive oxygen 
species)
Oxidative DNA 
damage
Activate oncogenes 
and tumor suppressor 
genes
Cell growth- 
regulating signaling 
moieties’ alteration
Modify the 
antiapoptotic 
proteins, cell cycle 
regulatory proteins, 
proapoptotic proteins, 
transcription factors, 
various protein 
kinases, inflammatory 
enzymes, and growth 
factor signaling 
pathways

PAH 
(polycyclic 
aromatic 
hydrocarbons)
Arsenic

HPV 
(human 
papilloma 
virus)
Kaposi’s 
sarcoma- 
associated 
herpes 
virus
HTLV-1 
(human 
T-cell 
leukemia 
virus type 
1)

Abbreviations: DNA deoxyribonucleic acid; HPV human 
papilloma virus; HTLV-1 human T-cell leukemia virus 
type 1; PAH polycyclic aromatic hydrocarbons; ROS reac-
tive oxygen species; UV ultraviolet

18 Phytonanomedicines as Topical Alternatives for the Treatment of Skin Cancer



406

(Kaposi’s sarcoma herpes virus) are the best 
examples of oncogenic viruses (Swamy et  al. 
2019). In spite of preventive measurements taken, 
informative campaigns for prior detection of mel-
anoma, and newer targeted therapies, its inci-
dence still follows an ascending curve worldwide 
(Coricovac et al. 2018).

18.2  Conventional Treatment 
Modalities Available for Skin 
Cancer

Early recognition of skin cancer may help in its 
effective treatment. Although there are various 
treatment modalities used conventionally for the 
management of skin cancer, there is no standard 
treatment available for skin tumors. The choice 
of treatment approach should include functional 
results, low cost, and good efficacy of treatment. 
In view of this,  the biomedical community has 
been widely using multiple treatment modalities 
such as conventional treatment like surgery, che-
motherapy, and radiation therapy, immunother-
apy, photodynamic therapy, chemical peel, 
targeted therapy. However, due to patient morbid-
ity post treatment, variation in cure rates and use 
of cosmetics, outcomes vary widely to the above- 
mentioned treatment options. Standard treatment 
modalities have also been reported here.

Surgery is the primary mode of treatment 
reported for most skin cancers (Potenza et  al. 
2018). Small skin tumors can be excised surgi-
cally. For this, the tumor can be removed with a 
curette (an instrument having a sharp and ring- 
shaped tip) and cauterized, frozen (using liquid 
nitrogen), or killed (using low-dose radiation) 
(Lipke 2006). Rarely, when basal cell/squamous 
cell carcinoma has invaded beyond the skin, 
tumors are surgically removed. The patients are 
further treated with radiation and chemotherapy. 
Similarly, melanoma tumors have to be removed 
surgically, before they proliferate into other 
regions (Joyce 2017). Selection of surgical pro-
cedure depends on the size and location of the 
lesion. Surgical procedures are used to cure basal 
cell or squamous cell carcinoma and actinic kera-
tosis including curettage and electrodessication, 

Mohs surgery, reconstructive surgery, and cryo-
surgery. During simple excision, the tumor and 
some of the surrounding normal tissues are cut 
and removed from the skin (Potenza et al. 2018). 
In case of a large tumor, an incision is made, and 
the skin from other body parts is used to close the 
wound. This is known as skin grafting. This also 
helps in healing as well as reducing scars 
(Shimizu and Kishi 2012). To numb the affected 
area, the patients are given local anesthesia. For 
shave excision, tumor growth is peeled off from 
the skin surface using a tool like a sharp razor 
(Lipke 2006). The advantages of standard surgi-
cal excision include a low risk of infection and 
less hematoma formation. Unlike other destruc-
tive or topical treatments modalities, histologic 
investigation of the excised tumor specimen can 
be performed. Standard surgical excision is a 
faster operation than Mohs surgery. Mohs sur-
gery is preferred in particular conditions where 
skin grafting or tissue rearrangement is required 
for the closure of excision. Lack of absolute sur-
gical margin assessment accounts for the greater 
relapse noticed with SSE in comparison to Mohs 
surgery.

Another technique, curettage and electrodes-
iccation, is usually approved for small squamous 
cell carcinomas. The surgeon scrapes off, either a 
part or full lesion after local anesthesia with a 
curette, and burns the tumor, employing an elec-
trocautery needle to stop bleeding and kill any 
remains of cancer cells. The surgeon repeats this 
procedure a few times, to ensure that no tumor 
remains. This technique is appropriate, predomi-
nantly, for superficial invasive SCC. Yet, it is not 
recommended for aggressive squamous cell car-
cinoma, present in high-risk sites, such as the 
genitalia, eyelids, ears, and lips around the face 
since this procedure leaves a hypopigmented scar 
(Goldman 2002).

Frederic Mohs (1930) designed Mohs surgery 
to remove skin tumors while preserving com-
pletely healthy tissues. In this technique, tumors 
are removed from the skin, layer by layer. This 
surgery is often used on visible sites, like the 
neck and head or hands. It is also helpful in recur-
rent skin cancers. This procedure requires local 
anesthesia and leaves a scar. Mohs surgery pos-
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sesses the highest treatment rate. It is especially 
employed for squamous cell cancers (bigger than 
2 cm, around 4/5 inch) with imperfectly defined 
edges, for cancers that have recurred after other 
treatments, for cancers that are growing along the 
nerves under the skin, and for cancers on the gen-
ital area or face. This treatment approach is time- 
consuming and more complex than other 
surgeries. Although expensive, Mohs surgery is 
reported as a safe technique (Kauvar et al. 2015).

As reported earlier, skin cancer surgery results 
in disfigurement or scarring, especially in wide 
excisions or when the surgery is carried out on 
the head, face, hands, or neck. Hence, a recon-
structive facial or surgeon specialist may form 
part of the physician’s team as treatment might 
affect a patient’s quality of life (Potenza et  al. 
2018).

Cryosurgery is a technique that employs an 
instrument and liquid nitrogen to freeze as well 
as destroy the abnormal cells in situ. This tech-
nique may be repeated again and again as per 
need. The treated area may swell, blister, and 
scar. This is usually used for precancerous lesions 
or small skin cancers. Laser surgery uses a laser 
beam to produce bloodless cuts in skin tissue or 
to remove tumor. Easy and inexpensive to admin-
ister, cryosurgery may be a suitable alternative 
for patients having an intolerance or bleeding dis-
orders to anesthesia. Nevertheless, it possesses a 
lower success rate in comparison to the surgical 
options (Yiu et  al. 2007). A low-cost treatment 
option, cryosurgery is rarely used for small, well- 
defined low-risk BCCs, when surgery and radia-
tion have to be avoided. The successful outcome 
of the technique depends on the operator, and the 
recurrence frequency is high for 
BCC. Cryosurgery takes longer healing times as 
compared to sutured wounds; besides severe 
scarring, there is no histologic evidence of com-
plete tumor removal (Kauvar et al. 2015).

Photodynamic therapy (PDT) comprises the 
application of a photosensitizing agent com-
bined with irradiation on the skin. In this tech-
nique, a light-sensitive drug is applied directly 
over the skin tumor. After 78 hours, the treated 
skin is exposed to blue light, which activates the 
medication, resulting in targeting of cancer cells. 

This treatment option is often chosen for actinic 
keratosis. Further, patients remain photosensi-
tive for 24–48  hours after treatment with 
PDT. Tumor clearance rates are lower than those 
with other treatment options. No histologic vali-
dation of complete tumor removal is seen. 
Patients feel burning and pain during photody-
namic therapy. In addition, edema and erythema 
develop immediately and last for 1 week. Other 
side effects associated with this technique are 
blistering, crusting, bleeding, and weeping. The 
treatment rates for photodynamic therapy are 
comparatively lower than surgery. Over surgery, 
it shows better cosmesis. This technique is com-
paratively safer for healthy skin tissues (Kauvar 
et  al. 2015). Radiation therapy is a commonly 
used cancer treatment modality that uses high-
energy X-rays to destroy cancer cells or stop 
their growth. A radiation treatment regimen usu-
ally consists of a fixed number of treatments 
required over a fixed time interval. Several treat-
ments may be required for the complete elimina-
tion of cancer. There are two modes of radiation 
therapy: internal and external. Internal radiation 
sends radiation via a machine outside the body, 
as a source of radiation. However, external radia-
tion therapy utilizes a radioactive substance as a 
source of radiation to destroy cancer cells. The 
mode of radiation therapy chosen depends on the 
type of skin cancer; external radiation therapy is 
employed to treat BCC and SCC of the skin. A 
radiation oncologist specializes in giving radia-
tion therapy to manage cancer. Radiation therapy 
may be preferred to surgery for skin cancers that 
are located in the eyelid, the ear, or the tip of the 
nose. This therapy avoids scarring as well as 
reoccurrence of cancer after surgery. Radiation 
therapy is often given as adjuvant therapy for 
Merkel cell cancer (stage I and II disease). 
Radiation therapy is not allowed for people hav-
ing nevoid basal cell carcinoma. Other side 
effects from radiation include skin infections, 
rashes, itchy skin, redness, or change in the skin 
color. These side effects may be prevented by 
topically applying an antibiotic or corticosteroid. 
Radiation therapy is not the first treatment choice 
in young patients because of the associated risk 
of long-term complications (Strojan 2010). 
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Radiation treatment modality is applied as the 
primary or adjuvant mode of therapy for non-
melanoma squamous carcinoma (Kauvar et  al. 
2015).

Chemotherapy is another widely used cancer 
treatment option that utilizes drug moieties to 
stop the growth of cancerous cells, either by stop-
ping their division or by killing them. During 
chemotherapy via oral/parenteral route, the drugs 
enter the systemic circulation and can reach can-
cer cells throughout the body. In regional chemo-
therapy, the drug is kept directly in the target 
organ which  predominantly affects cancer cells 
(like CSF (cerebrospinal fluid), abdo-
men). Chemotherapy for BCC, SCC, and actinic 
keratosis is usually given via topical route. This 
further depends upon cancerous condition being 
treated, for example, topical fluorouracil (5-FU) 
is given to treat BCC. Topical drugs are generally 
applied every day for several weeks. These may 
result in irritation, inflammation, stinging, burn-
ing, and redness during treatment. However, topi-
cal therapy rules out the probability of scar 
formation. Sometimes, chemotherapy is com-
bined with radiation therapy and surgery (Wilson 
and Schuchter 2016).

In immunotherapy treatment, the patient’s 
immune system is used to fight against cancer. 
This is also known as biologic therapy or biother-
apy. Substances produced by the body or immu-
notherapy drugs such as imiquimod and 
interferons are used to restore the natural defense 
mechanism of the skin against cancer. Interferon 
may be given by means of injection to cure squa-
mous cell carcinoma (SCC) of the skin. Topical 
imiquimod cream has been reported to treat some 
BCC of the skin (Lugowska et al. 2018).

Chemabrasion is a chemical peel procedure 
adopted to improve outer skin conditions. In this 
procedure, a chemical solution is applied on the 
skin, and as a result, top layers of the cell get dis-
solved. This technique may be used for the treat-
ment of actinic keratosis (PDQ Adult Treatment 
Editorial Board 2002).

In laser treatment, a narrow light beam (high 
intensity) is employed to kill precancer cells 
located in the outer region of the skin (Zipser 
et al. 2010).

18.3  Nanomedicine as Alternative 
for Topical Management 
of Skin Cancer

Some prominent anticancer phytoagents have 
been discussed in this chapter. Examples include 
apigenin, α-santalol, β-carotene, curcumin, caf-
feic acid, daidzein, eugenol, emodin, ferulic acid, 
epigallocatechin-3-gallate, genistein, resveratrol, 
silymarin, vitamin C, kaempferol, and quercetin. 
These bioactives have been considered poten-
tially effective to improve cancer treatment or 
chemoprevention through multiple mechanisms. 
Development of an appropriate delivery system 
is an important aspect for anticancer natural 
 moieties, owing to their poor solubility, bioavail-
ability, and stability (Abirami et  al. 2014). 
Besides these, sustained delivery, reduced side 
effects, proper distribution, and safeguard from 
metabolic degradation are other advantages pro-
vided by these delivery systems. Their multi- 
functionality and targeting ability can further 
resolve other challenges associated with cancer 
therapy. The most widely explored phytochemi-
cal agents include alkaloids and a variety of poly-
phenols, for improvement in their efficacy. A 
variety of novel formulations have been explored 
for the development of an optimized delivery sys-
tem for skin cancer. The application of nanotech-
nology for the development of novel delivery 
system includes carriers such as nanosponges, 
polymeric nanoparticles, solid lipid nanoparticles 
(SLNs), nanolipid carriers, dendrimers, magnetic 
nanoparticles, polymer micelles, carbon nano-
tubes, liposomes, and phytosomes (Fig.  18.2). 
These nanocarriers aid in augmenting the thera-
peutic utility of herbal moieties by addressing the 
abovementioned challenges. Various nanoformu-
lations comprising herbal bioactives have been 
tabulated below (Table 18.2).

In topical delivery, drug penetration via the 
stratum corneum (SC) is of paramount impor-
tance to assess the therapeutic action of the drug 
moiety. Furthermore, drug transport to the epi-
dermis is crucial for agents possessing poor effi-
cacy. Here, transport features of the drug moiety 
via the skin are considered critical. These fea-
tures are governed by the drug’s physicochemical 
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properties (lipophilicity and molecular weight) 
and can be tailored to achieve local effect. Hence, 
appropriate crafting of the formulation is vital for 
topical delivery of drug molecules (Conte et al. 
2014).

18.3.1  Nanosponges

Cyclodextrin (CD)-based nanosponges (NS) are 
innovative nanocarriers obtained via cross- 
linking of cyclodextrin in three-dimensional 
architectures. CD-NS are highly porous nano-
structures either amorphous or crystalline fabri-
cated with different cross-linkers. A variety of 
cross-linkers, which are commonly employed for 

crafting nanosponges, include an active carbonyl 
compound, like diphenyl carbonate, triphosgene, 
carbonyldiimidazole, or organic dianhydrides 
(Chilajwar et  al. 2014). The dimension of the 
polymer mesh, polarity, and release of entrapped 
moiety can be easily tailored by modifying the 
type of cross-linker and degree of cross-linking 
(Sherje et al. 2017). Nanosponges can be loaded 
with a wide variety of drugs (hydrophilic and 
hydrophobic). These tiny spongy structures cir-
culate throughout the body to reach the target 
site, subsequently stick on its surface, and finally 
release the drug contents in a predictable fashion 
(Bolmal et  al. 2013). The prolonged-release 
property of these carriers offers retention of topi-
cal actives on the skin, resulting in their better 

Fig. 18.2 Nanomedicines as novel delivery system
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therapeutic performance. Nanosponges can also 
be incorporated into a variety of topical formula-
tions such as cream, lotion, ointment, gel, and 
emulgel. Another important feature of these 
nanocarriers is their tendency to enhance aque-
ous solubility for poorly soluble drugs (Thakre 
et al. 2016).

Nanosponges can also be used to deliver anti-
cancer agents for the treatment of tumors. It was 
claimed that these nanocarriers are three to five 
times more efficacious at retarding tumor growth 
in comparison to direct injection of the drug sub-
stances. These tiny nanostructures are filled with 
an anticancer compound and exposed to a target-
ing peptide that binds to surface receptors on 
tumor cells. When nanosponges encounter 
tumors, they stick to their surface and release 
their cargo. Hence, such targeted delivery results 
in more effective treatment with the same dose of 

the drug and lesser side effects (Singh et  al. 
2016). Camptothecin, a potent antitumor plant 
alkaloid, possesses a limited therapeutic efficacy 
owing to its lactone ring instability, poor aqueous 
solubility, and serious side effects. As reported 
earlier, CD-NS have been employed earlier to 
protect the labile groups, to enhance the solubil-
ity of poorly soluble moieties, and to control the 
drug release. Therefore, Swaminathan and his 
coworkers encapsulated camptothecin in cyclo-
dextrin nanosponges to address challenges asso-
ciated with it (Swaminathan et  al. 2010; Singh 
et al. 2016).

18.3.2  Polymeric Nanoparticles

Over the past decade, polymeric nanoparticles 
(PN) have been proposed widely for topical drug 

Table 18.2 Nanofomulations comprising phytochemical actives for skin cancer

Sr. 
no. Nanosystems Phytochemical actives References
1 Liposomes 5-Aminolevulinic acid, ursolic 

acid, paclitaxel, quercetin, 
curcumin, vincristine, berberine

Pierre et al. (2001), Harmand et al. (2003), 
Zhigaltsev et al. (2005), Yuan et al. (2006), Chen 
et al. (2012a), Flaten et al. (2013) and Ma et al. 
(2013)

2 Solid lipid 
nanoparticles

Camptothecin, quercetin, retinoic 
acid, naringenin, methotrexate, 
curcumin, resveratrol, paclitaxel, 
indirubin

Yang and Zhu (2002), Dhawan et al. (2011), Akanda 
et al. (2015), Ji et al. (2016), Battaglia et al. (2017), 
Rompicharla et al. (2017), Wang et al. (2017), Xu 
et al. (2018) and Rahiminejad et al. (2019)

3 Nanostructured 
lipid carriers

Docetaxel, lutein, coenzyme Q10 Liu et al. (2011), Mitri et al. (2011) and Chen et al. 
(2013)

4 Polymeric 
nanoparticles

Curcumin, paclitaxel, berberine, 
vincristine, ferulic acid, apigenin, 
resveratrol, luteolin, EGCG, 
piperine

Bisht et al. (2007), Wang et al. (2010), Chang et al. 
(2011), Chen et al. (2012b), Merlin et al. (2012), Das 
et al. (2013a), Sanna et al. (2013), Majumdar et al. 
(2014), Siddiqui et al. (2014) and Pentak (2016)

5 Magnetic 
nanoparticles

Camptothecin, quercetin Castillo et al. (2014) and Kumar et al. (2014)

6 Phytosomes Naringenin, silibinin, curcumin, 
sinigrin, quercetin, luteolin, 
mitomycin

Maiti et al. (2006), Flaig et al. (2007), Kidd (2009), 
Hou et al. (2012), Rasaie et al. (2014), Sabzichi et al. 
(2014) and Mazumder et al. (2016)

7 Carbon 
nanotubes

Paclitaxel, doxorubicin Sobhani et al. (2011) and Verma et al. (2013)

8 Micelles Paclitaxel, honokiol, β-lapachone, 
luteolin, doxorubicin, curcumin

Singla et al. (2002), Wei et al. (2009), Blanco et al. 
(2010), Dong et al. (2010), Qiu et al. (2013) and 
Kumari et al. (2016)

9 Nanosponges Camptothecin, resveratrol, 
paclitaxel, curcumin, imiquimod

Swaminathan et al. (2010), Ansari et al. (2011), 
Minelli et al. (2012), Mognetti et al. (2012), 
Darandale and Vavia (2013), Bastiancich et al. 
(2014), Gigliotti et al. (2016), Gholibegloo et al. 
(2019) and Pushpalatha et al. (2019)
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delivery, where these nanoformulations have 
proved their worth. The advantages of these 
nanocarriers include reduction in adverse side 
effects associated with drug’s systemic toxicity 
and enhanced retention of the drug in the skin 
(Stevanovic and Uskokovic 2009; Zhao et  al. 
2009, 2010; Kolenyak dos Santos et  al. 2013). 
PN can also be referred to as nanospheres or 
nanocapsules, depending upon their composi-
tion. The features defining the nature of PN are 
governed by the type of polymer, surface charge, 
and size. A variety of biodegradable and syn-
thetic polymers can be chosen for crafting PN, 
e.g., natural polymers, such as chitosan, and syn-
thetic polymers, like polyglycolides (PGA), 
polylactides (PLA), poly(lactide-co-glycolides) 
(PLGA), and polyanhydrides. Research scientists 
have explored a combination of polymer technol-
ogy and nanotechnology for skin cancer 
management.

In nanocapsules, the oil promotes formation 
of a vesicular structure, resulting in the reservoir- 
based delivery system, while absence of oil in 
nanospheres articulates matrix-organized poly-
meric chains (Magenheim and Benita 1991; 
Soppimath et al. 2001). Drugs are entrapped via 
mixing in the polymer solution (Hu and Zhang 
2012) or dispersing them or chemically adsorb-
ing them in the polymer matrix (Guterres et al. 
2007). Polymeric nanoparticles have accom-
plished a significant place in the treatment of 
chronic hyperproliferative diseases, providing 
scientists with promising tools to overcome 
major current issues associated with contempo-
rary topical chemotherapy (Kolenyak dos Santos 
et al. 2013).

Ourique and his research team (2011) investi-
gated the fabrication and characterization of 
hydrogels comprising tretinoin lipid-core poly-
meric nanocapsules for topical application. 
Tretinoin is reported for the topical treatment of 
skin cancer. Although effective topically, treti-
noin in dermatological products is associated 
with skin irritation. It is also unstable in the pres-
ence of air, heat, and light. Hence, the entrapment 
of tretinoin in nanoparticles resulted in its photo-
stability, and prolonged its residence time in the 
skin, by retarding its permeation to the systemic 

circulation. As a result, side effects associated 
with this moiety were also reduced. The skin per-
meation studies demonstrated that drug- 
encapsulated lipid-core polymeric nanocapsules 
facilitated controlled permeation into the skin. 
Therefore, this prepared tretinoin system was 
reported worth for topical delivery for the treat-
ment of skin diseases (Ourique et al. 2011).

18.3.3  Solid Lipid Nanoparticles 
and Nanolipid Carriers

At the beginning of 1990s, SLNs (solid lipid 
nanoparticles) were introduced as an alternative 
mode of delivery system to liposomes, polymeric 
NP, and emulsions. No toxic organic solvents are 
required for the fabrication of SLNs. SLNs pres-
ent good physical stability to labile drugs by pro-
tecting them against degradation and allowing 
easy control over their release. Further, this sys-
tem is biocompatible and biodegradable with low 
toxicity. Additionally, the production as well as 
sterilization of SLNs on a large scale is relatively 
easy (Mehnert and Mäder 2012; Cappellano et al. 
2019). Due to the lipophilic nature of the skin, 
SLN favors skin permeation and penetration. 
Furthermore, SLN also possesses a targeting fea-
ture, which results in their high skin accumula-
tion (Maia et al. 2000; Souto et al. 2004). Recent 
fabrication techniques have been proposed to 
encapsulate drug moieties within this lipophilic 
cargo for augmented topical application. 
Visualization of their distribution via confocal 
microscopy illustrated deep penetration up to 
60  mm with the help of tape-stripping (for 
removal of SC) (Lee et al. 2011), penetration of 
larger nanoparticles up to >200 nm, while normal 
SC can only allow the penetration of nanoparti-
cles up to 600 Daltons. The enhancement in the 
penetration advocated improved drug retention in 
the skin (Naik et al. 2004).

A variety of SLN-based delivery systems 
have been reported for cytotoxic agents such as 
idarubicin, doxorubicin, camptothecin, PTX, 
7-ethyl-10hydroxy-20(S)-CPT, retinoic acid, 
cholesterylbutyrate, flurodooxyuridine (FudR), 
and ETP (Wei et al. 2015). Xu et al. crafted SLNs 
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of silibinin comprising phosphatidylcholine and 
TPGS (tocopheryl polyethylene glycol succi-
nate) by employing the thin-film hydration tech-
nique and evaluated these on MDA-MB-231 
breast cancer cells. Here, the results exhibited 
higher cellular uptake of SLNs (twice higher than 
that of free silibinin). These were supported by 
similar observations in cell viability, migration, 
and invasion assays. An interesting result by this 
group was the suppression of the migratory and 
invasive potential of MDA-MB-231 cells at 
20 mg/mL concentration of SLNPs. This might 
have occurred via downregulation of the MMP-9 
and Snail pathways (Xu et  al. 2013; Khan and 
Gurav 2018).

The solid lipid matrix in SLNs may lead to 
some problems, since this system is prone to 
crystallization, resulting in low encapsulation 
and expulsion of a drug during storage. To 
address these limitations, the second generation 
of nanoparticles termed “nanostructured lipid 
carriers” (NLCs) was developed (Luiza Ribeiro 
de Souza et  al. 2012). These nanosystems are 
engineered by the intercalation of liquid and solid 
lipid phases, subsequently resulting in the forma-
tion of disorganized matrix and encapsulation of 
the active moieties (Muller et al. 2004; Pardeike 
et al. 2009). Similar to the SLNs, NLCs can also 
be administered by pulmonary, intravenous, and 
oral routes. Besides these, these nanolipidic sys-
tems have also been found appropriate for dermal 
delivery, since their application on the skin sur-
face resulted in occlusive film formation, 
 controlled release profile, low toxicity, and bio-
degradability. Moreover, owing to their small 
size, SLNs and NLCs ensure contact with the SC, 
enabling enhanced drug penetration into the skin 
(Agrawal et al. 2010; Obeidat et al. 2010; Luiza 
Ribeiro de Souza et al. 2012).

Palombo and coworkers (2007) observed that 
topical application of lutein improved its concen-
tration in the skin layers, and lowered its peroxi-
dation, with enhanced hydration, elasticity, and 
skin protection (Fang et  al. 2008). Mitri et  al. 
(2011) demonstrated that this moiety is effective 
in skin cancer, owing to its role in the prevention 
of inflammation and erythema (by UV rays). This 
group prepared two different NLCs, the first 

comprising glyceryl tripalmitate and capric/
caprylic triglyceride as solid and liquid lipids, 
respectively, and the second composed of car-
nauba wax and capric/caprylic triglyceride. The 
prepared NLCs were named as NLC1 and NLC2, 
respectively. From release evaluation, this group 
noted the release of 12.12% (NLC1) and 7.38% 
(NLC2), after 24 hours. This research team also 
assessed the percent penetration of lutein into the 
pig’s ear dermis, recording penetration of 19% 
(NLC1) and 11% (NLC2), after 24 hours (Mitri 
et al. 2011; Kolenyak dos Santos et al. 2013).

18.3.4  Dendrimers

Dendrimers are nanostructures comprising mul-
tiple channels (having functionalizable terminal 
groups) branching out from the central cavity. 
These novel nanosystems can accumulate multi-
ple therapeutic agents, either via conjugation to 
functional end groups (Svenson 2009) or entrap-
ment inside the central core or multiple units 
between dendrimers’ architecture. Controlled 
depolymerization of these structures results in 
highly tunable drug release profiles. Dendrimers 
comprising polyamidoamine can be modulated to 
enhance biocompatibility and improve tumor tar-
geting (Berciano-Guerrero et al. 2014). Owing to 
their unique physical characteristics like mono-
dispersity, water encapsulation ability, and solu-
bility, these macromolecular structures are highly 
helpful in the engineering of topical delivery 
vehicles for a variety of drugs. The prominent 
features of dendrimers are mainly dominated by 
the functional groups present on their molecular 
surface; howbeit, there are some examples of 
dendrimers possessing internal functionality. A 
well-defined nanoarchitecture with large internal 
volume is present in dendrimer (Abdel-Rahman 
and Al-Abd 2013). Malar and his coworkers 
crafted dendrosomal capsaicin (CAP) nanofor-
mulations by esterification technique and evalu-
ated these for in  vitro anticancer potential on 
HEp2, VERO, and MCF-7 cell lines. The results 
exhibited that the prepared dendrimers possessed 
remarkable cytotoxicity on VERO cells (IC50 of 
1.25 μg/mL) and MCF7 and HEp2 cells (IC50 of 
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0.62  μg/mL) (Malar and Bavanilathamuthiah 
2015).

18.3.5  Magnetic Nanoparticles

Magnetic nanoparticles (MNPs), particularly 
iron oxide (also called magnetite) NPs and their 
multi-functionalized counterparts, are a vital 
class of nanocarriers that have fascinated the sci-
entific community for their potential utilities in 
drug delivery. Recent advancements in fabrica-
tion and surface modification techniques for 
these nanoparticles may revolutionize present 
clinical therapeutic technologies and diagnostics. 
The well-known surface chemistry of magnetite 
MNPs allows entrapping of a wide variety of 
functional moieties, for imaging and targeting 
ligands. It is also possible to finely tune the phys-
ical features of MNPs, such as shape, size, mag-
netism, and crystallinity (Khan and Gurav 2018).

The basic criterion behind the fabrication of 
magnetic nanoparticles is the fact that the drug 
moiety is either entrapped into magnetic nano-
spheres or conjugated on their surface or 
implanted in the form of magnetically active 
disk. The drug release can be controlled utilizing 
a powerful magnetic field in the target (tumor 
area). Magnetic materials receive their magnetic 
response to a magnetic field from materials such 
as magnetite, nickel, iron, samarium-cobalt, and 
cobalt and neodymium-iron-boron. Potential 
treatment of cancer involves attachment of MNPs 
to the tumor cells, enabling them to be captured 
and taken out of the body. This treatment has 
been evaluated in the laboratory, taking mice as 
an animal model (Scarberry et  al. 2008; Huang 
and Hainfeld 2013). Magnetic nanoparticles can 
also be used for cancer detection. For this, a 
microfluidic chip having magnetic nanoparticles 
can be inserted in blood. These MNPs are gener-
ally entrapped inside owing to an externally 
applied magnetic field, as the blood is free to flow 
through. The MNPs are coated with antibodies 
for targeting proteins or cancer cells. For mela-
noma, several studies have been performed and 
reported using this carrier (Ito et  al. 2003; 
Balivada et al. 2010).

Verma and his collaborators prepared MNPs 
of quercetin (QUR) via nebulization and assessed 
their cytotoxicity potential in lung cancer cell 
line (A549). This group coated the surface of 
MNPs with PLGA to augment the drug disper-
sion in an aqueous medium, enhance its stability 
(against oxidation), and ensure biocompatibility. 
The biocompatibility of QUR MNPs was checked 
by carrying in vitro and in vivo evaluation stud-
ies. The results showed remarkable retardation in 
the number of viable A549 cells for quercetin- 
loaded MNPs. The results of this research advo-
cated QUR-loaded MNPs promising in lung 
cancer (Verma et al. 2013).

18.3.6  Polymer Micelles

The promising potential of the polymeric micelles 
as prospective drug delivery carriers in anticancer 
therapy has been an interesting topic of discus-
sion among research scientists for decades. 
Polymer micelles are spherical nanoconstructs 
(from 10 to 100 nm), prepared from self- assembly 
of amphiphilic-surfactant molecules in an aque-
ous environment. A polymeric micelle essentially 
composed of an inner hydrophobic core thus 
encapsulates a hydrophobic drug, while the 
corona is comprised of the hydrophilic portion of 
the block copolymer. Some inherent features of 
polymeric micelles, which make them an attrac-
tive choice as a carrier for anticancer drugs, 
include (1) nano-size range, (2) stable in plasma, 
(3) in vivo longevity, and (4) augmented perme-
ability. The pathological characteristics of the 
tumor cells allowed their passive targeting to 
tumor cells (Kedar et al. 2010). The corona serves 
the dual role of stabilization of the polymeric 
micelles against recognition by RES (reticuloen-
dothelial system) and drug targeting by attaching 
specific ligands (recognizing the tumor sites). 
Drug release can be tailored by appropriate appli-
cation of heat or ultrasound or other external 
stimuli. Hence, polymeric micelles possess 
promising active as well as passive targeting 
potential to the tumor tissues (Rapoport 2007).

The activation of the polymer micelles in the 
tumor tissue prevents the drug release in the 
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blood during circulation, hence retarding the 
drug toxicity to normal cells (Lu et al. 2013). The 
major breakthrough was noted in the early 1990s 
by Kataoka and his research team, who fabri-
cated doxorubicin-conjugated block copolymer 
micelles (Kwon et al. 1997; Kataoka et al. 2000).

18.3.7  Carbon Nanotubes

Carbon nanotubes (CNTs) were firstly discov-
ered by Iijima in 1991 (Iijima 1991; Sinha and 
Yeow 2005). Carbon nanotubes can be grouped 
as SWNT (single-walled), which essentially 
composed of a layer of cylinder graphene, or 
MWNT (multi-walled) comprising several con-
centric graphene sheets (Sinha and Yeow 2005). 
Over the last decade, carbon nanotubes have been 
extensively investigated in almost every cancer 
treatment, including lymphatic-targeted chemo-
therapy, drug delivery, photodynamic therapy, 
thermal therapy, and gene therapy. Carbon nano-
tubes as drug delivery vehicles have demon-
strated promising potential in targeting specific 
cancer cells with a lower dosage than conven-
tional drugs (Srinivasan 2008). Moreover, this 
modality do not harm healthy cells and have 
shown reduced side effects.These nanoparticles 
have been reported to enhance the efficacy of 
chemotherapy in melanoma cells as well 
(Chaudhuri et  al. 2009; Bei et  al. 2010). 
Chaudhuri and his coworkers showed that an 
SWNT loaded with doxorubicin triggered 
 melanoma cell death in a dose-dependent manner 
(in vitro) and abolished tumor growth studied in 
a xenograft melanoma model.

A variety of approaches have been employed 
to entrap drug moieties to the sidewalls of func-
tionalized CNTs by noncovalent or covalent 
attachment (Wu et  al. 2005; Zhang et  al. 2010; 
Kakran and Li 2012). Liu and his collaborators 
utilized PEGylated NGO (nanoscale graphene 
oxide) as a nanocarrier to entrap anticancer 
agents via noncovalent interactions and assessed 
its cellular uptake (Liu et al. 2008). Ali-Boucetta 
and his research group investigated the noncova-
lent interaction of doxorubicin (an anticancer 
drug) with CNTs and evaluated its cytotoxic 

potential (Ali-Boucetta et  al. 2008). These 
research works illustrated that GO derivatives 
and CNTs can be employed as efficient nanove-
hicles for delivering water-insoluble aromatic 
molecules. Howbeit, the cytotoxicity and cellular 
uptake of camptothecin, on entrapment in GO 
and CNTs have not been checked in this investi-
gation. Sahoo and his coworkers used the PVA- 
functionalized MWCNTs and GO to administer 
camptothecin, while such similar works have not 
been reported in the literature. This group inves-
tigated the cytotoxic potential and the drug load-
ing of camptothecin-loaded CNT- and GO-based 
nanosystems and compared their efficacy (Sahoo 
et al. 2011).

18.3.8  Liposomes

Liposomes are nanolipid cargos formed by self- 
assembly of phospholipids in an aqueous envi-
ronment. They resemble biological membranes 
in their structure. These are engineered using 
phospholipids, possessing a hydrophilic head and 
hydrophobic tail (Xi and Guo 2007). Water- 
soluble moieties can be encapsulated in the aque-
ous core, whereas the hydrophobic drugs can be 
retained in their lipid bilayers (Cappellano et al. 
2019). Owing to their lipidic structure, they are 
easily absorbed by the liver and taken up by mac-
rophages, resulting in a decrease in their effi-
ciency. This can be escaped by coating liposomal 
lipid surface with appropriate ligands like mono-
sialoganglioside or by incorporating polyvinyl-
pyrrolidone polyacrylamide lipids, cholesterol, 
phospholipid distearoylphosphatidylcholine, or 
glucuronic acid lipids into liposomes. The polar 
end has phosphoric atom attached to a hydro-
philic molecule. Liposome augments the bio- 
distribution, bioavailability, solubility, and 
in  vivo and in  vitro stability of entrapped moi-
eties and altered pharmacokinetics. In the similar 
way, liposome-based delivery systems can 
enhance the therapeutic utility of herbal moieties 
(Saraf 2010).

Liposomes have been explored extensively for 
the temporal and spatial delivery of anticancer 
agents. The first FDA-approved liposomal prod-
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uct is liposomal doxorubicin (Doxil®) for 
Kaposi’s sarcoma, ovarian cancer, and refractory 
breast cancer. Liposomes have been employed to 
entrap chemotherapeutic agents, siRNA, and 
immunocytokines to enhance treatment potential 
for melanoma (Bei et al. 2010).

Wang et  al. fabricated folic acid-conjugated 
PEGylated liposomes of vincristine (FA-PEG-LS/
VCR), specifically for multidrug-resistant can-
cer. Thin-flim extrusion and hydration techniques 
were employed for fabrication and their cytotox-
icity was investigated on KBv200 cells 
(multidrug- resistant variants), a human epider-
moid nasopharyngeal carcinoma cell lines. In 
vivo antitumor activities were accessed and eval-
uated by tumor growth inhibition (apoptosis 
assessment studies and tumor growth inhibition 
by TUNEL). The obtained results demonstrated 
that the IC50 value of the PEGylated folic acid- 
conjugated VCR liposomes was found to be 
23.99 nM and 363.08 nM for PEG-LS/VCR and 
1.10 μM for free VCR. The in vivo studies sug-
gested that the folic acid conjugation remarkably 
strengthened the antitumor potential of the 
PEGylated liposomes of VCR and also depicted a 
higher apoptosis index in the TUNEL analy-
sis  (Terminal deoxynucleotidyl transferase- 
mediated dUTP nick-end labeling). Vincristine 
liposomes have also been commercialized as 
Marqibo (trade name of the drug) (Wang et  al. 
2013).

18.3.9  Phytosomes

Phytosomes are phospholipid-derived delivery 
systems, explored for delivery of herbal drug. 
Mixing the phytoactive constituents at appropri-
ate molar ratios with phosphatidylcholine (natu-
ral phospholipid) results in the synthesis of 
phytosomes. The phospholipid-substrate interac-
tion can be due to the formation of hydrogen 
bonds between the polar functional groups and 
polar head of phospholipids on the substrate. 
This phytolipid-based delivery system bridges 
the novel and conventional delivery systems. 
These are herbal formulations with better absorp-
tion properties. This novel delivery system also 
exhibits better pharmacokinetic therapeutic pro-

files in comparison to conventional extracts from 
medicinal plants. In aqueous environments, phy-
tosomes attain micellar liposomal-like architec-
ture. In phytosomes, the bioactive molecule is 
attached to the polar head portion of phospholip-
ids, hence becoming an integral structure of the 
membrane (Kumar et al. 2017).

Ochi et  al. entrapped two plant-derived anti-
cancer compounds, silibinin and glycyrrhizic 
acid, in nanophytosomes to enhance their poor 
bioavailability and examined their effects on 
(hepatocellular carcinoma) HCC cell lines 
(HepG2) (Ochi et al. 2016). Silibinin is a natural 
bioactive extracted from silymarin and has been 
known to possess anticancer potential 
(Ramakrishna et  al. 2011). Another bioactive 
glycyrrhizic acid extracted from Glycyrrhiza gla-
bra (L.) possesses anticancer activity (Verschoyle 
et al. 2008). In vitro release investigation depicted 
a sustained-release behavior with 88% (w/w) of 
glycyrrhizic acid and 14% (w/w) of silibinin over 
48  hours. Cell viability analysis using HepG2 
cell lines exhibited that co-encapsulated nano- 
phytosomes of glycyrrhizic acid and silibinin 
were three times more potent than individual 
glycyrrhizic acid (75% w/v) and silibinin (25% 
w/v). Hence, phytosomes enhanced the bioavail-
ability of silibinin, and this phytosome technol-
ogy is capable of providing co-encapsulated 
systems, which resulted in the enhancement of 
therapeutic effects of silibinin by synergistic 
action with glycyrrhizic acid (Ochi et al. 2016). 
Recent studies have shown that the capability of 
silibinin against prostate cancer was found aug-
mented on its combination with other potential 
anticancer agents like mitoxantrone (Flaig et al. 
2007), doxorubicin (Tyagi et al. 2002) carbopla-
tin and cisplatin (Dhanalakshmi et al., 2003).

18.4  Natural Agents 
for Prevention 
and Treatment of Skin 
Cancer

A summary of various herbal bioactives along 
with their sources and anticancer activities have 
been illustrated in Table  18.3. Some important 
bioactives have been discussed in detail below. 
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Table 18.3 Phytochemical actives reported for skin cancer

Sr. 
no. Natural agents Category Common sources

Reported 
activities References

1 Apigenin Flavonoids Parsley, celery, 
celeriac, and 
chamomile

Apoptosis, 
anti-proliferative

Srivastava and Gupta 
(2007)

2 Allyl sulfides Sulfides Garlic Anti- 
proliferative

Srinivasan et al. 
(2007) and 
Srivastava and Gupta 
(2007)

3 α-Santalol Sesquiterpenes Sandalwood oil Apoptosis Arasada et al. (2008)

4 β-Carotene Carotenoids Carrots, spinach, 
kale, pepper, 
pumpkin, sweet 
potatoes, and 
cantaloupe

Apoptosis, 
anti-metastatic

Palozza et al. (2003)

5 Berberine Alkaloids Goldenseal, 
Coptis or 
goldenthread, 
Oregon grape, 
barberry, and tree 
turmeric

Apoptosis, 
anti- 
proliferative, 
anti-metastatic

Shen et al. (2016)

6 Curcumin Phenols Turmeric Apoptosis, 
anti-proliferative

Li et al. (2016)

7 Capsaicin Phenols Red chili peppers 
and jalapenos

Apoptosis Oyagbemi et al. 
(2010)

8 Caffeic acid Phenolic acids Coffee Apoptosis, cell 
cycle arrest

Kang et al. (2008)

9 Daidzein Isoflavonoids Soybeans Anti-metastatic Lee et al. (2011)
10 Eugenol Phenols Cloves, nutmeg, 

cinnamon, bay 
leaves, and basil

Apoptosis, 
anti-proliferative

Jaganathan and 
Supriyanto (2012)

11 Emodin Hydroxyanthraquinones Aloe vera Anti- 
proliferative

Muto et al. (2007), 
Subramaniam et al. 
(2013) and Yaoxian 
et al. (2013)

12 Ferulic acid Phenols Rice and maize 
Bran

Apoptosis, 
anti-proliferative

Srinivasan et al. 
(2007)

13 Epigallocatechin- 
3- gallate

Flavonoids Green tea Apoptosis, 
anti- 
proliferative, 
cell cycle arrest

Nihal et al. (2010)

14 Fucoxanthin Xanthophylls Brown seaweeds 
and diatoms

Apoptosis, 
anti- 
proliferative, 
anti-metastatic

Kumar et al. (2014)

15 Genistein Flavonoids Soybean Apoptosis, 
anti- 
proliferative, 
anti-metastatic

Wei et al. (1998), 
Sarkar and Li (2002) 
and Rusin et al. 
(2010)

16 Honokiol Neolignan biphenols Magnolia plant Apoptosis, cell 
cycle arrest

Hahm and Singh 
(2007)

17 Indole-3-carbinol Organosulfurs Cabbage Apoptosis, cell 
cycle arrest

Kim et al. (2006, 
2011)

(continued)
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Sr. 
no. Natural agents Category Common sources

Reported 
activities References

18 Kaempferol Flavonoids Grapes, tomatoes, 
broccoli, tea, and 
ginkgo biloba

Apoptosis, 
anti-proliferative

Calderon-Montano 
et al. (2011) and 
Chen and Chen 
(2013)

19 Luteolin Flavonoids Carrots, peppers, 
celery, oliver

Apoptosis Iwashita et al. (2000) 
and Nakashima et al. 
(2010)

20 Lycopene Acyclic carotenoids Watermelon, 
papaya, tomato, 
guava, grapefruit, 
apricot, and 
peaches

Apoptosis, cell 
cycle arrest

Chiang et al. (2007) 
and Wu and Kubota 
(2008)

21 Myricetin Flavonoids Walnuts Apoptosis Jung et al. (2008) 
and Kim et al. 
(2010)

22 Norathyriol Xanthones Mango Apoptosis, cell 
cycle arrest

Li et al. (2012)

23 Piperine Alkaloids Black pepper and 
long pepper

Anti- 
proliferative, 
cell cycle arrest

Rather and Bhagat 
(2018)

24 Quercetin Flavonols Apple, tomatoes, 
tea, grapes, 
ginkgo, and St 
John’s wort

Apoptosis Lin et al. (2011)

25 Resveratrol Polyphenol stilbenes Grapes, peanuts, 
mulberries, and 
red wine

Apoptosis, 
anti-metastatic

Ndiaye et al. (2011)

26 Silymarin and 
silibinin

Polyphenol flavonoids Milk thistle Apoptosis, cell 
cycle arrest

Dhanalakshmi et al. 
(2004a, b)

27 Ursolic acid Terpenoids Basil Anti- 
proliferative, 
anti-metastatic, 
cell cycle arrest

Es-Saady et al. 
(1996) and Harmand 
et al. (2003)

28 Vitamin A Vitamins Carrot, eggs, milk, 
and cheese

Anti- 
proliferative, 
anti-metastatic

Fan et al. (2010) and 
Bettoli et al. (2013)

29 Vitamin C Vitamins Citrus fruits, 
broccoli, green 
pepper, tomatoes, 
strawberries, and 
melons

Apoptosis, 
anti- 
proliferative, 
anti-metastatic

Chambial et al. 
(2013)

30 Vitamin D Vitamins Salmon, mackerel, 
bluefish, cod liver 
oil, mushrooms, 
egg yolks, and 
yeasts

Anti- 
proliferative

Tang et al. (2012)

Table 18.3 (continued)
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18.4.1  Apigenin

Apigenin
 is a natural product belonging to flavone class, 
which is frequently found in celery, tea, oranges, 
parsley, onions, and thyme (Shukla and Gupta 
2010). It serves multiple physiological roles, for 
instance, strong antioxidant, anti-inflammatory, 
antiviral, and antibacterial activities and reduc-
tion in blood pressure (Ali et al. 2017). The anti-
cancer action of apigenin has been examined 
in vitro in different cell lines, viz., neck and head 
squamous cell carcinoma cells, liver cells, and 
melanoma cells. It has been known to display 
UVB radiation protective action on human kera-
tinocytes (evaluated in  vitro) and on mice skin 
(evaluated in vivo). The mechanism involved is 
hindering cell survival as well as proliferation via 
the nuclear factor kappa-light-chain-enhancer 
(NF-κB) of activated β cells and mitogen- 
activated protein kinase (MAPK) routes (Das 
et al. 2013b).

18.4.2  α-Santalol

Alpha-santalol is a natural sesquiterpene, derived 
from the oil of sandalwood. Accumulated evi-
dences advocate that this agent extracted from 
natural sources shows various medicinal activi-
ties, like antibacterial, anti-inflammatory, antidi-
abetic, and anticancer. Cancer and antitumor 
preventive properties of this herbal moiety have 
been involved in cell death induction via cell 
cycle arrest and apoptosis in different cancer 
models. Further, a significant reduction in inflam-
matory markers has been reported with α-santalol 
application in skin tissue models (Bommareddy 
et al. 2019).

18.4.3  β-Carotene

The most commonly studied carotenoid among 
the abundantly available carotenoids in human 
food is β-carotene. Some of its dietary sources 
include carrots, spinach, kale, pepper, pumpkin, 
sweet potatoes, and cantaloupe. It is capable of 

inducing apoptosis in melanoma cells (in vitro) 
by stimulating caspase-3, caspase-8, and cas-
pase- 9, through a caspase cascade (Palozza et al. 
2003). As per studies of Guruvayoorappan and 
Kuttan, the antineoplastic mechanism of 
β-carotene in melanoma (murine) may include 
the regulation of p53, Bcl-2, and caspase-3, 
which subsequently triggers apoptosis. In another 
investigation by this research group 
(Guruvayoorappan and Kuttan 2007), the effect 
of β-carotene on tumor-expressed specific angio-
genesis (influencing tumor growth) was also 
explored.

18.4.4  Curcumin

Curcumin, a vital component of turmeric, is 
obtained from a powdered rhizome of Curcuma 
longa abundantly used in Unani, Ayurveda, and 
Siddha medicines. Long back, it was reported to 
possess anti-inflammatory, anticarcinogenic, 
antioxidant, anticoagulant, antimutagenic, and 
antiinfective properties (Li et al. 2016). Recently, 
it was demonstrated that the anti-melanoma 
potential of curcumin was found dependent on 
the opening of mPTP (mitochondrial permeabil-
ity transition pore), as displayed by curcumin in 
melanoma (in vitro) (Qiu et al. 2014). Curcumin 
has the capacity to trigger apoptosis, which is 
independent of p53 activity in melanoma cells (in 
a dose- and time-dependent fashion). Melanoma 
cells when treated with curcumin led to inhibi-
tion of the NF-κB pro-survival pathway and acti-
vation of the death receptor Fas-associated 
protein. The tolerability and safety of curcumin 
make it a promising candidate for the prevention 
of skin cancer (Bush et al. 2001).

18.4.5  Caffeic Acid

Caffeic acid (CA) is a potential polyphenolic 
moiety, widely present in fruits, coffee, and veg-
etables. This bioactive possesses potential anti- 
inflammatory, antioxidant, and anticancer 
potential (Fernandez et  al. 1998; Moon et  al. 
2009). Yang and his research team reported that 
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CA remarkably inhibited the formation of a col-
ony, and EGF triggered a neoplastic transforma-
tion of human keratinocyte cells (malignant) 
(Yang et al. 2013). The topical application of CA 
on the dorsal portion of UV-induced skin cancer 
in mice model stopped the cancer incidence 
(Esmaeili et  al. 2016). The MAPK signaling 
pathway includes several other pathways, among 
which Ras-Raf-MEK-extracellular signal- 
regulated kinase (ERK) 1/2 cascade is the most 
abundant in human cancers. This molecular 
mechanism regulates many other vital functions 
of cell-like growth and proliferation (McCubrey 
et al. 2007). It also suppresses ERK1/2 functions 
(in vitro) and results in chemotherapeutic actions 
against UV-induced skin cancer (Esmaeili et al. 
2016). In addition to MAPK, it was also found to 
enhance the expression of COX-2 and Fyn kinase 
in UV-triggered skin cancer (Kang et al. 2008).

18.4.6  Daidzein

Daidzein is a naturally dried isoflavonic phytoes-
trogen (Cassidy 2003). It is predominantly 
obtained from the leguminous plants such as 
mung bean and soybean. It is the major bioactive 
component used in traditional Chinese medicine 
Gegen, which is commonly applied for the 
 treatment of acute dysentery, fever, diabetes, 
diarrhea, liver injury, cardiac dysfunctions, etc. 
(Wong et al. 2011). It also possesses several other 
biological properties independent of the ER such 
as anticancer, anti-inflammation, protection of 
the skin, and inhibition of oxidative damage of 
nerves. The beneficial properties are majorly due 
to immune response regulation (Wei et al. 2012), 
inhibition of proliferation, and scavenging of 
oxygen, free radicals, and so on. Some deriva-
tives of daidzein include 7, 3′, 4′-THIF, which 
also show anticancer potential and efficacy in 
non-melanoma skin cancer (UVB induced) both 
in  vitro and in  vivo. The metabolite binds to 
MKK4 and cots directly to stop their activity, 
which further notably subdues the expression of 
UVB-induced COX-2 (cyclooxygenase 2) and, 
finally, curbing the number, elongation, and vol-
ume of tumors (Lee et al. 2011).

18.4.7  Eugenol

Eugenol is a volatile phenolic component of 
clove essential oil derived from Eugenia caryo-
phyllata leaves and buds, found in India, 
Madagascar, and Indonesia. It (phenylpropanoid) 
is a pale yellow oil, with a molecular weight 
164.2 g/mol and a spicy aroma. This bioactive is 
a weak acid and is easily soluble in organic sol-
vents. It is commonly extracted from nutmeg, 
clove oil, basil, and bay and cinnamon leaf. It is 
known to possess several pharmacological prop-
erties, like antioxidant, anesthetic, antihelmintic, 
antimicrobial, anticarcinogenic, anti- 
inflammatory, antifumigant, and insect-repellent 
properties. Eugenol and its derivatives exhibited 
its activity against skin tumors, melanoma, gas-
tric cancer, prostate cancer, and leukemia through 
oncogene regulation and caspase-dependent 
pathway, which is reviewed extensively by 
Jaganathan and Supriyanto (2012).

18.4.8  Emodin

Emodin belongs to a member of natural bioac-
tives known as anthraquinones. Emodin is identi-
fied in 17 plant families worldwide but primarily 
found in three plant families Fabaceae, 
Polygonaceae, and Rhamnaceae (Harborne et al. 
1989). Chemically 1,3,8-trihydroxy-6- 
methylanthraquinone, emodin is present in the 
root, bark, vegetative (stem, foliage), and repro-
ductive organs (fruit, flower, pods, seeds) and is 
also produced by lichens. It has antibacterial, 
vasorelaxant, antitumor, and diuretic effects 
(Koyama et  al. 1988; Zhou and Chen 1988; 
Huang et al. 1992). It triggers growth inhibition 
in cancerous cells but not affecting normal cells 
(Muto et  al. 2007; Subramaniam et  al. 2013; 
Yaoxian et al. 2013) and modified cellular redox 
status in time- and dose-dependent fashion (Yen 
et  al. 2000; Srinivasan 2008; Kuo et  al. 2009). 
The photo-protective action of emodin against 
the UV region of the solar radiation (290–
400  nm) has also been demonstrated (Chang 
et al. 1999). Emodin is highly efficacious in pan-
creatitis, myocarditis, asthma, atherosclerosis, 
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arthritis, glomerulonephritis, chronic obstructive 
lung disease, hepatitis, and Alzheimer’s disease 
(Shrimali et  al. 2013; Xue et  al. 2010). Several 
studies reported that emodin-induced apoptosis 
was shown by (ROS) reactive oxygen species 
generated from semiquinone (Jing et al. 2002; Su 
et al. 2005); howbeit, there was also a report that 
emodin-induced apoptosis was ROS-independent 
(Chen et al. 2002).

18.4.9  Ferulic Acid

Ferulic acid has gained much importance in the 
Chinese medicine, as it is among one of the effec-
tive components in Chinese herbs like Angelica 
sinensis, Cimicifuga heracleifolia, and 
Lignsticum chuangxiong (Sakai et  al. 1999). It 
exhibits a wide range of pharmacological activi-
ties including antiallergic, antioxidant, anticar-
cinogenic, hepatoprotective, antiviral, 
anti-inflammatory, antithrombotic, and vasodila-
tory. It also helps to increase the viability of 
sperms (Graf 1992; Ou and Kwok 2004). As free 
radicals play a vital role in cancer, the anticancer 
properties of some antioxidants are attributed to 
their capacity in free radical scavenging. Kaul 
and Khanduja (1998) demonstrated that topical 
application of polyphenols (tannic acid, ellagic 
acid, ferulic acid, and caffeic acid) simultane-
ously with mezerein or phorbol-12-myristate- 13-
acetate resulted in remarkable protection for 
7,12-dimethylbenz[a]anthracene-triggered skin 
Ty6 tumors in mice (Rundlöf et al. 2000). Most 
of its therapeutic potential is ascribed to its anti- 
inflammatory and antioxidant activity (Srinivasan 
et al. 2007).

18.4.10  Epigallocatechin 
-3-allate

Epigallocatechin-3-gallate (EGCG) is another 
plant-derived stable and water-soluble member 
of flavonoid family, known as flavan-3-ols. These 
are widely available in tea, red wine, strawberry, 
and cocoa, with green tea reported as the major 
source (Corcoran et  al. 2012). EGCG induces 

apoptosis and causes cell cycle arrest in mela-
noma (Hs-294T and A374), alone and in combi-
nation with vorinostat (in vitro) (Nihal et  al. 
2010; Zhang et al. 2000). Treatment with inter-
feron and EGCG combination has also displayed 
synergistic anti-proliferative behavior in  vitro 
against human melanoma cells and in vivo in a 
mice melanoma model (Nihal et  al. 2009). The 
mechanisms with which EGCG exerts these 
actions include decrease in apoptosis-inhibiting 
proteins, or cell survival-promoting proteins (D1, 
Bcl-2, and cdk2 (cyclin-dependent kinase 2) the 
upregulation of Bax (Bcl-2-associated X protein) 
and pro-apoptosis protein. The triggering of cas-
pase- 3, caspase-7, and caspase-9; and the trigger-
ing of tumor suppressor proteins (p21WAF1/
CIP1, p16INK4a, and p2KP1) by EGCG are also 
responsible for therapeutic outcomes (Nihal et al. 
2005).

18.4.11  Genistein

Genistein is a soybean-derived bioactive, which 
has long been used as a dietary supplement for 
cardiovascular disorders, osteoporosis, and can-
cers (Wei et al. 2002, 2003; Singh et al. 2014). It 
is an abundantly available phytoestrogen moiety 
in soybeans and known to possess potent anti- 
inflammatory, antioxidant, and anti-proliferative 
effects (Wei et  al. 1998; Sarkar and Li 2002; 
Sarkar et al. 2009; Rusin et al. 2010). Cancer che-
mopreventive actions of genistein have been 
exhibited in various malignancies, including neu-
roblastoma and breast cancer, as well as both 
non-melanoma and melanoma cancers (Afaq and 
Katiyar 2011; Ji et al. 2012). It has been shown to 
retard tumor proliferation, exert anti- angiogenesis 
effect and reduce metastasis, induce cell cycle 
arrest (Rusin et al. 2010), and improve cell apop-
tosis. The delivery of genistein retarded 
UV-induced sunburns in humans, protecting 
them from photoaging as well as UV-induced 
skin cancer (Wei et al. 2003). Moreover, genis-
tein also possesses beneficial effects against mel-
anoma cells. It interferes with cell cycles, inhibits 
tumor growth, and shows metastasis in a xeno-
graft model (Ji et al. 2012). Inhibition of mela-
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noma cell cycle by genistein was ascribed by 
targeting p21, p53, and Chk2 (checkpoint kinase) 
(Rauth et al. 1997; Casagrande and Darbon 2000; 
Darbon et al. 2000).

18.4.12  Kaempferol

Kaempferol (flavonoid) is abundantly found in a 
wide variety of dietary components like straw-
berries, tea, carrot, green chili, brinjal, pumpkin, 
propolis, broccoli, apples, grapefruit, onions, and 
beans (Corcoran et al. 2012; Albishi et al. 2013). 
Epidemiological reports have evidenced a posi-
tive relationship between consumption of high 
kaempferol in food and retardation in the inci-
dence of various cancers (ovarian, lung, pancre-
atic, and gastric) and cardiovascular disorders. 
Kaempferol adopts several possible mechanisms 
for inhibiting cell proliferation and promoting 
apoptosis (Chen and Chen 2013). It has also been 
found to block the progression of choroidal mela-
noma cell cycle in the G2/M phase (Casagrande 
and Darbon 2001). Chao et al. had crafted submi-
cron emulsion systems for the transdermal 
administration of kaempferol and observed that 
the use of a suitable carrier could remarkably 
influence the flux obtained, amount of drug depo-
sition in the skin, and lag time (Chao et al. 2012).

18.4.13  Quercetin

Quercetin is identified by the presence of OH 
groups on positions 3, 5, 7, 3′, and 4′ of its flavo-
nol skeleton. It is found insoluble in cold water, 
slightly soluble in hot water, and soluble in alco-
hol (Kelly 2011). It is commonly present in the 
human diet and is available in plants in glycosidic 
forms, like rhamnosides, galactosides, gluco-
sides, or arabinosides (Hollman et  al. 1997; 
Erlund 2004). The major sources of quercetin 
include tomatoes, grapes, apples, tea, and ginkgo 
(Kelly 2011). Onions are also known to contain 
good amounts of quercetin (Erlund 2004; Kelly 
2011). Other sources are dark chocolate, cloves, 
capers, oregano, and black elderberries (Asensi 

et al. 2011). It seems to be one of the promising 
therapeutic flavonoids in terms of its biological 
potential (Lin et al. 2011). The anticancer poten-
tial of quercetin is mainly attributed to its anti- 
inflammatory and antioxidant activity. Quercetin 
acts via above-cited mechanisms. It reduces the 
viability and improves the apoptosis of UVB- 
irradiated B16F10 melanoma cells by various 
mechanisms: it enhances the levels of ROS, trig-
gers the imbalance of calcium homeostasis, 
depolarizes mitochondrial membrane potential, 
attenuates MEK-ERK signaling, and modulates 
the ratio of Bax, Bcl-2, and Bim expression 
favoring of cell death elicitation (Rafiq et  al. 
2015). It also offers photoprotection against 
melanogenesis via a regulatory action on the 
Nrf2-ARE pathway (Chaiprasongsuk et al. 2016). 
Further, quercetin inhibits migration of mela-
noma cells in an experimentally activated set-up 
receptor tyrosine kinase c-Met, known to partici-
pate in the procurement of metastatic phenotypes 
(Cao et al. 2015).

18.4.14  Resveratrol

Resveratrol (trans-3, 5, 4′-trihydroxystilbene) is 
found in berries, grapes, red wine, peanuts, and 
various other plants. The major source of resvera-
trol is grapevine skin, where it protects the plant 
from bacterial infections (Delmas et al. 2006). It 
has shown to possess strong anticancer property 
via anti-inflammatory, anti-proliferative, and 
antioxidant potential (Ndiaye et al. 2011) and is a 
strong scavenger for ROS (Kowalczyk et  al. 
2009). It also arrests melanoma proliferation (in 
vitro), inhibiting cell divisions at the G1/S transi-
tion, and triggers apoptosis targeting Bcl-2- 
associated X protein, B-cell lymphoma 2, and 
caspase-9 and caspase-3 (Wu et  al. 2015). Via 
suppression of STAT3 and β-catenin-pathway, 
resveratrol retarded the levels of a protein sur-
vivin, which is an essential requirement for the 
survival of melanoma cells. Additionally, this 
compound has anti-migratory effects mediated 
by the deactivation of the proto-oncogenic Akt 
(Bhattacharya et al. 2011).
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18.4.15  Silymarin

Silymarin is a flavonolignan obtained from seeds 
(and also from fruits) of Silybum marianum (milk 
thistle or bank thistle), belonging to the 
Compositae family (Pandey 1990). This com-
pound used so far particularly as hepatoprotec-
tant was shown to have other interesting 
pharmacological activities, e.g., cancer- protective 
and anticancer and hypocholesterolemic activity 
(Gazak et  al. 2007). These activities have been 
due to the antioxidant potential of silymarin, like 
chain-breaking antioxidant, scavenger of reactive 
oxygen species, and scavenger of phenylglyox-
ylic ketyl radicals. Reports of several clinical 
investigations evidenced the chemotherapeutic 
potential of silymarin on a variety of tumors 
including skin cancer (Luper 1998; Deep and 
Agarwal 2010). Further, Katiyar et  al. demon-
strated that this bioactive assures UV rays trig-
gered skin cancer in a photocarcinogenesis 
mouse model (Katiyar et  al. 1997; Vaid and 
Katiyar 2010; Afaq and Katiyar 2011). 
Additionally, silymarin arrests UVB-induced 
skin edema and sunburn, reduces catalase activ-
ity, instigates apoptotic cell formation, and trig-
gers COX and ornithine decarboxylase 
articulation. The similar defensive effects were 
also demonstrated by silymarin on UVB-affected 
skin. Multiplying cell nuclear antigen, apoptotic 
sunburn cells and thymidine dimer-positive cells 
were found reduced using silyma-
rin (Dhanalakshmi et al. 2004a, b).

18.4.16  Vitamin C

The major sources of vitamin C include citrus 
fruits, broccoli, green pepper, tomatoes, straw-
berries, and melons. Vitamin C has been most 
commonly used in the prevention and treatment 
of a large number of diseases such as atheroscle-
rosis, diabetes, cataracts, common cold, macular 
degeneration, glaucoma, stroke, cancer, heart dis-
eases, and so on. It probably acts by induction of 
apoptosis and via inhibition of cell growth and 
proliferation in cancer (Chambial et  al. 2013). 
Apoptosis induction by this vitamin 

occurs by pro-oxidant activities, which can be 
blocked by a potent antioxidant N-acetyl-L- 
cysteine. It is known to possess antioxidant prop-
erty, but its anticancer potential in melanoma 
cells has been related to oxidative stress, instead 
of the caspase-8 pathway (Kang et  al. 2003). 
According to Neena et al., a low amount of ascor-
bate led to melanoma cell death, which was 
concentration- dependent. Another study sug-
gested mechanism for the anticancer property of 
this vitamin encompasses angiogenesis. Vitamin 
C stifles the expression of VEGF (vascular endo-
thelial growth factor) in melanoma cells, hence 
allowing it to extinguish angiogenic activities 
and bringing about tumor relapse (Kim et  al. 
2011).

18.5  Conclusion

Skin cancer is a frightening disorder, and its prev-
alence has been growing over the last three 
decades and is one of the largest health care 
issues for humans worldwide. The development 
of resistance with radiotherapy and chemother-
apy is commonly observed in skin cancer. Hence, 
the development of the most effective novel eco- 
friendly, safe, and efficient treatment modality is 
the need of the hour. Plants being a reservoir of 
numerous chemical entities provide a suitable 
line for cancer research. In this scenario, phyto-
chemicals may serve as a promising alternative 
against skin cancer. They are known to be reli-
able, easily available, cheap, and globally accept-
able options as the natural bioactive-based 
anticancer therapies. Over the last 25  years, 
approximately 65% of anticancer moieties intro-
duced have been obtained from natural sources, 
mainly plants. A variety of plant constituents 
from vegetables and fruits such as flavonoids, 
tannins, and terpenoids have displayed promising 
anticancer potential. Epidemiological evidence 
has reported an inverse relationship between skin 
cancer and dietary phytochemicals. These natural 
agents enhance the expression of cyclines, anti-
oxidant enzymes, Bax proteins, p53, p21, and 
CDKs. They also scavenge ROS and modify dif-
ferent signaling routes like Notech-1, NF-ĸB, 
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EGFR, STAT, ERK/MAPK, P13K/AKt/mTOR, 
and β-catenin. Additionally, they prevent the 
articulation of oncogenes like Fos genes, c-Myc, 
and H-ras and downregulate Bcl-xl and Bcl-2. 
Further, anti-metastasis, antioxidation, anti- 
angiogenesis, anti-inflammation, and modifica-
tion of cancer stem cells are the versatile 
protective phenomena involved in anticarcino-
genic effects of most of the phytochemicals. 
These phytochemicals can be expected to prove a 
revolutionary in the prevention and treatment of 
skin cancer in the future. The skin serves as the 
prime barrier toward environmental hazards and 
hence needs to differentiate and proliferate end-
lessly at a high rate. The anti-proliferative action 
of phytoconstituents needs to specially target 
proliferative tumor cells to reduce adverse conse-
quences to the skin. Thus, the topical route may 
serve as a perfect model of delivery for phytoag-
ents. However, the research community has been 
facing newer challenges in skin delivery, and 
therefore, extensive studies are being undertaken 
to fabricate nanomedicine-based delivery 
 systems. In addition, most of the phytoactive 
compounds suffer from limitations such as poor 
solubility and low bioavailability. In this regard, 
nanodelivery-based platforms surmount the 
abovementioned challenges. Further, these sys-
tems offer advantages such as lower toxicity, 
good biocompatibility, prolongation of drug cir-
culation time, scope of surface modification, and 
multiple drug loading, all making major contri-
bution to their enhanced utility. The challenges 
associated with the development of nano-drug 
delivery formulations include the scale-up possi-
bilities and the feasibility of attaining these sys-
tems to achieve numerous therapeutic and 
biological applications.

To date, in vitro and epidemiologic evidence 
support the chemoprotective action of phytoag-
ents in skin cancer. However, evaluations are 
required to further evaluate their bioavailability 
and pharmacokinetics clinically. For topical 
delivery, issues regarding augmented skin pene-
tration, drug retention, stability of the final prod-
uct, and treatment time need to be investigated to 
translate the research to fruitful commercial 
products. A gap exists and research activities to 

develop tumor-targeted nanodelivery system of 
phytotherapeutic agents may prove efficacious in 
the management of skin cancer. A synergistic 
combination of herbal agents with synthetic 
drugs could increase drug circulation times, 
yielding better efficacy, reducing toxicity, and 
providing coordinated drug release, leading to 
clinical trials and finally reaching the bedside. 
Novel formulations targeting strategies and their 
evaluation, matching international standards, will 
pave the way for functionalizing phytochemical 
agents for skin cancer.
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Abstract

There have been rapid developments in the 
field of peptide therapeutics since the advent 
of insulin therapy in the 1920s. Conventionally, 
like other drugs, peptides/proteins were also 
delivered intravenously, but due to low patient 
compliance, other modes of delivery like oral 
and nasal were explored. The oral route being 
the most sought-after mode of drug delivery 
has its own set of challenges when it comes to 
the delivery of peptides, high proteolytic 
activity, and acidic pH conditions in GI tract, 
to name a few. Another upcoming yet chal-
lenging mode is intranasal route. The nasal 
route has been used for brain targeting as it 
circumvents the blood-brain barrier; the drug/
peptide can also cross the nasal epithelium to 
reach systemic circulation directly. This chap-
ter focuses on the mechanism of intranasal 
mode of delivery, nanocarriers used to enhance 
the efficacy of delivery, and the peptides that 
have been developed and patented.
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19.1  Introduction

Peptides, by definition, are a class of compounds 
which comprise two or more amino acids that are 
linked in such a way that the carboxyl group of 
one amino acid is joined to the amino group of 
the next amino acid by the bond -CO-NH-, known 
as a peptide bond. Peptides are a class of mole-
cules that prevail in between the molecular 
weight range of proteins and small molecules yet 
have distinct biochemical structure and therapeu-
tic applications (Lau and Dunn 2018).

Peptides have been used in various therapeutic 
indications since insulin therapy first arrived in 
the 1920s. With the advancement of technology, 
there have been rapid developments in the field of 
protein and peptide pharmacology. With the use 
of recombinant DNA technology, large-scale 
manufacture of peptides has become feasible. 
This has led to large-scale commercialization of 
peptides (Agarwal and Rupenthal 2013). Peptides 
being intrinsic signaling molecules for many 
physiological pathways can therapeutically inter-
vene natural pathways (Lau and Dunn 2018) 
(Fig. 19.1).
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The presence of protein- and peptide- degrading 
enzymes in the body is abundant; therefore, deliver-
ing peptide or protein-based drugs via other routes 
is not as efficient. A  number of pathways have been 
adopted for the delivery of therapeutic peptides to 
the human body, some of them being intravenous, 
intrathecal, oral, transdermal (Dillon et  al. 2019), 
and intranasal. The choice of mode of delivery of 
peptides is largely limited to injectable owing to low 
bioavailability via the oral route. Peptides are 
mostly delivered intravenously; however, delivery 
via intranasal or intrathecal routes has also been 
explored for some conditions like Parkinson’s dis-
ease, Alzheimer’s (Gaudreault and Mousseau 
2019), major depressive disorder, etc. However, the 
action of mucociliary clearance, enzymatic degra-
dation, and poor olfactory region deposition lowers 
the therapeutic efficiency of the administered drug 
(Shah and Shao 2017; Sonvico et al. 2018). But the 
drug’s efficiency via intranasal route can be 
enhanced by using the drug in conjugation with cer-
tain carrier particles and absorption- enhancing 
agents (Bourganis et al. 2018) (Table 19.1).

In view of the various hindrances that come in 
the way of delivery to the brain via intranasal 
route, researchers tried to explore various options 
that would help to improve the process of drug 
delivery and thereby have better therapeutic effi-
cacy (Phukan et al. 2016). To address this issue, 
partition-based formulations in addition to parti-
cle size are being tried in the field of pharmacy. 
This has led to the development of nanoparticu-

late drug delivery systems (Phukan et al. 2016). 
Particles with their size ranging from 10 to 
1000 nm and having colloidal nature are termed 
as nanoparticles. Dissolving, attaching, or entrap-
ping the drug in the polymer matrix is some of 
the ways by which these nanoparticles can be 
designed as efficient drug delivery systems. 
Different forms of nanoparticles can be designed 
via these methods like liposomes, dendrimers, 
polymeric nanoparticles, and solid-lipid nanopar-
ticles, to name a few (Phukan et al. 2016).

Table 19.1 Different modes of delivery of therapeutic 
peptides

Peptide Mode of delivery References
Ocreotide Oral Tuvia et al. 

(2012)
Salmon calcitonin Oral Anselmo 

et al. (2018)
Leuprolide Oral Iqbal et al. 

(2012)
Insulin (buccal 
films)

Buccal (oral 
mucosal surface)

Anselmo 
et al. (2018)

Teriparatide Transdermal Anselmo 
et al. (2018)

Abaloparatide Transdermal Yates et al. 
(2014)

Insulin (dry 
powder inhalers)

Inhalation 
(pulmonary)

Anselmo 
et al. (2018)

Api137 Subcutaneous Knappe 
et al. (2019)

Leuprolide Intravenous Hu et al. 
(2015)

Fig. 19.1 Different 
modes of peptide drug 
delivery
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To overcome the efficiency-limiting character-
istics of the nasal cavity (e.g., poor mucosal per-
meability, rapid physical clearance  mechanism, 
high enzymatic activity), various conventional and 
non-conventional approaches such as introducing 
a chemical modification to the drug molecule, aux-
iliary agent utilization either as co- administration 
agents or as formulation components, and new for-
mulation development are used (Bourganis et al. 
2018). This chapter focuses on the mechanism of 
the intranasal mode of delivery, nanocarriers used 
to enhance the efficacy of delivery, and the pep-
tides that have been developed and patented 
(Table 19.2).

19.2  Intranasal Mode of Delivery

Intranasal mode of drug delivery has been prac-
ticed since ancient times. It has been prevalent in 
the Ayurvedic system of Indian medicine and was 
popularly known as “NASAYA KARMA” 
(Kushwaha et al. 2011). Nasal mucosa, a potent 
administration route, helps to achieve higher and 
faster levels of drug absorption. This is because 
of the neutral pH of the nasal mucosa and com-
paratively lesser enzymatic degradation in com-
parison to the oral mode of delivery. Oral mode 
of delivery is one of the most conventional drug 
administration methods; it has its own drawbacks 
like enzymatic activity, highly variable pH, 
hepatic first-pass effect, etc. Intranasal mode of 

delivery allows drugs comprising proteins and 
peptides that are active in low doses and show 
lesser bioavailability orally to achieve better 
administration rates.

Nasal administration of compounds has been 
long practiced. Psychotropic drugs and other hal-
lucinogens were snorted by natives of South 
America since ages. This practice is still preva-
lent among abusers of heroin and cocaine (Wadell 
2002). In the nasal route of administration, drugs 
are insufflated through the external nares.

Disorders of the central nervous system (CNS) 
like multiple sclerosis (Schirmer et  al. 2019), 
Alzheimer’s disease, Parkinson’s disease, and 
epilepsy are on the rise because of the changing 
lifestyle and aging population. These disorders 
show a variety of clinical and pathological out-
comes but in totality result in alteration of neural 
functions and gradual loss of neural tissue 
(Bourganis et  al. 2018). The complexity of the 
CNS and the ostensible multifactorial pathogenic 
mechanism makes effective treatment of such 
disorders a challenge despite major advances in 
both the understanding of the pathogenesis of 
neurological disorders and drug delivery research. 
Presently available drugs mainly target to lessen 
the neurodegeneration but have failed to reverse 
the disease state and restore normal neural condi-
tion and function (Bourganis et al. 2018).

Acquired metabolic and congenital disorders 
like osteoporosis and diabetes mellitus require 
long-term therapy by protein- and peptide-based 

Table 19.2 Commercially available peptides and the medical condition they treat

Company Product(s) Peptide Medical condition
Novartis AG (Switzerland) Neoral®/

Sandimmune®
Cyclosporine Immunosuppression

Ferring Pharmaceuticals (Switzerland)/
Generic (e.g. Actavis Labs FL Inc., NJ, 
USA)

DDAVP® 
Tablets
DDAVP® Melt
Minrin®

Desmopressin 
acetate hydrate

Central diabetes insipidus, 
primary nocturnal enuresis

Mitsubishi Tanabe Pharma Corporation 
(Japan)

Ceredist®
Ceredist OD®

Taltirelin hydrate Spinocerebellar degeneration

Theranaturals Inc. (ID, USA) Reduced
L-Glutathione

Glutathione AIDS-related cachexia/cystic 
fibrosis

Acatavis, Inc. (NJ, USA)/Ironwood 
Pharma,
Inc. (MA, USA)

Linzess® (USA)
Constella®
(Europe)

Linaclotide Irritable bowel syndrome, 
chronic idiopathic constipation

ANI Pharmaceuticals, Inc. (MN, USA) Vancocin® Vancomycin HCl Infection
Biocon Ltd. (India) Koolistin® Colistin sulfate Infection
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pharmaceuticals. But the hepatic first-pass effect 
(Raza et al. 2019) and degradation by proteolytic 
enzymes call for daily injections to maintain effi-
cacy. For this reason, research has been directed 
toward finding new delivery modes, some of 
them being ocular, pulmonary, buccal, rectal, and 
nasal (Ahsan et  al. 2001). Out of these, nasal 
route of delivery is preferred over the other routes 
due to the ease of administration and high patient 
compliance (Fig. 19.2).

19.2.1  Nose Anatomy

A nasal cavity in humans (volume: 15–20  ml) 
and animals has two major functions of breathing 
and olfaction. Apart from these, nasal cavity also 
performs the physiological functions of reso-
nance of produced sounds, heating and humidifi-
cation of inhaled air before it reaches the lungs, 
filtration of particles, immunological activities, 
and mucociliary clearance (Wadell 2002). The 
median septum divides the nose into two sym-
metrical halves. Each of these halves extends 
posteriorly to the nasopharynx and opens out 
exteriorly to the face through nostrils. The respi-
ratory region, the anterior and posterior vesti-
bules, and the olfactory regions are the three 
main areas of the nasal cavity (Illum 2004). The 
lateral wall consists of a convoluted structure 
which is referred to as the nasal labial folds or 
conchae (Bakary et al. 2019). This highly folded 

structure further consists of the inferior, median, 
and superior turbinates which vastly increases 
the surface area to about 150 cm2. The respiratory 
region covers about 85% of this area in humans 
(Wadell 2002).

The nostrils are protected by the skin on the 
outside, while the nasal cavity anteriorly is lined 
by stratified squamous (Firat et  al. 2018) and 
transitional epithelium. The epithelial tissue is 
highly vascularized and provides a potential 
channel for drug delivery. The highly vascular 
respiratory epithelium present in the posterior 
part of the nasal cavity is ciliated, columnar, and 
stratified. It consists of five main types of cells: 
ciliated columnar cells, non-ciliated columnar 
cells, goblet cells, basal cells, and a small number 
of neurosecretory cells are also present in the 
basement membrane. The columnar cells are 
covered with microvilli, which help to increase 
the surface area by many folds. About 20% of the 
total cells present in the lower concha are ciliated 
which helps to transport mucous toward the naso-
pharynx, while non-ciliated cells comprise about 
60–70% of the respiratory mucosa, are high in 
metabolic activity, and are involved in the trans-
port of fluids in and out of the cells. The goblet 
cells comprise about 10% of the mucosa in the 
turbinate area, contain plentiful of secretory 
granules filled with mucin, and produce secretion 
that forms the mucous layer. Being poorly dif-
ferentiated, the basal cells replace other epithelial 
cells, acting as stem cells (Wadell 2002).

Fig. 19.2 Nasal route of delivery of peptide drugs
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19.2.2  Pathway of Transport

It is believed that a combination of pathways 
involving cerebrospinal fluid, lymphatic system, 
gastrointestinal tract, and vascular system are 
responsible for the transport of molecules through 
the nasal cavity. An overview of the pathways 
involved in intranasal transport of therapeutics to 
the CNS is explained further. It has been well 
documented that systemic, olfactory, and trigem-
inal nerve pathways are the major routes through 
which nose-to-brain transport occurs. The com-
mon benefits that these pathways offer are that 
they avoid clearance due to enzymatic degrada-
tion mechanisms. It is the physiochemical prop-
erty of the drug that dictates which pathway it 
would be transported by (Hanson and Frey 2008).

19.2.2.1  Systemic Pathway
This pathway is an indirect route for a nose-to- 
brain delivery. In this, the drug is absorbed from 
vascularized nasal respiratory epithelium and the 
lymphatic system. Systemic pathway mainly 
favors the transcellular delivery of lipophilic sub-
stances which have the ability to get readily 
absorbed in the bloodstream, thereby crossing the 
blood-brain barrier and entering the brain paren-
chyma. This pathway is the least studied, with 
prevalent research only in animal models such as 
rats, rabbits, and swine (Bourganis et al. 2018).

19.2.2.2  Olfactory Pathway
The olfactory pathway further bifurcates into 
neuronal and epithelial routes. Other categoriza-
tions are done on the basis of the extracellular or 
intracellular destiny of the delivered drug. 
Incorporation of the drug containing formulation 
into the olfactory sensory neuron is done by 
endocytotic or pinocytotic mechanism (Michael 
Danielsen and Hansen 2016) for the neuronal 
route. The drug is then intracellularly transported 
in the axon to the olfactory bulb, from where it is 
distributed throughout the CNS.  Delivery via 
axonal pathway is rather time-consuming, but it 
also depends on factors such as the substance 
transported, the species, the axonal diameter, etc.

Delivery of therapeutics to the brain via the 
olfactory region can also take place by the olfac-

tory epithelium. In this pathway, the drug requires 
only minutes upon administration to reach the 
olfactory bulb and other parts of the brain, which 
is much faster than the axonal pathway. Both 
intracellular and extracellular mechanisms are 
involved in transport across the olfactory mucosa 
(Bourganis et al. 2018).

19.2.2.3  Trigeminal Pathway
The trigeminal nerve route which innervates both 
the respiratory and olfactory mucosa serves as a 
channel for the delivery of drugs to the brain stem 
and other structures connected to it. It is a much 
less explored pathway, utilizing many branches 
of the trigeminal nerve (Okada et al. 2018) which 
is the largest cranial nerve. Its main function is to 
convey thermosensory and chemosensory infor-
mation to the ocular, nasal, and oral mucosae. 
Transport via this pathway might occur either 
extracellularly or intracellularly (Bourganis et al. 
2018).

19.2.2.4  Lymphatic Pathway
The lamina propria (olfactory region’s submuco-
sal area) (Ladel et al. 2018) clears the drug either 
by the method of absorption into olfactory blood 
vessels or into the olfactory lymphatic vessels, 
draining the substance deep into the lymph nodes 
present in the cervical region in the neck. Another 
way of transporting the drug could be through the 
extracellular pathway wherein the olfactory nerve 
passes from the lamina propria to the olfactory 
bulb present in the brain (Bourganis et al. 2018).

19.2.3  Advantages 
and Disadvantages

The intranasal route of drug delivery has emerged 
as a potential route for delivering drugs into sys-
temic circulation as well as the brain. The nasal 
mucosa has a large absorption area (150  cm2) 
which is highly vascularized and permeable to 
most of the therapeutics. Nasal delivery also 
offers additional benefits over the oral mode of 
delivery, some of them being rapid onset of 
action, high patient compliance, avoidance of 
gastrointestinal degradation due to acidic pH or 
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presence of proteolytic enzymes, non-invasive 
administration, avoidance of hepatic first-pass 
effect, etc. (Shah and Shao 2017). The intranasal 
route can be exploited to accentuate the delivery 
of therapeutics to the brain as this method of 
delivery bypasses the blood-brain barrier.

However, this mode of drug delivery suffers 
from certain limitations like low permeability of 
the nasal mucosa to hydrophilic molecules (espe-
cially those having molecular weight over several 
thousand Daltons), small applicable volume per 
dose, the short residence time of the drug formu-
lation due to mucociliary clearance (Whitsett 
2018), enzymatic degradation, etc.

To overcome these challenges associated with 
the nasal route, nanoparticles are being devel-
oped which enhances the efficacy of the drug.

19.3  Nanoparticles for Intranasal 
Delivery

With constant advancements in technology, there 
have been plenty of developments in the field of 
drug delivery methods. As there is evident enzy-
matic degradation in both the oral and intranasal 
routes of delivery, the necessity of developing an 
efficient delivery system that protects the peptide 
drug from harsh environment and aids in height-
ening its absorption without altering biological 

activity has risen. Nanocarriers or nanoparticles, 
as we commonly call them, are a promising 
approach (Chen et al. 2016) which can be inte-
grated with the therapeutic molecule to achieve 
desired results (Fig. 19.3).

In a study conducted by Shahnaz et al., thio-
lated chitosan nanoparticles (Rahbarian et  al. 
2018) were developed for the efficient delivery of 
leuprolide (Shahnaz et al. 2012). Leuprolide is an 
efficient treatment option for prostate cancer and 
disorders related to endocrine system malfunc-
tion such as fibroids in the uterus, central preco-
cious puberty in minors, and endometriosis. Its 
synthetic variant leuprolide acetate (nanopeptide) 
acts as a substitute of the luteinizing hormone- 
releasing hormone (Nian et al. 2019). Since the 
treatment for these disorders requires constant 
drug administration via injections, it is not patient 
compliant. To overcome this challenge, the intra-
nasal method of drug delivery was adopted and 
thiolated chitosan nanoparticles were developed. 
To prepare the nanoparticles, ionic interaction 
between thiolated (chitosan-TGA) and unmodi-
fied chitosan was allowed with sodium tripoly-
phosphate. The prepared nanoparticles were 
observed to have a mean size of 252 ± 82 nm and 
zeta potential equal to +10.9  ±  4  mV.  The 
thiolated(chitosan-TGA) nanoparticles were 
compared to chitosan nanoparticles without any 
modification. It was observed that the transport 

Nanoemulsion

PLGA nanoparticle
PEG-PLGA

Nanoparticles

Nanocapsules Solid-lipid
nanoparticles

Nanogels Dendrimers Liposomes

Fig. 19.3 Different types of nanoparticles used in peptide drug delivery
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of unmodified nanoparticles and thiolated 
nanoparticles across porcine nasal mucosa was 
increased by 2- and 5.2-fold as compared to leu-
prolide solutions. Also, the nasal bioavailability 
of thiolated nanoparticles was about 19.6% in 
comparison to leuprolide solution 2.8% accord-
ing to AUC(0–6). A fourfold increase in elimina-
tion half-life was also observed for thiolated 
nanoparticles as compared to leuprolide solution. 
Therefore, this approach sustains the drug in the 
body for a longer time duration and enhances its 
bioavailability (Shahnaz et al. 2012).

In another study conducted by Yadav et al. in 
Sprague-Dawley rats, the comparative biodistri-
bution of cyclosporine A was done by intranasal 
administration of drug using oil in water nano-
emulsion. For this purpose, flaxseed oil (omega-3 
fatty acid rich) was used which is known to play 
a major role in the functioning of the brain. 
Cyclosporin A is an immunosuppressive agent 
and is hydrophobic in nature (Yadav et al. 2015). 
It has also been demonstrated to be a potential 
anti-inflammatory agent, and being a neuropro-
tective agent, it mainly targets the brain (Guada 
et  al. 2016). The cyclosporine A nanoemulsion 
was prepared by using ultrasonication and was 
studied for encapsulation efficiency of the drug, 
size of the globule formed, and zeta potential. 
The hydrodynamic diameter of Cyclosporin 
A-nanoemulsion was observed to be 272 ± 12 nm 
having a zeta potential of 57 ± 10 mV, percentage 
drug encapsulation of 88 ± 13% and CsA loading 
concentration of 25 mg/mL. Upon administering 
intranasally, CsA nanoemulsion resulted in an 
increase in blood-to-brain concentration from 
1.03 to 10 from 30 min to 240 min, while other 
approaches did not show efficient brain targeting 
with the blood-to-brain ratio reaching up to the 
maximum value of 0.713 at 120  min for 
Cyclosporin A solution when administered intra-
nasally. The result suggests that intranasally 
delivered nanoemulsion has proven to provide 
elevated brain-to-blood drug concentration and 
can be adopted as a suitable delivery system 
(Yadav et al. 2015).

Zhao et al. developed phospholipid-based gel-
atin nanoparticles encapsulating basic fibroblast 
growth factor. In Parkinson’s disease, basic fibro-

blast growth factor and brain-derived neuro-
trophic factor expression are found to be reduced 
in the dopaminergic neurons of substantia nigra 
pars compacta (Cookson 2017). It was found that 
in basic fibroblast growth factor null mutant 
mice, dopaminergic neurons die of neurotoxicity 
whereas neurons were preserved in basic fibro-
blast growth factor overexpressing mice. This 
indicates dopaminergic neuron protection effi-
ciency of basic fibroblast growth factor from neu-
rotoxicity. Water-in-water emulsion followed by 
freeze-drying method was used for the prepara-
tion of lipid nanocarrier molecules made up of 
gelatin having particle size 143  ±  1.14  nm and 
zeta potential equal to −38.2  ±  1.2  mV.  These 
gelatin nanostructured lipid carriers were com-
pared to gelatin nanoparticles on the basis of the 
dopaminergic neuron amount. In basic fibroblast 
growth factor-gelatin nanostructured lipid carrier 
group administered intranasally, the number of 
dopaminergic neurons was observed to be 
3000.38 ± 331.03 ng/g tissue weight, while in the 
basic fibroblast growth factor-gelatin nanoparti-
cle group administered intranasally, it was found 
to be 1020 ± 141.3 ng/g tissue weight. This sug-
gests that the former were effective in enhancing 
the brain delivery of basic fibroblast growth fac-
tor, which is a significant neuroprotective agent 
via the intranasal route (Zhao et  al. 2013). 
Another peptide drug, urocortin, was integrated 
with odorranalectin-conjugated poly(ethylene 
glycol)-poly(lactic-co-glycolic acid) nanoparti-
cles, and studies were conducted on hemiparkin-
sonian rats. Urocortin being a peptide related to 
corticotropin-releasing factor has been shown to 
be efficient in providing sustained restoration of 
nigrostriatal function (Md et  al. 2015). The 
nanoparticles were designed to have a diameter 
between 80 nm and 90 nm, and they had a zeta 
potential of −24.7  ±  1.5  mV.  The resulting 
nanoparticles upon delivering intranasally to 
hemiparkinsonian rats have shown to accentuate 
the brain uptake and neuroprotective effects of 
urocortin (Wen et al. 2011).

In a case of developing alginate nanoparticles, 
Haque et  al. synthesized and evaluated alginate 
nanoparticles carrying the antidepressant drug 
Venlafaxine following the intranasal delivery 
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route. It can be used as a treatment option for 
patients suffering from major depressive disor-
der. Venlafaxine was chosen because it inhibits 
neuronal reuptake of central serotonin and nor-
epinephrine increasing their level in the synaptic 
clefts present in the brain (Gallagher et al. 2015). 
The prepared Venlafaxine alginate nanoparticle 
had a particle size of 173.7 ± 2.5 nm and positive 
zeta potential of +37.4 ± 1.74 mV with a loading 
capacity of 26.74 ± 1.40%. Fluorescence micro-
scopic studies were performed to determine the 
efficacy of nanoparticle delivery to the brain with 
Rodamine-123 as the marker molecule. 
Venlafaxine was observed to reach a brain con-
centration of 742.5 ± 32.50 ng/mL upon adminis-
tration via alginate nanoparticles intranasally, 
while it was observed to be 396.97 ± 29.17 ng/
mL upon intranasal administration via solution. 
The above-stated results indicate better drug 
absorption by using alginate nanoparticles 
(Haque et al. 2014).

Polymeric nanoparticles developed by 
Godfrey et al. aim to deliver leucine-enkephalin 
hydrochloride to the brain. The peptide delivered 
is used as a pain therapeutic (Boumrah et  al. 
2015). Nanoparticle administration of leucine- 
enkephalin hydrochloride exhibited an accentu-
ated anti-nociceptive response in assays of 
ongoing and evoked pain in contrast to animals 
dosed with leucine-enkephalin hydrochloride 
alone. The peptide was formulated with 
N-palmitoyl-N-monomethyl-N,N-dimethyl- 
N,N,N-trimethyl-6-O-glycolchitosan into a mix-
ture of single (30–40  nm) and aggregated 
(100–200  nm) nanoparticles (NMO127). No 
plasma exposure to the drug indicates the capa-
bility of the drug to exclusively target the brain. 
Animal behavioral data pointed out the potential-
ity of NMO127 at a dose of 7.5 mg kg−1 to reverse 
hypersensitivity in inflammation-induced hyper-
sensitivity. It also relieved neuropathic pain in the 
case of nerve injuries. The peptide encapsulation 
in the nanoparticle has been proven to be instru-
mental in the distribution of peptide to the thala-
mus and cortex and reduction in off-target effects 
(Godfrey et al. 2017). Another group comprising 
Kumar M. et  al. developed leucine-enkephalin- 
loaded N-trimethyl chitosan nanoparticles and 

evaluated for brain targeting of the peptide. Mean 
particle size and zeta potential were found to be 
443 ± 23 nm and +15 ± 2 mV. It was observed 
that the permeability of the peptide released from 
the nanoparticle was around 35-fold higher than 
the leucine-enkephalin solution (Kumar et  al. 
2013).

In a study conducted by Mansoor et al., assess-
ment of synthetic bovine parainfluenza virus type 
3 peptide motifs and solubilized BPI3V proteins 
encapsulated in PLGA nanoparticles to induce 
humoral immune response was conducted. To 
overcome the deficiencies of conventional vac-
cines, use of adjuvants for vaccine delivery was 
proposed. Majority of the particles produced 
were spherical in shape having a size less than 
330 nm with a zeta potential of −23 mV. Upon 
administration, it was observed that there was an 
increase in IgG response after immunization with 
BPI3V or BPI3V motifs nanoparticles compared 
to empty nanoparticles. The response was sus-
tained for over 57 days of study probably due to 
slow release of the antigen (Mansoor et al. 2014).

Liu et al. studied PEG-PCL nanoparticles car-
rying lactoferrin. A natural iron-binding protein, 
lactoferrin, plays an essential role in Alzheimer’s 
disease, Parkinson’s disease, amyotrophic lateral 
sclerosis, etc. Lactoferrin’s receptors have the 
property of overexpressing respiratory epithelial 
cells and neurons which was utilized to facilitate 
the drug delivery from nose to brain (Legrand 
2016). NAP(NAPVSIPQ) which is an 8 amino 
acid neuropeptide currently in Phase II clinical 
trials was used as a model drug. The nanoparti-
cles had an average diameter of 70–90 nm and 
lactoferrin conjugation efficiency of 22.6%. The 
biodistribution of Coumarin-6 was used as an 
indicator for determining the results of intranasal 
administration of lactoferrin-loaded nanoparti-
cles. It was observed that there was an increase in 
the accumulation of fluorescence tracer embed-
ded in lactoferrin nanoparticle in parts of the 
brain like cerebellum, hippocampus, olfactory 
bulb, and olfactory tract. The results indicated 
that the nanoparticles helped in higher transmu-
cosal transport and better brain targeting effi-
ciency (Liu et al. 2013). In an attempt to transport 
levodopa, a drug used in the treatment of 
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Parkinson’s disease, Sharma et  al. formulated 
nanoparticles made up of chitosan and loaded 
them with levodopa, incorporating it into a 
thermo reversible gel. Due to the extensive 
metabolism of levodopa, it exhibits low oral bio-
availability so it is co-administered with carbi-
dopa which is an amino acid decarboxylase 
inhibitor preventing the degradation of levodopa. 
Results suggested that with 90 mg of drug, the 
nanoparticle size was 164.5 nm and it had a zeta 
potential of 28.3 mV. From the experiments con-
ducted, it was found that CNL exhibited higher 
drug recovery in the brain (74.7 ± 2.27%) than 
levodopa in saline. It can be inferred that because 
of the high adhesion of chitosan with mucin in 
the nasal mucosal tissue such results have been 
obtained. This clearly proves that the use of chi-
tosan can reduce the clearance time of formula-
tion, thereby increasing the residence time for 
better drug absorption (Sharma et al. 2013).

Oppong-Damoah et  al. synthesized bovine 
serum albumin nanoparticles carrying the peptide 
oxytocin. Oxytocin, a nine amino acid longneuro- 
peptide, is synthesized in the paraventricular and 
supraoptic nuclei of the hypothalamus. The pos-
terior pituitary gland releases it into the blood 
circulation, but it also has neurotransmitter like 
properties and acts at an identified oxytocin 
receptor throughout much of the brain in mam-
mals. Though known for being a uterine 
contraction- causing hormone during parturition, 
recent studies have shown that it also plays a role 
in social behavior, social recognition, altruism, 
and social comfort as a brain neurotransmitter. 
This recent finding has led to the therapeutic use 
of oxytocin as a potent drug for treating central 
nervous system disorders like fragile X-syndrome, 
Dravet syndrome, and altruism spectrum disor-
der. Nanoparticles were developed for the effi-
cient delivery of oxytocin since it is not able to 
permeate the blood-brain barrier, which leads to 
lesser bioavailability. These nanoparticles were 
labeled with fluorescein isothiocyanate, and their 
transport across the blood-brain barrier was 
examined by determining the effect of the 
absence or presence of the cell barrier and the 
effect of time. It was observed that there was no 
significant difference in the transport of fluores-

ceinisothiocyanate present in the nanoparticles 
that targeted the brain because of the cellular bar-
rier at any point in time. The resistance provided 
by the cellular barrier at the first sampling point 
was 107.28 ± 31.7 ohm.cm2 (at t = 60 min), and it 
was observed to be 127.22  ±  28 ohm.cm2 (at 
t = 240 min), at the end of the experiment. The 
resistance of the cellular barrier was found to be 
5.03 ± 1.8 ohm.cm2 (at t = n60 min) and 10.8 ± 2 
ohm.cm2 (at t = 240 min), at the end of the experi-
ment without the cellular barrier. These results 
indicated that the brain-targeting nanoparticles 
swiftly surpass the blood-brain barrier, believ-
ably via active transport across the barrier 
(Oppong-Damoah et al. 2019).

Vaccines based on peptides have the capabil-
ity of overcoming the limitations of their classi-
cal counterparts; their use, however, is impeded 
due to the shortage of adjuvants and carriers fit 
for human use. Nevagi et  al. developed a self- 
adjuvanting peptide-carrying system, based on 
the ionic interactions between a peptide antigen 
conjugated with artificially designed anionic 
alpha-poly (L-glutamic acid) and cationic tri-
methyl chitosan. The antigen bearing a preserved 
B-cell epitope which was acquired from group A 
streptococcus bacteria and a common T-helper 
epitope was coupled with alpha-poly-(L-glutamic 
acid), using cycloaddition. Chitosan is an 
environment- friendly natural polymer which is 
non-toxic in nature and has mucoadhesive prop-
erties. It is recognized by several receptors pres-
ent in antigen-presenting cells like C type lectin 
receptors mannose receptors and toll-like recep-
tor 2, and it is shown to have self-adjuvanting 
ability, improving the immunogenicity of the 
peptide-based vaccine. The chitosan nanoparti-
cles were synthesized and checked for size, zeta 
potential, and morphology. The smallest size of 
the nanoparticles was found to be 201±8 nm with 
a zeta potential of +36 mV. During the study, it 
was shown that nanoparticles in the size range of 
50–200  nm were taken up effectively by the 
M-cells further internalizing by receptor- 
mediated endocytosis in dendritic cells. Also, the 
positively charged nanoparticles easily gained 
access to the antigen-presenting cells taking into 
account the negatively charged membranes of 
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these cells, which was evident from several 
reports. Therefore, the positive zeta potential of 
the nanoparticles played an important role in 
their uptake. Further, it was proven that these 
nanoparticles affected increased IgA and IgG 
antibody titers even at low antigen concentrations 
compared to earlier reports and exhibited protec-
tion against group A streptococcus infection. 
Thus, proving to be a highly promising strategy 
for the delivery of peptide antigens (Nevagi et al. 
2018).

Kubek et al. developed polylactide nanopar-
ticles having thyrotropin-releasing hormone, 
which were proven to hinder the kindling sei-
zure development in terms of clonus duration, 
after discharge duration and behavioral stages. 
Thyrotropin-releasing hormone is an endoge-
nous neuropeptide, which is acknowledged as 
being an anticonvulsant in animal models and 
numerous recalcitrant epileptic patients. 
However, its duration of action is circum-
scribed by the blood-brain barrier and quick 
tissue metabolism. To rectify this problem, the 
method of intranasal delivery of the neuropep-
tide in sustained-release biodegradable 
nanoparticles was developed. This ensured 
enhanced bioavailability of the neuropeptide in 
the CNS.  Solvent evaporation method using 
double emulsion process was used for the 
preparation of Poly(L-lactic acid-D-lactic 
acid) nanoparticles with or without thyrotropin- 
releasing hormone. Transmission electron 
microscopy analysis revealed that an average 
diameter of 108 ± 12 nm was observed for the 
thyrotropin-releasing hormone containing 
nanoparticles, and it was 102 ± 12 nm for the 
blank nanoparticles, showing consistency in 
the shape and size of the nanoparticles. The 
availability and distribution of these nanopar-
ticles were evaluated by staining with the lipo-
philic Nile red stain and then visualizing them 
under fluorescence microscope. It was observed 
that nanoparticles in the 80–100 nm size range 
loaded with the fluorescent dye when delivered 
contiguous to the olfactory neuroepithelium 
can be efficiently transferred from the nose to 
brain. These nanoparticles are internalized by 
the cells efficiently, cross the epithelial lining 

barriers, penetrate deep into the tissues, and 
seem to have negligible ciliotoxicity (Kubek 
et al. 2009).

In another study conducted by Kaur et  al., 
thyrotropin-releasing hormone analogues were 
synthesized and encased in environment-friendly 
poly-lactide-co-glycolide nanoparticles, which 
were coated with the mucoadhesive polymer chi-
tosan. Nanoparticles (unloaded) were prepared 
by oil-in-water emulsion-solvent evaporation 
method, while the drug-loaded nanoparticles 
were prepared by the water-in-oil-in-water dou-
ble emulsion method, and these nanoparticles 
were conjugated with chitosan. The mean diam-
eter of the unloaded nanoparticles was found to 
be 110.97 ± 9.7 nm, and for the unloaded chito-
san nanoparticles, it was 163.6  ±  8.0  nm. The 
increase in the size of the nanoparticles can be 
associated with the formation of the chitosan 
layer over the unloaded poly-lactide-co-glycolide 
nanoparticles, thus demonstrating fruitful surface 
modification. In addition, a change in zeta poten-
tial was observed, going from less than zero to 
more than zero which in turn proved to be the 
successful adhesion of chitosan over the nanopar-
ticles. The unloaded nanoparticles had a zeta 
potential of −32.22 mV while the chitosan poly- 
lactide- co-glycolide nanoparticles had a zeta 
potential of 20.29  mV.  Thus, thyrotropin- 
releasing hormone may provide a novel therapeu-
tic approach option that can fairly hinder or 
conceivably avert epileptogenesis, where more 
traditional therapies have not been very effective 
(Kaur et al. 2018).

Gao et al. evaluated vasoactive intestinal pep-
tide which acts as a neuroprotective peptide and 
is incorporated into the poly (ethylene glycol)-
poly (lactic acid) nanoparticles having wheat 
germ agglutinin modification. The vasoactive 
intestinal peptide is a 28 amino acid neuropeptide 
which is widespread in the central and peripheral 
nervous system. It exhibits diverse biological 
functions including smooth muscle relaxation, 
anti-inflammatory functions, regulation of cell 
growth, etc. It can also be used in the treatment of 
neurological disorders like Alzheimer’s disease. 
In the study, nanoparticles were investigated for 
their potential as a promising drug delivery sys-
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tem. The size of wheat germ agglutinin-modified 
vasoactive intestinal peptide nanoparticle was 
100–120  nm and had a spherical shape. The 
results indicated that the peptide was efficiently 
entrapped (encapsulation efficiency: 70%) by 
poly (ethylene glycol)-poly (lactic acid) nanopar-
ticle. Despite this, PEG-PLA nanoparticles 
showed low bioavailability, as a result of which 
wheat germ agglutinin was used as an alternative 
which in turn enhanced the peptide-loaded 
nanoparticles and nasal mucosa binding. WGA- 
modified nanoparticles were efficient and proved 
to be a potential mode of peptide delivery (Gao 
et al. 2007) (Table 19.3).

19.4  Conclusion

Nose-to-brain drug delivery is a very intriguing 
and appealing topic and holds a lot of potential 
for further research and development. It sur-
mounts a lot of limitations that other modes of 
delivery like intravenous and oral possess. 
Delivery of therapeutic agents to the brain for the 
treatment of neurological disorders is a very chal-
lenging task due to the presence of various bio-
chemical and dynamic barriers like the 

blood-brain barrier and the blood-cerebrospinal 
fluid barrier. The intranasal route of delivery 
delivers the therapeutic directly to the nasal 
mucosa which leads to the olfactory and trigemi-
nal pathways of the brain. These are the most 
exposed areas of the central nervous system; 
therefore, it becomes very easy for the drug to 
reach the brain and show immediate response. 
Using nanocarriers for this purpose enhanced the 
drug-targeting efficiency, resulting in sustained 
release and better absorption. Various types of 
nanoparticles carrying different peptide drugs 
were administered intranasally, and it was 
observed that the nanoparticles had better uptake 
and absorption by the nasal mucosa and the drug 
showed sustained-release profile and higher bio-
availability. Conjugating the nanoparticles to cer-
tain polymers like chitosan, which is 
mucoadhesive in nature, enhanced the residence 
time of the nanoparticles in the nasal cavity and 
lessened their mucociliary clearance. Thus, intra-
nasal route of delivery is a very efficient method 
of drug delivery, especially for neurological dis-
orders, where the drug is required to reach the 
brain directly. Recent advances in nanotechnol-
ogy have improved the nose-to-brain delivery 
and can facilitate therapy for CNS disorders.

Table 19.3 Peptide drugs with properties of nanoparticles carrying them

Carrier type and base 
materials Particle size

Surface-modifying agents or 
additives Peptide drug References

Liposomes
Phosphatidylethanol-based 
lipids

50–
250 nm

None Porcine insulin Kisel et al.

Soyalecithin/Chol 190 nm WGA, TL, or UEA1-N- 
Glut-PE conjugates

Insulin Zhang et al.

Poly(alkyl(meth)acrylates)
P(IBC) 85 nm Pluronic acid Human insulin Mesiha et al.
P(St)/hydrophilic polymer 
chains

400–
1250 nm

None Salmon calcitonin Sakuma et al.

Polyesters/polyanhydrides
DEAPA-co-PVAg-PLLA 200–

500 nm
None Recombinant human 

insulin
Simon et al.

PLGA 250 nm None TRH Kawashima 
et al.

Polysaccharides
Chitosan 269–

688 nm
Tripolyphosphate Porcine insulin Ma et al.

Chitosan 643 nm Sodium alginate Ovalbumin. Borges et al.
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Abstract

A large population, including people of all age 
groups, is suffering from chronic respiratory 
diseases worldwide. Asthma, chronic obstruc-
tive pulmonary disease, occupational lung dis-
eases, cystic fibrosis, etc. are the most common 
of these diseases and are noncurable with con-
ventional and currently available therapies. 
Nanotechnology is emerging as a great thera-
peutic promise in different spheres including 
drug delivery systems and is becoming the 

technology of choice nowadays. The adminis-
tration of drugs via inhalation helps in avoid-
ing the first-pass metabolism by targeted 
delivery to the affected site. It has been 
observed that there is a huge diversity in nano-
technology being used in pulmonary diseases, 
and thus safety assessment is a challenging as 
well as important task. The present review 
focuses on some of the major emerging nano-
technologies for chronic pulmonary diseases 
and includes some of the latest studies in the 
field of nanomedicines.
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20.1  Chronic Respiratory Diseases

Chronic respiratory diseases (CRDs) affect mil-
lions of individuals globally and are considered 
as the most common inflammatory diseases. The 
World Health Organization (WHO) estimates 
that approximately 328 million people live with 
chronic obstructive pulmonary disease (COPD) 
and approximately three million individuals die 
each year due to COPD. COPD is currently the 
third leading cause of mortality worldwide (Cruz 
2007). In addition, the WHO also estimates the 
prevalence of asthma globally, which stands at 
around 235 million. Moreover, asthma is also the 
most common respiratory disease in children, 
and around 250,000 asthmatics die due to the dis-
ease (Asher and Pearce 2014). These two most 
common CRDs significantly affect the quality of 
life of the patients, notably reductions in physical 
activity, difficulties in breathing, and increased 

mucus production and cough (Celli and Mac Nee 
2004). CRDs also exert enormous economic and 
social burden on patients and their families, as 
well as the healthcare system in terms of treat-
ment cost and hospitalizations. Moreover, the 
cost attributed to disability-adjusted life years 
and loss of productivity also runs in billions 
(Guarascio et al. 2013).

COPD is characterized by progressive airflow 
limitation with poor reversibility, which is pri-
marily related to inflammation of the lungs in 
response to noxious particles and gases (TO 
2018). The precise definition of COPD has been 
proposed by The Global Burden of Obstructive 
Lung Disease (GOLD) as “COPD is a common, 
preventable and treatable disease that is charac-
terized by persistent respiratory symptoms and 
airflow limitation that is due to airway and/or 
alveolar abnormalities, usually caused by signifi-
cant exposure to noxious particles or gases” 
(Gold: https://goldcoped.org/). The major symp-
toms associated with COPD include chronic 
cough, increased mucus production/secretion, 
and progressive dyspnea (breathlessness). COPD 
is often defined as a complex and heterogeneous 
lung condition that includes a number of patho-
logical manifestations, mainly chronic bronchi-
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tis, and emphysema (enlarged airspaces and loss 
of lung elasticity). These pathological aspects 
vary to a greater extent between different COPD 
patients. Thus, the treatments need to be opti-
mized based upon the clinical presentation of 
COPD patients, as well as the risk factors that are 
primarily implicated in the development of the 
disease. Cigarette smoke is the most important 
risk factor for COPD, which is a global trend, 
whereas air pollution and occupational exposure 
to chemical dust and fumes also contribute sig-
nificantly to the development and progression of 
the disease in low- and middle-income countries 
(Barnes 2003; Kc et al. 2018). Most importantly, 
COPD patients often exhibit frequent episodes of 
increased symptoms that may require changes in 
medication and hospitalizations. These episodic 
worsening of disease is termed as acute exacerba-
tions of COPD (AECOPD), which are the most 
important predictors of mortality and morbidity 
in COPD patients. AECOPD could be caused by 
bacterial or viral infections or noninfectious 
causes (air pollution, allergens, etc.) (Sapey and 
Stockley 2006).

Asthma is considered as a chronic disease that 
primarily affects the proximal airways. Asthma is 
characterized by periodic symptoms, variable air-
flow obstruction, and chronic inflammation of 
airways and lung tissues, e.g., airway smooth 
muscles (Bateman et  al. 2008). Of particular 
interest is airway inflammation that results in a 
variety of asthma-specific pathological condi-
tions. Also, asthma patients have been catego-
rized into different clinical subtypes which are 
based up on the predominance of the type of 
inflammatory cells in the pulmonary samples, 
such as sputum and bronchial biopsies (Wenzel 
et  al. 1999; Simpson et  al. 2006). Utilizing 
inflammatory cells for categorizing asthmatics, 
the patients are classified into four inflammatory 
subtypes, i.e., neutrophilic, eosinophilic, mixed 
granulocytic, and paucigranulocytic (Simpson 
et al. 2006). Moreover, adaptive immune response 
in asthma is further categorized as type I or type 
II responses. Type I immune response constitutes 
delayed hypersensitivity and increased produc-
tion of interleukin (IL)-2 and interferon (IFN)-γ. 
On the other hand, type II responses are mediated 

by B-cell leading to humoral immunity and 
increased production of IL-4, IL-5, IL-9, and 
IL-13 (Mosmann and Coffman 1989).

Current therapies focus on reducing the symp-
toms of these CRDs. Targeting the inflammatory 
and pathological mechanisms involved in asthma 
and COPD will potentially reduce the burden of 
these chronic diseases (Dua et al. 2019). However, 
another major challenge remains when consider-
ing the optimal delivery of therapeutic com-
pounds in the complex structures of the lung. For 
example, lung defense mechanism involves resis-
tance and removal of any inhaled foreign particle 
by various physicochemical mechanisms, such as 
mucociliary clearances (Newman 2017). In addi-
tion, the poor delivery of these therapeutic com-
pounds is further increased by the poor adherence 
to medications and/or inappropriate inhaler 
device techniques followed by patients with 
CRDs (Hickey 2014). Hence, more innovative 
and effective routes of drug delivery are urgently 
required to treat these CRDs. There are several 
benefits of using the inhalation route of drug 
delivery. The major comparison of inhalation 
route of drug delivery with other major routes is 
represented in Fig. 20.1.

20.2  Pathophysiology of COPD 
and Asthma

The major aspect of pathophysiology of COPD 
includes the progressive, nonreversible airflow 
limitation, which is largely attributed to both 
small airway disease (SAD) and emphysema. 
Both SAD and emphysema in COPD patients 
may commence at different stages of the disease 
history, as well as may greatly vary in terms of 
severity and its contribution to overall airflow 
limitation. Recent reports also highlighted that 
~50% of small airways are effectively obliterated 
even before any observable clinical symptoms 
may appear (Koo et al. 2018). This is simultane-
ously accompanied by more detectable symp-
toms of increased mucus production in the large 
airways, which later manifests as chronic cough. 
Emphysema is a condition characterized by irre-
versible enlargement of lung air sacs, along with 
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the destruction of alveolar sans fibrosis. Also, 
destruction of parenchymal tissues is also 
observed (Pahal and Sharma 2019). Collectively, 
these pathophysiological processes result in sig-
nificantly decreased lung function and increased 
risk of frequent bacterial/viral infections, which 
is termed as acute exacerbations (AE) (Agustí 
and Celli 2017). Small airway narrowing is also 
attributed to an increase in lymphoid follicle for-
mation, as well as collagen deposition around the 
airways.

Asthma is another important chronic inflam-
matory disease that is characterized by the hyper- 
responsiveness of the airways resulting in 
repeated wheezing, breathlessness, tightness of 
chest, and cough. Chronic inflammation is a 
major feature of asthma, which involves 
 infiltration of immune cells (neutrophils, eosino-
phils, lymphocytes, mast cells, etc.) that then lead 
to hallmark structural changes in asthma includ-
ing hypertrophy of the smooth muscle layer, sub-
basement fibrosis, destruction of elastic fiber, 
hyperplasia of goblet cells and glandular submu-
cosa, edema, and desquamation of epithelium in 
airways (National asthma: https://www.ncbi.nlm.
nih.gov/books/NBK7223/). Again, asthma is a 
heterogeneous disease, and the concept of per-
sonalized medicine should be the way forward 
for both prevention and treatment (Pavord et al. 
2018).

20.3  Drug Delivery in Respiratory 
Diseases

In recent times, inhalation therapy has been an 
important route for targeting respiratory diseases 
via reduction in  localized symptoms including 
airway inflammation and constriction. Several 
inhalation devices have been used such as nebu-
lizers, dry powder inhalers (DPI), pressurized 
metered dose inhalers (pMDI), and soft mist 
inhalers that can lower the dose with therapeutic 
equivalence and reduce the systematic side 
effects associated with oral or intravenous deliv-
ery (Winkler et  al. 2004). Drug deposition via 
inhalation is determined by particle size, aerosol 
velocity, and inspiratory flow. Drugs given via 
the inhalation route include corticosteroids, beta- 
sympathomimetics, muscarinic antagonists, and 
antibiotics (Dozor 2010) and are commonly pre-
scribed in asthma and chronic obstructive pulmo-
nary disease (COPD). Inhaled corticosteroids 
have an anti-inflammatory effect and are effec-
tive against asthma, but their role is conflicted in 
COPD. Glucocorticosteroids have been the major 
therapy for asthma, while PDE4 inhibitors, NFκB 
inhibitors, MAPK p38 inhibitors, ß2-agonists, 
and corticosteroids have been important thera-
peutics for COPD (Barnes 2011). However, they 
did not reduce the disease progression and 
inflammation which manifests the need for 

Fig. 20.1 Inhalation route of drug delivery
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potential therapeutics to reduce the pathology of 
the disease.

Inhalation therapy is advantageous as there is 
increased bioavailability of the drug since lungs 
have restricted intracellular and extracellular 
drug metabolizing enzymes (Loira-Pastoriza 
et al. 2014). It also reduces nonreversible tissue 
damage caused by cytotoxicity of drugs. There is 
a reduction in dose, high absorption leading to 
rapid action (Loira-Pastoriza et  al. 2014; Ruge 
et al. 2013).

The bio-barriers such as mucus, macrophages, 
and ciliated cells limit the drug localization, pen-
etration, and absorption. For effective drug deliv-
ery to lungs, drugs should be localized to the 
target site, should be able to penetrate through 
mucus, and escape the bio-barriers (Dua et  al. 
2019; Hamman et  al. 2005). It is an important 
need to identify new therapies against different 
respiratory diseases including COPD, asthma, 
lung cancer, and pulmonary infections (Hamman 
et  al. 2005). Some of the important instances 
highlighting the novel drug delivery systems are 
as follows.

Chennakesavulu et al. worked on the delivery 
of liposome encapsulating budesonide and col-
chicine against idiopathic pulmonary fibrosis. In 
vivo studies on adult male Wistar rats showed 
reduced systemic absorption when inhalation 
route was used, and these liposomal dry powders 
were stable for 6 months (Chennakesavulu et al. 
2018). Further, a successful synthesis and deliv-
ery through DPI has been reported for saturated 
egg phosphatidylcholine (EPC) and cholesterol 
liposome encapsulated with ketotifen fumarate, 
an antiasthmatic drug in COPD/asthma (Joshi 
and Misra 2001). Polymeric micelles of polyeth-
ylene glycol (PEG) and 1,2-distearoyl-sn- 
glycero-3-phosphoethanolamine (DSPE) 
encapsulating budesonide fabricated via co- 
precipitation method delivered to COPD rat 
model have been found to have better dissolution 
compared to budesonide. Furthermore, it has 
shown a decrease in inflammatory cells in bron-
choalveolar lavage fluid (BALF) (Sahib et  al. 
2011). Researchers have assessed BSA nanopar-
ticles encapsulated with DOX for the regenera-
tion of the extracellular matrix (ECM) for 

emphysema. In vivo studies showed a significant 
decrease in MMPs in lungs for up to 4 weeks in 
rat model. Therefore, elastic tissue regeneration 
could be significant for the unmet need for COPD 
treatment (Parasaram et al. 2016).

The drawbacks associated with generating 
inhalable drugs, namely, formulation and deposi-
tion difficulties, can mostly be overcome by 
using nanoparticles. Since nearly all the drugs 
can be encapsulated but nanoparticles can addi-
tionally be modified on the surface to enhance 
bioavailability or to help penetrate the mucus 
layer (van Rijt et al. 2014), although, due to the 
relatively small size, nanoparticles can easily 
penetrate into the systemic circulation and some-
times open a door for adverse side effects 
(Kuzmov and Minko 2015).

20.4  Role of Nanoformulations 
in Respiratory Disease

There is a need for confined and prolonged drug 
release in the lungs, which is more anticipated in 
targeting. The lipid-based formulations in nano-
carriers, solid lipid nanocarriers (SLNs) and 
nanostructured lipid nanocarriers, (NLCs) 
became an attractive strategy for delivery of 
poorly soluble drugs (Kuzmov and Minko 2015). 
The structure of some of these nanoformulations 
is shown in the Fig. 20.2.

SLNs are aqueous dispersions prepared using 
solid lipids consisting of triglycerides and phos-
pholipids. As the composition for the preparation 
of SLNs includes physiologically compatible lip-
ids, these preparations are less toxic and highly 
adequate for delivery of therapeutics by the respi-
ratory route. The components used in SLN help 
in conserving the optimal surface tension at the 
alveolar surface and reduction of friction at lung 
tissue. Due to the low toxicity and utilization of 
physiologically compatible lipids, SLN-based 
formulations have endured as the prevailing drug 
delivery system (Paranjpe and Müller-Goymann 
2014; Beloqui et al. 2016; Dua et al. 2019).

SLN-based formulations hold numerous ben-
efits such as avoidance of organic solvents in the 
process of preparation and high drug loading, 
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improve the drug stability with minimum interac-
tion with the external environment, and provide 
controlled release of the drug and drug targeting. 
SLN-based formulations exhibit certain draw-
backs such as aggregation on storage, gelation 
propensity, polymorphic transitions of lipids, and 
low amalgamation of the drug due to the forma-
tion of the perfect crystalline lattice of lipid. 
Some efforts were made to overcome these issues 
with the newer generation of lipidic nanocar-
riers including nanostructured lipid nanocarri-
ers, lyotropic liquid crystalline nanoparticles, 
and lipidic nanospheres (Girdhar et  al. 2018; 
Singhvi et al. 2018).

Nanostructured lipid carriers are among the 
second-generation lipid nanocarriers developed 
with a combination of liquid lipids and solid lip-
ids. The liquid lipid is enclosed into a solid lipid 
matrix which prevents coalescence and strongly 

immobilizes the drug. In NLCs, the liquid oil is 
blended with solid lipid to impart the imperfec-
tions in crystal order of solids. The additional liq-
uid lipid increases the entrapment efficiency and 
decreases the drug leaching on storage (Khosa 
et al. 2018).

SLNs and NLCs have been explored for respi-
ratory diseases. These lipidic nanocarriers pro-
vide drug targeting and prolonged release (Dua 
et al. 2018). Islan et al. reported encapsulation of 
levofloxacin-based SLN- and NLC-based formu-
lations for the treatment of recurrent infection 
caused by Pseudomonas aeruginosa, particularly 
in cystic fibrosis. SLNs were prepared using 
myristyl myristate (Crodamol™ MM), Pluronic 
F68 using ultrasonication method. Crodamol™ 
GTCC-LQ oil was added to 3% weight of lipid 
in case of NLC formulation. SLN-based for-
mulation showed entrapment efficiency of 

Fig. 20.2 Structure of some of the nanoformulations used in the treatment of respiratory diseases. (Adapted from 
Kuzmov and Minko 2015)
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20.1 ± 1.4%, whereas 55.9 ± 1.6% was observed 
in NLC-based formulation. The report reveals 
controlled drug release in case of NLC-based for-
mulation in comparison to SLN-based formula-
tion. DNase enzyme was amalgamated into 
NLC-based formulation, to improve the antibi-
otic diffusion by decreasing the viscoelasticity of 
mucus which was observed in the lungs of cystic 
fibrosis condition. The results demonstrated that 
formulation showed resilient antibacterial activ-
ity against gram-negative bacteria Pseudomonas 
aeruginosa and gram-positive bacteria 
Staphylococcus aureus. In vitro antimicrobial 
assay of levofloxacin-loaded NLCs showed com-
plete destruction of the biofilm of Pseudomonas 
aeruginosa which is the most pertinent pathogen 
in cystic fibrosis (Islan Germán et al. 2016).

Rosiere and his colleagues developed pacli-
taxel loaded SLNs. The SLN surface was modi-
fied when coating with a folate grafted copolymer 
of polyethylene glycol and chitosan (F-PEG- 
HTCC). The prepared formulation showed 
99.0  ±  0.3% encapsulation efficiency with 
4.6  ±  0.1% drug loading, and particle size was 
found to be 249 ± 36 nm (0.31 particle size distri-
bution). The in vitro studies were performed in 
M109-HiFR cells, and results showed a decreased 
inhibitory concentration (60 nanomolar) with 
paclitaxel-loaded in F-PEG-HTCC-coated SLNs 
compared to free taxol (340 nanomolar). The 
in vivo studies revealed an increase in  localiza-
tion of paclitaxel in tumor tissue and minimal 
systemic absorption by pulmonary delivery in 
case of F-PEG-HTCC-coated SLNs. The F-PEG- 
HTCC-coated SLNs were distributed throughout 
the lung tumor after pulmonary delivery regard-
less of blood vessels. The F-PEG-HTCC-coated 
SLNs exhibited high antiproliferative activity 
compared to PEG-HTCC-coated SLNs. It was 
expected due to increased uptake of F-PEG- 
HTCC-coated SLN by multiple pathways. It is 
concluded from the study that the folate receptor 
was found to exhibit an important role in drug 
targeting with the antiproliferative activity 
(Rosière et al. 2018).

In an investigation, phosphodiesterase type 5 
inhibitor, sildenafil citrate, was loaded in SLN- 
based formulation for the treatment of pulmonary 

hypertension. SLN-based formulation was devel-
oped for pulmonary delivery of sildenafil citrate 
to overcome high first-pass metabolism, low oral 
bioavailability (40%), and short half-life 
(3–5 hours). The developed lipid-based formula-
tion was investigated for their potential to retain 
their properties after nebulization and autoclav-
ing. The prepared formulation exhibited encapsu-
lation efficiency in the range of 88–100% with 
sustained release of the payload for over 24 hours. 
The results showed no alteration in SLN proper-
ties after nebulization with a jet nebulizer and 
autoclaving for 20 minutes at 120 °C. The SLN- 
based dispersion was evaluated for interaction 
with mucin, which was determined by turbidi-
metrically. Results showed an increased size and 
zeta potential which indicated the adherence of 
mucin on the surface of SLNs (Makled et  al. 
2017).

In a study, methyl α-d-mannopyranoside sur-
face modified SLN formulation of rifampicin 
showed improved targeting toward macrophages. 
Mannose was used for surface modification to 
increase internalization due to mannose receptors 
located on infected alveolar macrophages. 
Cytotoxicity and cell internalization were studied 
on J774 murine macrophage cell line. MTT 
(3-(4,5 di-methylthiazol-2-yl)-2,5- 
diphenyltetrazolium bromide) assay results dem-
onstrated dose-dependent cytotoxicity, and the 
cell viability was reduced by <80% after 24 hours. 
Cell internalization study results exhibited quick 
uptake of mannosylated SLNs by macrophages. 
The cell internalization was observed under con-
focal microscopy with blue stained nuclei in J774 
cell monolayer. The results detailed active target-
ing was achieved in case of SLNs coated with 
methyl α-d-mannopyranoside (Maretti et  al. 
2017).

Vieira and co-authors reported the improve-
ment of tuberculosis management by mucoadhe-
sive chitosan coated SLNs loaded with rifampicin. 
These chitosan coated SLNs were evaluated for 
mucoadhesive property and permeability in alve-
olar epithelial cells A549. Results showed signifi-
cant permeation in the case of chitosan-coated 
SLNs compared to nonmucoadhesive SLNs 
(Vieira et al. 2018).
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Sastre et  al. developed tobramycin loaded 
NLCs for Pseudomonas aeruginosa infections 
associated with cystic fibrosis. Hot melt homog-
enization technique was utilized for the prepara-
tion of NLC.  In vitro release studies showed a 
biphasic drug release profile characterized by an 
initial burst release followed by a sustained and 
progressive release of tobramycin. It is expected 
that initial high release can contribute to inhibit-
ing the biofilm growth and later sustained release 
can provide prolonged lung exposures. Such a 
biphasic release pattern can reduce the number of 
dose and dosing intervals. The cell viability stud-
ies indicated that there was no decrease in viabil-
ity after treatment with tobramycin NLC 
dispersion. There was no effect of the mucolytic 
agents on NLCs dispersion which was studied on 
an artificial mucus barrier. In vivo pulmonary 
administration of infrared dye-labeled lipid 
nanoparticles by Penn century® device showed 
an extensive distribution in the lungs for 48 hours 
(Moreno-Sastre et al. 2016).

SLN-based formulation was utilized for deliv-
ery of protein plasmid (pEGFP) and doxorubicin 
for lung cancer. A target-based approach was uti-
lized for delivery of gene and drug, by modifying 
the surface of SLNs using transferrin ligands. 
The particle size of the optimized nanoformula-
tion was 267  nm with a zeta potential of 
+42  mV.  In vitro transfection efficiency of the 
developed formulation was estimated on adeno-
carcinoma cell line (A549 cells). Transferrin 
coated SLNs with doxorubicin and protein plas-
mid exhibited higher transfection efficiency com-
pared to SLNs without transferrin coating and 
naked plasmid protein. In vivo antitumor effi-
ciency was observed in mice bearing A549 tumor. 
The transferrin-coated SLNs with a combination 
of doxorubicin and plasmid (gene) demonstrated 
higher antitumor efficacy with a smaller tumor 
volume compared to noncoated SLNs (Han et al. 
2014).

For concurrent delivery of anti-cancer drugs 
and siRNA specifically for lung cancer, NLC- 
based formulations were reported. The objective 
of co-delivery was to overcome multidrug resis-
tance by siRNA and the drug was used to induce 
cell death. In order to resolve multidrug resis-

tance, two siRNAs were evaluated, including 
siRNA targeting the responsible MRP1 mRNA 
drug efflux transporters and SiRNA targeting 
BCL2 mRNA, suppressing cellular anti- apoptotic 
defences. The prepared NLCs were compared 
with intravenous injection and inhalation. The 
inhalation therapy showed improved lung accu-
mulation whereas intravenous injection led to 
accumulation in liver, lung, kidney, and spleen. 
The drug and siRNA were successfully adminis-
tered in cancer cells with NLCs. Gene silencing 
and cell death were observed in lung tumor cells 
(Taratula et al. 2013).

Payne and his co-workers encapsulated all- 
trans retinoic acid in SLNs using emulsification–
ultrasonication method. The developed 
formulation was evaluated on immunomodula-
tory A549 cells, which declined pro- inflammatory 
IL-6 and IL-8 levels indicating a promising 
approach for local immunomodulation in chronic 
obstructive pulmonary disease. The A459 cells 
were evaluated for human mesenchymal stem 
cells containing hydrogel formulation which 
resulted in an increase in IL-6 and IL-8 levels 
indicating pro-inflammatory effect. The combi-
nation of SLN based all-trans retinoic acid and 
human mesenchymal stem cells exhibited poten-
tial anti-inflammatory activity (Payne et  al. 
2019).

Various nanoformulations used in inhalation 
therapy of respiratory diseases are presented in 
Table 20.1.

20.5  Liposomes in Respiratory 
Diseases

Liposomes are colloid-based drug delivery sys-
tems composed of a lipid layer with an aqueous 
center. Therefore, they are suitable for encapsu-
lating lipophilic and hydrophilic drugs and are 
suitable for pulmonary drug delivery via inhala-
tion for localized drug delivery allowing pro-
longed action of drug with decreased toxicity 
(Chellappan et al. 2018; Ng et al. 2018). Such a 
delivery system improves the pharmacokinetics 
of drugs especially the poor water-soluble anti-
cancer drugs such as paclitaxel (Kiparissides and 
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Kammona 2008). However, liposomes are less 
stable and have a small shelf life so surface modi-
fication with ligands is being carried out. This 
leads to increased stability, shelf life, adhesion, 
and permeability. Different polymers used to 
improve adhesion and target specificity are poly-
ethylene glycol (PEG), chitosan, Carbopol, hyal-
uronic acid, etc. (Dua et  al. 2019; Mehta et  al. 
2019). Liposomes can be cationic for gene deliv-
ery and anionic for targeting alveolar macro-
phages. Several studies have shown that 
liposomes can be used as antimicrobial and anti-
diabetic agent in gene therapy. FDA has also 
approved liposomal drug delivery of Amikacin 
by Insmed for nebulization (Zylberberg and 
Matosevic 2016).

Frankenberger et  al. investigated the role of 
liposomal methyl predniosolone (MP) in 
lipopolysaccharide- mediated pro-inflammatory 
tumor necrosis factor (TNF) and anti- 
inflammatory interleukin-10 (IL-10) in aleveolar 
macrophages (AM). This liposomal-mediated 
drug increased IL-10 production and reduced 
TNF after exposure to macrophages. It was con-
cluded that liposomes can be used for localized 
delivery of glucocorticoids with less side effects 
(Frankenberger et al. 2005). Chono et al. demon-
strated the uptake of mannosylated liposomes in 
comparison to nonmannosylated liposomes in rat 
alveolar macrophages post intratracheal adminis-
tration (Chono et  al. 2007). Further, Joshi and 
Misra observed the delivery of ketofin fumerate 
as a liposomal dry powder in rat lungs for stabi-
lizing mast cells against asthma inflammatory 
response (Joshi and Misra 2003). Alvarez et  al. 
reported liposomal entrapment of 
Dermatophagoide spteronyssius vaccine against 
asthma. It has been reported to prevent worsening 
of asthma by reducing the inflammatory response 
(Alvarez et al. 2002). Liposomal formulation of 
Cisplatin is in clinical trial phase I for successful 
drug targeting with prolonged exposure and min-
imal side effects (Wittgen et  al. 2007). 
Pulmaquin™ is dual liposomal ciprofloxacin 
used in Pseudomonas aeruginosa infections with 
noncystic fibrosis bronchiectasis. It shows sus-
tained drug release with minimal side effect 
(Serisier et al. 2013).

Khademi et  al. reported the use of cationic 
liposomes as adjuvants, with enhanced potency 
for various tuberculosis subunit vaccines with an 
increased therapeutic effect by inducing memory 
to the immune system (Schmidt et  al. 2016). 
Further, it has been reported that cationic lipo-
somes combined with De-O-acylated lipooligo-
saccharides can improve the effectiveness as for 
targeting Th1 type immune cells in tuberculosis. 
Nkanga et al. studied crude soybean lecithin lipo-
somes comprising isoniazid. These liposomes are 
effective in pulmonary delivery in treating tuber-
culosis (Nkanga et al. 2017).

20.6  Dendrimers and Micelles 
in Respiratory Diseases

In the advancement of formulation techniques, 
a new class of substance has become signifi-
cantly useful, in overcoming several drug 
delivery issues in formulation development. 
These are called dendrimers. Being unique in 
their primary architecture, these compounds 
have typical molecular properties that help in 
the design and development of nanodrugs and 
nanoformulations. Lately, these substances 
have gained much attention, especially, in 
terms of research and development of newer 
and effective carrier systems (Dufès et  al. 
2005).

Dendrimers primarily have defined structures 
which are versatile in delivering drugs. These 
materials are rapidly emerging due to their high 
acceptability and robustness. They also have 
good functionality. There are two major mecha-
nisms by which dendrimers exert their activity; 
firstly, by entrapping high molecular weight sub-
stances, and secondly, by conjugating. Most of 
the substances that are conjugated are hydro-
philic and hydrophobic materials. The potential-
ity of dendrimers in entrapment is accomplished 
by a host to guest participation. Deliveries of a 
range of several entities are made possible with 
the employment of dendrimers, especially 
because of their unique structure (Madaan et al. 
2014). Lately, more and more newer drug carriers 
are being designed with the help of dendrimers, 
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which are turning to be promising therapeutic 
substances in several biomedical applications.

Dendrimers have unique and specific proper-
ties. Being profusely branched and organized 
uniquely, these three-dimensional molecules 
have considerably lower polydispersity ratio. 
Dendron means tree, which resembles the 
extremely branched structure of the dendrimers. 
Each new branch is termed as “generation.” 
These are sometimes referred to as layers 
(Tomalia et  al. 1985). Dendrimers are being 
extensively used in nanomedicine. The entire 
structure conforms to a cascading pattern, with 
an inner core moiety. The adjacent layers contain 
functional groups.

Therapeutic substances that have formulation 
drawbacks primarily in terms of their pharmaco-
kinetic profiles or their pharmacodynamic pro-
files can improve such parameters with the help 
of dendrimers. In addition, formulations that 
incorporate low molecular weight substances in 
them can also be effectively formulated with den-
drimers. Low molecular weight moieties are also 
known to have developed with the incorporation 
of such dendrimer polymers. Various biological 
fluids can also be analyzed and used in the diag-
nosis of markers, as dendrimers can be conju-
gated with several types of antibodies and image 
enhancement markers (Bai et  al. 2006). Due to 
their applications, now these substances are being 
widely employed and used in the field of pharma-
ceutical sciences. In addition to the above, den-
drimers can also be used as bioavailability 
enhancers and as agents that modify the release 
of the drug.

There are several types of dendrimers that are 
being tested and used in the delivery of nanosub-
stance and drugs. The most common ones are the 
polyamidoamine (PAMAM) types. These are fol-
lowed by poly-propylene imine (PPI) and poly- 
ether hydroxylamine (PEHAM). Some other less 
common types are poly-esteramine (PEA), poly- 
L- lysine, melamine, and polyglycerol types. 
Most of these dendritic types are tested for their 
drug delivery properties (Wolinsky and Grinstaff 
2008).

There are several advantages that are pos-
sessed by the dendrimers in terms of a typical 

drug carrier system. These substances have rela-
tively higher water solubility (Duncan and Izzo 
2005; Soto-Castro et al. 2012). In addition, they 
also possess biocompatibility and polyvalency. 
Moreover, they also have accurate molecular 
weights (Tomalia 2005; Patton et al. 2006).

There are several advantages and applications 
of dendrimers. Patri et al. reported the delivery of 
monoclonal antibodies by using prostate-specific 
membrane antigen (PSMA) (Patri et al. 2004; Wu 
et  al. 2006). The results were significant in the 
delivery of the antibodies to prostate tumors. In a 
similar mechanism, several researchers have suc-
ceeded in delivering methotrexate to brain tumor 
tissues (Shukla et  al. 2008). This showed that 
dendrimers can be used for drug delivery to 
tumors.

20.7  Dendrimers for Pulmonary 
Delivery

Dendrimers are also effective in delivering drugs 
to the lungs and the respiratory system. Shuhua 
Bai and colleagues have reported the use of den-
drimers in the pulmonary delivery of enoxaparin, 
which eventually had resulted in the prevention 
of thrombotic events in blood vessels (Bai et al. 
2007).

Calu-3, primary alveolar cell lines were stud-
ied for their successful intracellular uptake mech-
anisms using the PAMAM type of dendrimers. In 
addition, ex  vivo studies were also performed 
using perfused rat lungs. Both the methods were 
successfully tested by the absence of aggregation 
with the fluid in the lungs (Morris et al. 2017). 
The results were promising in terms of target 
delivery to the lungs.

An in  vitro model of the pulmonary epithe-
lium was tested to study the effect of PEGylation 
when these were conjugated with PAMAM type 
of dendrimers. The findings showed that there 
was an increase in the PEG surface density when 
apical transport increased. This was also observed 
in in vivo models (Bharatwaj et al. 2015).

Enhancement in the bioavailability of several 
peptides and hormonal proteins like insulin, cal-
citonin, and other protein drugs was evaluated in 
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rats. PAMAM types of dendrimers were 
employed in the study. Various layers or genera-
tions were used in addition during the study. The 
effects in the presence and in the absence of den-
drimers were the focus of the study (Dong et al. 
2011). The findings show that the dendrimers sig-
nificantly enhanced the absorption in the lungs 
for the test substances. It was also observed that 
the effects were also dependent on the genera-
tions of the dendrimers.

20.8  Dendrimers in Respiratory 
Disorders

One of the most commonly used drugs for asthma 
is methylprednisolone. It is an important drug 
that belongs to the class of corticosteroid. The 
drug primarily reduces inflammation that is asso-
ciated with asthma. A study was done to evaluate 
the enhancement in the airway delivery using the 
methylprednisolone-PAMAM dendrimer conju-
gate. The study was performed in an animal 
model of lung inflammation (Inapagolla et  al. 
2010). The results were determined based on the 
accumulation of eosinophils in the lungs. 
Ovalbumin was the allergen used in the experi-
ment. The findings showed that the dendrimers 
produced a significantly higher positive effect in 
treating the exacerbations of lung inflammation.

In another study, PAMAM-type dendrimers 
were used to study the lung delivery of the drug 
beclomethasone. These dendrimers were tested 
as nanocarriers targeted toward lung delivery of 
this drug. In addition, several generations were 
also employed in the study. Beclomethasone is 
reported to have poor solubility (Nasr et al. 2014). 
The observations from the study revealed that 
dendrimers significantly increased the delivery of 
the drug to the lung mucosa.

Chronic inflammatory conditions like asthma 
and COPD is reported to be treated with the help 
of targeted drug or RNA delivery to the lung 
endothelium. Small interfering RNAs (siRNAs) 

were used in the study which were conjugated 
with dendrimers that were modified chemically. 
A specific substitution process was adopted 
where the free amines on the dendrimers were 
exchanged for alkyl chains (Khan et  al. 2015). 
The most promising materials were used in the 
study to target the pulmonary endothelium. The 
findings were significant. In another study, it is 
reported that phosphorus-based dendrimers hav-
ing, one of the compounds namely, pyrrolidinium 
or morpholinium were chosen for enhanced bio-
compatibility. A Dendrimer complex containing 
the former substance was reported to be having 
more significant complexation. The findings sug-
gest that phosphorus-based dendrimers could 
play a major role in the pulmonary delivery of 
drugs and moieties (Adam et al. 2017).

Several studies have been reported for the 
delivery of drug material for cystic fibrosis. 
PAMAM-based dendrimers have been widely 
used for cystic fibrosis condition (Brockman 
et al. 2017). In another study, it was reported that 
PAMAM dendrimers decreased infection and 
enhanced improvement.

Several functionally different and potent drugs 
targeting cancer cells combined together in a 
delivery module have shown to be a potent way 
of targeting lung cancers. Nevertheless, a power-
ful and effective drug carrier is the primary requi-
site for this. Dendrimers can be used efficiently 
in this regard to conjugate anticancer drug moi-
eties that can be delivered to the site of cancer 
cells. This combinatorial drug delivery is shown 
to be positive in several cancer therapies 
(Amreddy et al. 2018).

In another study, camptothecin was studied 
with conjugated dendrimers as delivery carriers. 
It is reported by Morgan and colleagues that 
camptothecin was successfully delivered to the 
cancer cells (Morgan et al. 2003). In addition, it 
is reported that melamine-based dendrimers were 
employed to solubilize methotrexate. This in 
addition also reduced the toxicity of the drug 
(Neerman et al. 2004).
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20.9  Microparticles/Microspheres 
and Microemulsion 
in Respiratory Diseases

Chronic respiratory diseases, such as asthma, 
COPD, cystic fibrosis, silicosis, and pulmonary 
artery hypertension are the main source of mor-
bidity and mortality around the world (Chellappan 
et al. 2017; Islam et al. 2017). This is principally 
a direct result of the maturing populace and 
expanding pervasiveness of cigarette smoking 
comprehensively. In this way, it is essential for an 
effective drug delivery system to convey the 
remedial moiety to the objective site at the cor-
rect time and in an appropriate amount especially 
with different chronic respiratory diseases, for 
example, asthma where a prompt therapeutic 
action is required (Kaur 2017; Jasinski et  al. 
2017; Madni et  al. 2017). Most of the conven-
tional dosage forms have different constraints, 
for example, portion dumping, nonfocused on 
impacts, and multiple administration of medica-
tion prompting lesser patient consistence, which 
lead to the development and trends of novel drug 
delivery systems where nanotechnology is one of 
the key role players. The field of nanotechnology 
is where a drug molecule is incorporated into the 
nanosystems that give pharmacotherapy a differ-
ent dimension and focus on a cellular approach to 
drug transport which is much needed for the 
majority of chronic respiratory conditions 
(Taguchi et al. 2017; Yu et al. 2017).

Biological properties of nanotransporters like 
polymers, liposomes, and micelles can be 
changed and controlled as per the necessity in 
this manner making them profoundly proficient 
for pharmacological and therapeutic purposes 
(Mehta 2016; Momtazi-Borojeni et  al. 2017). 
Improvement of nanocarriers has numerous 
points of interest, including productive convey-
ance and accumulation of medication in the 
affected area even with the physiological condi-
tion of compromised vascularization. Moreover, 
exploratory discoveries have demonstrated that 
nanotransporters display increasingly efficient 
tissue penetration thus bringing about expanded 
tissue explicit activity of medication contrasted 
with the regular drug administration routes 

(Abdelaziz et al. 2018; Cryer and Thorley 2019). 
Despite the fact that utilization of the nanotrans-
porter system is heavily debated inside the respi-
ratory research network, this system offers 
progressively proficient medication conveyance 
systems in pulmonary disorders. Accordingly, for 
characterizing novel drug delivery mechanisms 
in the time of modern medical science, nanopar-
ticles offer an appealing idea for use in respira-
tory system (Abdelaziz et al. 2018; Mehta et al. 
2018; Cryer and Thorley 2019; Li et  al. 2019; 
Thakur et  al. 2019). This is mainly due to the 
relatively standardised utilization of the drug 
within the alveolar surface marked with nanocar-
riers with enhanced dissolvability and delayed 
release. Such properties further reduce the recur-
rence of medication and enhance patient compli-
ance with the least side effects (Hatamipour et al. 
2018; Hema et al. 2018; Ihrie and Bonner 2018).

20.10  Miscellaneous: 
Mucoadhesive Drug Delivery

20.10.1    Mucoadhesive Nanoparticles

The purpose of developing mucoadhesive drug 
delivery systems is to prolong and intensify the 
contact between delivery carrier and the mucous 
apical pole, inducing active transport of macro-
molecular biopharmaceuticals across the biologi-
cal barriers (Lehr 2000; Smola et  al. 2008). 
Accumulation and retention of particles in the 
lungs due to the adhesion can lead to enhanced 
and sustained therapeutic effects and therefore 
decrease the dosing frequency. This may lead to 
better patient compliance in chronic lung disease 
conditions since many of the commercially avail-
able inhalation therapeutics need to be used at 
least twice a day (Weber et al. 2014). The adhe-
sion of nanoparticles to the mucus membrane can 
be due to the nonspecific forces (van der Waals 
forces, hydrogen bonding, electrostatic or hydro-
phobic interactions). Cationic surface charge 
nanoparticles play an important role in increasing 
their retention in the mucus membrane (Savla 
and Minko 2013). A major limitation of mucoad-
hesive drug delivery systems is their nonspecific 
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adhesion with respect to the substrate, undefined 
mucoadhesive time, and local side effects. In 
spite of these limitations, the modulation of epi-
thelial permeability and inhibition of proteolytic 
enzymes can be achieved by mucoadhesive 
polymers.

Lectins are nonimmunological glycoproteins 
that have the capacity to recognize receptor-like 
structures of the cell membrane and bind to gly-
coproteins exposed at the epithelial cell surface 
(Lehr 2000; Smola et al. 2008). Respirable aero-
sol of a lectin-functionalized liposomal carrier 
has been reported by Abu-Dahab et al. Cholesterol 
enhanced the stability of the liposomes during 
nebulization and upon incubation with pulmo-
nary surfactant preparation. The synthesized 
liposomes were able to bind to human alveolar 
cells (A549 and primary cells) (Abu-Dahab et al. 
2001).

Amore et  al. synthesized fluticasone 
propionate- loaded solid lipid microparticles 
using chitosan and alginate and evaluated to 
access the biocompatibility and effectiveness in 
controlling senescence and inflammatory pro-
cesses in cigarette smoke extracts. The synthe-
sized microparticles were found to be more 
effective than fluticasone propionate alone in 
controlling oxidative stress in lung inflammation, 
including ERK1/2 pathway activation and ciga-
rette smoke extract-induced survivin expression 
(Amore et  al. 2017). Chitosan IFN–γ-pDNA 
nanoparticles reduced the airway hyper- 
responsiveness and allergen-induced airway 
inflammation in the BALB/c mouse model of 
allergic airway disease (Kumar et al. 2003). In a 
study, M. tuberculosis-infected guinea pigs were 
treated with sodium alginate-chitosan-based 
nanoparticles containing antitubercular drugs for 
a period of 15 days. At the end of the study, no M. 
tuberculosis bacteria were observed in the 
infected lungs treated with mucoadhesive 
nanoparticles (Zahoor et al. 2005).

Lee et  al. found the improved theophylline 
delivery from thiolated chitosan nanoparticles in 
ovalbumin-sensitized BALB/c mice model of 
allergic asthma. The intranasal delivery of 
nanoparticles increased the anti-inflammatory 
effects of theophylline compared to pure theoph-

ylline (Lee et  al. 2006). Chitosan-coated 
polylactic- co-glycolic acid nanoparticles synthe-
sized by a multiple emulsion solvent evaporation 
technique may open up a new avenue for effica-
cious treatment of lung-fungal infection. Tc-99m- 
labeled nanoparticles had better pulmonary 
retention for a longer period. A significant 
improvement in the pharmacokinetic profile of 
voriconazole was found in chitosan-coated 
nanoparticles (Paul et  al. 2018). Heparin- con-
taining nanoparticles of chitosan and hyaluronic 
acid have shown promising results in the man-
agement of asthma in rat models (Oyarzun- 
Ampuero et al. 2009).

Successful co-delivery of pemetrexed (a syn-
thetic chemotherapeutic agent) and resveratrol 
(herbal cancer chemo preventive) has been 
reported from lyotropic liquid crystalline 
nanoparticles prepared by the hydrotrope method 
for effective management of lung cancer. Cetyl 
trimethyl ammonium bromide was used to 
increase the encapsulation of pemetrexed by 
hydrophobic ion pairing. The results demon-
strated a concentration- and time-dependent 
cytotoxicity profile against A549 lung cancer 
cells. Nanoparticle-administered mice models, 
with urethane- induced lung cancer, demon-
strated promising results in tumor growth inhibi-
tion via inhibition of angiogenesis and induction 
of apoptosis (Abdelaziz et al. 2019).

Wheat germ agglutinin-coated lectin- 
functionalized poly(lactide-co-glycolide) 
(PLGA)-based bioadhesive nanoparticles (350–
400 nm) have been reported by a two-step car-
bodiimide procedure to deliver antitubercular 
drugs. The in  vivo performance of the synthe-
sized nanoparticles was studied in guinea pigs 
through the oral/aerosol route. Following admin-
istration of coated nanoparticles to the animal 
models, the plasma drug concentration was main-
tained for 6–7 days for rifampicin and 13–14 days 
for isoniazid and pyrazinamide. The results of 
mycobacterial colony forming units revealed that 
three doses of lectin-coated nanoparticles, after 
every 14 days interval, were as much effective as 
45 dosages of pure drug solution (Sharma et al. 
2004). Tureli et al. found that the ciprofloxacin- 
loaded PLGA nanoparticles synthesized by 
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microjet reactor nanoprecipitation method are 
safe and effective against Pseudomonas aerugi-
nosa infections in cystic fibrosis lungs. The out-
comes of cytotoxicity study in Calu-3 HTB-55 
bronchial epithelial cell line (model for healthy 
lungs) and CFBE41o− cystic fibrosis-derived 
bronchial epithelial cell line (model for diseased 
lungs) suggested that the nanoparticles are well 
tolerated by the epithelial cells and showed low 
cytotoxic potential (Tureli et al. 2017). Surface- 
conjugated PLGA nanoparticles of chitosan have 
shown efficient targeted delivery and improved 
oral bioavailability of itraconazole to clear lung 
infections in Cryptococcus neoformans-infected 
mouse models (Tang et  al. 2018). Chitosan- 
coated (molecular weight 90–150  kDa) PLGA 
nanoparticles sustained the release of tobramycin 
over a period of 2  days. The mucoadhesive 
nanoparticles, prepared by a solvent-evaporation 
method, had chitosan concentration-dependent 
activity against P. aeruginosa (PA01 strain) 
(Al-Nemrawi et  al. 2018). Inhaled chitosan- 
coated, PLGA nanoparticles exhibited a sus-
tained release profile of tacrolimus with a lesser 
dose and side effects in the treatment of 
bleomycin- induced pulmonary fibrosis (Lee et al. 
2016). The study conducted by Zou et al. explored 
the potential of PLGA nanoparticles as a nonviral 
vector for lung cancer gene therapy. The PLGA 
nanoparticles were prepared using Carbopol 940 
and Pluronic. Carbopol-stabilized PLGA 
nanoparticles demonstrated higher transfection 
efficiency in A549 cells compared to Pluronic- 
stabilized nanoparticles or naked DNA (Zou 
et al. 2009).

Targeted drug delivery using nanoformula-
tions via the inhalation route has become an 
important drug delivery system through the pul-
monary route for the treatment of a number of 
respiratory diseases like COPD, asthma, lung 
infection, etc. This route allows rapid deposition 
of the drug in the lungs with decreased side 
effects compared to other routes of drug adminis-
tration. The nanoparticles are being used to 
reduce side effects and toxicity of drugs, but 
recently, it has been realized that carrier systems 
themselves may impose risks to the patient 
(Nassimi et al. 2010).

The kinds of hazards that are introduced by 
using nanoparticles for drug delivery are beyond 
those posed by conventional hazards imposed by 
chemicals in classical delivery matrices. The tox-
icology of particulate matter differs from toxicol-
ogy of substances as the composing chemical(s) 
may or may not be soluble in biological matrices, 
thus influencing greatly the potential exposure of 
various internal organs. This may vary from a 
rather high local exposure in the lungs and a low 
or neglectable exposure for other organ systems 
after inhalation. For nanoparticles the situation is 
different as their size opens the potential for 
crossing the various biological barriers within the 
body. In addition, the nanosize also allows for 
access into the cell and various cellular compart-
ments including the nucleus. A multitude of sub-
stances are currently under investigation for the 
preparation of nanoparticles for drug delivery, 
varying from biological substances like albumin, 
gelatine, and phospholipids for liposomes, and 
more substances of a chemical nature like various 
polymers and solid metal containing nanoparti-
cles (De Jong and Borm 2008).

20.11  Conclusion

Nanocarrier systems have been found to provide 
the advantage of sustained-drug release in the 
lung tissue resulting in improved patient compli-
ance by reducing dosing frequency. In the pres-
ent review, the potential benefits of 
nanomedicines in pulmonary diseases have been 
summarized. Nanotechnology has been observed 
to be a potentially beneficial approach for the 
diagnosis and treatment of pulmonary diseases. 
Various studies have demonstrated promising 
advancements, efficacy, and safety of NPs for 
use in pulmonary diseases. However, significant 
challenges are still there in making nanothera-
peutic approaches fully functional in clinical 
practice. Further studies are required to be done 
focusing majorly on determining the mecha-
nisms of action of NPs in the treatment of chronic 
pulmonary diseases and improving their chemi-
cal structure to develop the desired nanomedi-
cine or nanotherapeutics.
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Abstract

The emerging resistance of Mycobacterium 
tuberculosis and other so-called nontubercu-
lous mycobacteria to clinically used drugs, 
including second- and third-choice drugs, and 
the development of cross-resistant or 
multidrug- resistant strains are alarming. An 
increase in the number of these infections and 
the occurrence of nontuberculous opportunis-
tic species are caused by the general immuno-
suppression of patients, and this fact makes 
these diseases extremely serious. In spite of 
the mentioned, the discovery and development 
of new drugs for systemic administration has 
not been a priority, as it is a relatively long and 
risky procedure. Thus, the preparation of 
nanoparticles/nanoformulations of clinically 
used drugs can be an approach of first choice. 
In general, nanomaterials represent a notewor-
thy alternative for treatment and mitigation of 

infections caused by resistant pathogens, 
which are unlikely to develop resistance to 
nanomaterials. In contrast to conventional 
drugs, nanomaterials exert efficiency through 
various mechanisms; in addition to the drug 
activity itself, they show “intrinsic effects,” 
such as damaging the membrane morphology, 
disruption of transmembrane energy metabo-
lism and the membrane electron transport 
chain, generation of reactive oxygen species, 
etc. In addition, the application of nanoformu-
lations enhances the bioavailability of active 
substances and enables targeted delivery and 
controlled release. This contribution provides 
an exhaustive overview of the investigated 
nano-based formulations of antimycobacteri-
ally effective drugs, such as isoniazid, etham-
butol, rifampicin, and bedaquiline. These 
nanoformulations increase biological potency, 
as they can ensure fixed-dose drug combina-
tions or nanoencapsulation of drugs with bio-
logically active matrices. In addition, the route 
of administration can be modified; thus, nano- 
based drug delivery systems demonstrate sig-
nificant potential reducing the dosing 
frequency and shortening the time of treat-
ment. Brief attention is also given to new 
nanoformulated antituberculosis vaccines. 
Future prospects of the application of nano-
technology in the treatment of tuberculosis are 
briefly outlined.
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21.1  Introduction

In spite of the great efforts of scientists and phy-
sicians supported by WHO, tuberculosis (TB) 
still ranks among the leading causes of death 
worldwide; in fact, it is one of the top ten causes 
of death. After a decrease in TB incidence since 
the 1950s due to the introduction of new antitu-
bercular agents to clinical practice, morbidity and 
mortality have risen again since the 1980s; TB 
has again become a major bacterial cause of 
worldwide mortality, and thus it remains a seri-
ous global problem. Globally, there is an estimate 
that 10.0 million people have newly developed 
TB disease, and TB caused an estimated 1.6 mil-
lion deaths in 2017. This number has been 
increasing since 2009, in which 5.7 million new 
cases were reported. Drug-resistant TB continues 
to be a great health crisis. Globally, 3.5% of new 
TB cases and 18% of previously treated cases 
have multidrug-resistant TB (MDR-TB). More 
than half of previously treated cases are in coun-
tries of the former Soviet Union, India, and 
China. Among the cases of MDR-TB in 2017, 
8.5% were estimated to be extensively drug- 
resistant TB (XDR-TB). About 1.7 billion peo-
ple, 23% of the world’s population, are estimated 
to have a latent TB infection and are thus at risk 
of developing active TB disease during their life-
time (WHO 2018).

TB is an infectious disease caused by bacteria 
from the species Mycobacterium tuberculosis, 
which attacks humans and animals. They usually 
affect the lungs, but they can also damage other 
parts of the body. The infection is spread through 
the air, when a person with an active form of TB 
coughs, sneezes, or otherwise expands his saliva 
through the air. Most infections are asymptom-
atic and latent; approx. one in ten diseases turns 

into active TB, which, when left untreated, causes 
death in more than 50% of cases. The most typi-
cal symptom is chronic cough with bloody spu-
tum (coughing up or spouting blood), fever, night 
sweats, and weight loss. The infection of other 
organs is characterized by a wide range of symp-
toms. Diagnosis is made by microbiological 
examination of the sputum or tissue samples 
taken, tuberculin test, radiology (chest X-ray), or 
blood tests. Prevention consists of screening and 
vaccination, predominantly with Bacillus 
Calmette–Guérin (BCG); BCG vaccination is 
used for prevention of TB (Herchline and 
Amorosa 2018; Tuberculosis 2019).

M. tuberculosis was discovered and described 
on March 24, 1882, by Robert Koch, who was 
awarded the Nobel Prize for Physiology and 
Medicine for this discovery in 1905. The 
chances of eradication of TB ended with the 
emergence of resistant types in the 1980s, as 
mentioned above. In 2010, after 20 years, a new 
species of bacterium belonging to the M. tuber-
culosis complex (together with M. bovis, M. 
africanum, M. canetti, and M. microti) (van 
Soolingen et  al. 1997), M. mungi, was discov-
ered (Gagneux 2017). In addition, with the 
increasing immunocompromised population, 
the initially nonpathogenic mycobacterial 
strains (e.g., M. avium, M. kansasii, M. xenopi, 
M. intracellulare, M. malmoense, M. celatum, 
M. goodii, M. immunogenum, M. simiae, M. 
scrofulaceum, M. abscessus, M. fortuitum, M. 
chelonae, M. smegmatis, M. mageritense, M. 
wolinskyi, M. genavense, etc.), so-called atypi-
cal or nontuberculous mycobacteria (NTM), 
have been now recognized as significant human 
pathogens. Due to suppressed immunity, these 
strains cause difficult-to-treat or incurable dis-
eases, such as pulmonary disease, lymphadeni-
tis, skin and soft tissue disease, and 
gastrointestinal and skeletal infections that 
result in significant morbidity (Ioachimescu and 
Tomford 2015; Koh 2017).

However, the major causative agent of TB is 
M. tuberculosis, which is a small aerobic rod- 
shaped bacterium with extremely slow division. 
It is highly (obligatory) aerobic and needs high 
levels of oxygen. In general, mycobacteria are 
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characterized by a specific cell wall composi-
tion. A high content of lipids, especially 
mycolic acid, is typical for them in the cell 
wall, causing a “wax coat on the cell surface” 
and conferring exceptional properties on the 
bacterium. Although not stained with Gram 
stain, they are Gram-positive bacteria. M. tuber-
culosis is genetically variable; differences in 
the phenotype (biogeographic occurrence) of 
individual isolated strains can be found. These 
variations affect the strain resistance and trans-
mission dynamics in treatment- resistant strains 
(Liu et  al. 1996; Druszczynska et  al. 2017; 
Ghazaei 2018; Herchline and Amorosa 2018; 
Tuberculosis 2019). As mentioned above, the 
following resistant forms (strains, isolates) can 
be distinguished (Velayati et al. 2013; Palomino 
and Martin 2014; WHO 2018; Tuberculosis 
2019):

• MDR-TB: resistant against two of the most 
effective antitubercular first-line drugs, isoni-
azid and rifampicin

• XDR-TB: resistant to fluoroquinolones and at 
least one of the injectable second-line drugs 
(amikacin, capreomycin, kanamycin)

• TDR-TB (totally drug-resistant TB): resistant 
to the first- and the second-line drugs 
 (isoniazid, rifampicin, streptomycin, etham-
butol, pyrazinamide, ethionamide, para- 
aminosalicylic acid, cycloserine, ofloxacin, 
amikacin, ciprofloxacin, capreomycin, 
kanamycin)

Treatment is long term, controlled to prevent 
resistance, and costly. A combination of at least 
three drugs in a single morning dose is used. 
Constitutional treatment (initial phase) is usu-
ally limited to 2–3  months. Further treatment 
(continuation phase) is performed on an outpa-
tient basis daily or intermittently for 
3–4 months. The minimum treatment period for 
bacteriologically verified nonresistant TB is 
6 months. Clinically used drugs can be divided 
into lines according to susceptibility (see 
Table 21.1 and Figs. 21.1, 21.2, 21.3, 21.4, and 
21.5) and efficacy as follows (Lemke et  al. 
2012; de Oliveira et  al. 2018; Jampílek 2018; 

Herchline and Amorosa 2018; Tuberculosis 
2019):

• Bactericidal  – kill dividing bacteria (e.g., 
rifampicin, streptomycin)

• Bacteriostatic  – inhibit the proliferation of 
bacteria (e.g., isoniazid, pyrazinamide, 
ethambutol)

• Sterilizing  – kill/inhibit the proliferation of 
so-called persistors (e.g., pyrazinamide, 
rifampicin)

The increasing resistance refers to the urgency 
to design and discover antituberculosis agents 
with a new/innovative mode of action, i.e., to 
design new entities from new chemical classes 
influencing new targets (or to design new multi-
target agents) (Cieslik et  al. 2015; de Oliveira 
et al. 2018; Goněc et al. 2013, 2016; Imramovský 
et  al. 2007, 2009; Jampílek 2018; Kos et  al. 
2015a, 2015b; Malík et  al. 2018; Pavić et  al. 
2018; Pospíšilová et al. 2018). On the other hand, 
the R&D procedure of agents with a new mode of 
action is relatively long and risky; therefore, 
many companies and researchers are focused on 
the preparation of nanoparticles (NPs)/nanofor-
mulations of the existing drugs, because nanoma-
terials demonstrate antibacterial efficiency 
through an intrinsic mechanism of action of the 
drugs reinforced by the effectivity caused by the 

Table 21.1 Classification of clinically used antitubercu-
losis drugs

Peroral first line Isoniazid, rifampicin, rifabutin, 
pyrazinamide, ethambutol

Parenteral second 
line

Kanamycin, amikacin, 
capreomycin, streptomycin, 
viomycin

Fluoroquinolones Ofloxacin, levofloxacin, 
ciprofloxacin, moxifloxacin, 
gatifloxacin, gemifloxacin

Peroral second 
line

Cycloserine, terizidone, 
ethionamide, prothionamide, 
para-aminosalicylic acid

MDR-TB 
treatment

Amoxicillin/clavulanate, 
imipenem, clarithromycin, 
clofazimine, thioacetazone, 
linezolid, high doses of isoniazid, 
bedaquiline, delamanid

21 Nanoweapons Against Tuberculosis



472

nanoscale size of drug particles. In addition, the 
application of nanoformulations enhances the 
bioavailability of active substances, can modify 
the route of administration, and can  use fixed- 
dose drug combinations or antibacterial active 
matrices (Jampílek 2018; Jampílek and Kráľová 
2017, 2018, 2019a, 2019b; Banerjee et al. 2020; 

Gomez et al. 2019; Kashyap et al. 2019; Rebitski 
et al. 2019).

This contribution provides an exhaustive over-
view of the investigated nano-based formulations 
of antimycobacterially effective drugs, such as 
isoniazid, ethambutol, rifampicin, and 
 bedaquiline. These nanoformulations increase 

Fig. 21.1 Structures of the chosen peroral first-line drugs

Fig. 21.2 Structures of the chosen parenteral second-line drugs
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biological potency, as they can ensure fixed-dose 
drug combinations or nanoencapsulation of drugs 
with biologically active matrices. In addition, the 
route of administration can be modified; thus, 
nano-based drug delivery systems demonstrate 
significant potential reducing the dosing fre-
quency and shortening the time of treatment. 
Brief attention is also paid to new nanoformu-
lated antituberculosis vaccines.

21.2  Isoniazid

Isoniazid (INH) is a synthetic antitubercular drug 
that is in fact a prodrug that has to be activated by 
bacterial catalase-peroxidase (KatG), which pro-
duces an acyl radical reacting with NADH to 
form a nicotinoyl-NAD complex that binds to 
enoyl-acyl reductase (InhA) and causes disrup-
tion of mycolic acid synthesis and thus inhibition 
of cell wall formation. INH acts bacteriostatically 
at low doses, but at high doses bactericidally 
(Isoniazid 2019).

INH- and rifabutin-loaded chitosan (CS) pro-
vided an effective inhalation antitubercular formu-

lation for lung delivery that was able to inhibit 
bacterial growth by 96% (Cunha et al. 2019). CS 
microparticles (MPs) loaded with polyvinylpyrrol-
idone (PVP)/polyitaconic acid NPs with encapsu-
lated INH fabricated using spray-drying technique 
that were composed of CS:INH-loaded NPs, free 
INH in the ratio 1:1:1, showed zeta- potential values 
of +22.6  mV, released the drug predominantly 
through a diffusion-controlled mechanism, and 
exhibited 63-fold higher antibacterial activity 
against M. tuberculosis than INH solution, which 
was due to their positively charged surface enabling 
more facile binding to the bacterial cell surface as 
well as the cellular penetration activity of NPs 
(Omar et al. 2018). INH-loaded CS/carbon nano-
tubes with a diameter of 150–250 nm and with a 
considerably prolonged release time of INH 
showed reduced cytotoxicity and inflammation 
compared to the free drug without affecting its bio-
logical function. Moreover, in a constructed animal 
model of tuberculous ulcer, they promoted the 
healing of TB ulcers and notably reduced the num-
ber of CD3+ and CD4+ T cells suggesting their 
potential to be used in the treatment of secondary 
wound healing of bone TB (Chen et al. 2019).

Fig. 21.3 Structures of the chosen fluoroquinolones

Fig. 21.4 Structures of the chosen peroral second-line drugs
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Solid lipid nanoparticles (SLNPs) for ocular 
delivery of INH showing extended drug release 
and enhanced ocular bioavailability and in vivo 
acute and repeat dose safety were reported by 
Singh et al. (2019).

A novel liposome-in-hydrogel system consist-
ing of N′-dodecanoylisonicotinohydrazide 
loaded liposomes incorporated into a poly(lactic- 
co- glycolic acid) (PLGA)-polyethylene glycol 
(PEG)-PLGA hydrogel designed by Liu et  al. 
(2019) showed thermo-responsive and self- 
healing properties, and after localized injection, 
it was able to maintain effective INH concentra-
tion by rapid drug release into synovial fluid, fol-
lowed by a steady-state drug release lasting for 
several days suggesting promising potential of 
this nanoformulation for localized treatment of 
bone TB. Liposomes with encapsulated INH con-
jugated to Zn(II) phthalocyanine through hydra-
zone bonding fabricated by film hydration 
method with a particle size of ca. 506 nm, zeta 
potential of −55 mV, and 72% encapsulation effi-
ciency (EE) showed pH-dependent behavior and 
released 22 and 100% INH in media with pH of 
7.4 and 4.4, respectively, suggesting that using 
pH-labile linkages for the conjugation of the drug 
to phthalocyanines liposomal formulation show-
ing controlled drug release could be prepared 
(Nkanga and Krause 2018).

Nanoconstructed polymeric micelles consist-
ing of PEG-polylactic acid (PLA) di-block- 
copolymer conjugated to INH and loaded with 
rifampicin with particle size of 187.9 ± 2.68 nm 
and zeta potential of −8.15 ± 1.24 mV showed 
ca. eightfold reduction in the minimum inhibi-
tory concentration (MIC) value compared to free 
drugs, being highly effective against sensitive M. 
tuberculosis strains (Rani et al. 2018).

INH loaded in optimized NPs of polymeric 
pH-sensitive nanogels fabricated using 
γ-radiation (50 kGy) induced polymerization of 
itaconic acid (IA) in aqueous solution of the tem-
plate polymer (PVP) used at ratio PVP:IA = 30:70 
exhibited eightfold lower MIC values against M. 
tuberculosis than INH solution, the drug release 
from the preparation being governed predomi-
nantly by the diffusion mechanism (Omar et al. 
2017). Inhalation powder of lung-targeted 
genipin-cross-linked deacetylated CS/INH/
rifampicin nanogel particles exhibited extended 
antibacterial activity due to long-term release of 
both drugs and a simple pulmonary dose of this 
formulation resulted in a therapeutic drug con-
centration in lungs (40–60%) and other organs 
(<5%) for 24  h (Wu et  al. 2018). Fe3O4/hyper-
branched polyester modified with (2-dodecen- 
1-yl)succinic anhydride/INH NPs showing 
magnetic properties, high drug-loading capacity, 

Fig. 21.5 Structures of the chosen drugs used for the treatment of MDR-TB
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and EE and pH-responsive diffusion-controlled 
drug release with release rate being higher in an 
acidic buffer was reported as nanoformulation 
suitable for the treatment of TB (Lu et al. 2018). 
INH-filled Fe2O3 hollow nanospheres with a 
diameter <30 nm and 48 wt% INH-load that were 
functionalized with dextran showed powerful 
activity against M. tuberculosis and M. 
tuberculosis- infected macrophages (Leidinger 
et al. 2015).

Mesoporous bioactive glass/metal-organic 
framework scaffolds with macropores of ca. 
400  μm and compressive strength of 3–7  MPa 
exhibiting good biocompatibility and apatite 
forming ability in  vitro that were fabricated by 
3D printing were able to control INH release rate 
and pH microenvironment due to the degradation 
of metal-organic framework, and these scaffolds 
could be used for treating osteoarticular TB (Pei 
et  al. 2018). Carazo et  al. (2019) described 
recently that self-assembling nanohybrids pre-
pared from halloysite nanotubes and INH with an 
average diameter of 90  nm demonstrated good 
biocompatibility and enhanced permeability 
through Caco-2 cellular membranes.

21.3  Rifampicin

Rifampicin (RIF) is a semisynthetic ansamycin 
antibiotic produced from Streptomyces mediter-
ranei with a broad antibacterial spectrum caused 
by inhibition of DNA-dependent RNA poly-
merase, thus suppressing RNA synthesis 
(Rifampicin 2019).

RIF-loaded SLNPs with an average diameter 
of 456 ± 11 nm and 84.12% EE showing drug 
loading of 15.68 ± 1.52% were characterized by 
long-term stability and could withstand various 
gastrointestinal tract media (Chokshi et  al. 
2018). Lipid NP formulations (SLNPs and nano-
structured lipid carriers (NLCs)) encapsulating 
both INH and RIF prolonged encapsulated RIF 
release and improved its chemical stability in the 
presence of INH in a simulated gastric acidic 
environment, and in  vitro cell culture studies 
showed their well-quantifiable uptake in a human 
alveolar macrophage cell line (Banerjee et  al. 

2018). Maretti et al. (2016) prepared RIF-loaded 
SLNP assemblies using the melt emulsifying 
technique followed by freeze-drying, whereby 
quick- freezing combined with a certain grade of 
sample dilution before the prefreezing step with-
out the use of cryoprotectants exhibited the most 
favorable impact on powder respirability and the 
respirable fraction achieved >50%. Using the 
melt emulsifying technique, Maretti et al. (2017) 
fabricated SLNPs from biocompatible lipid 
components (cholesteryl myristate combined 
with palmitic acid or tripalmitin) in the presence 
of methyl α-d-mannopyranoside as the targeting 
moiety that after loading with RIF were found to 
be suitable for alveolar macrophage passive tar-
geting and were able to maintain the required 
drug concentration within SLNPs along the 
respiratory tract before macrophage internaliza-
tion. RIF-loaded SLNPs surface-decorated with 
novel mannose derivatives (conjugates of 
2,3,4,6-tetra-O-acetyl-1-(2-aminoethyl)-α-d- 
mannose with carboxylic acids (C8, C12, C14, and 
C16) were able to more efficiently enter the mac-
rophages (ca. 80%) than free RIF (ca. 20%) and 
nonfunctionalized SLNPs (ca. 40%) and caused 
a decrease of RIF intracellular concentration by 
40% due to the saturated mannose receptors of 
J774 cells. Fine particle fraction of poor cohe-
sive powder fabricated using these NPs repre-
sented ca. 30–50% and showed good respirability 
with the perspective to be used in anti-TB inhaled 
therapy (Maretti et  al. 2019). Mannosylated 
NLC loaded with RIF with particle size ca. 
315 nm and drug EE >90% showing pH-sensi-
tive RIF release exhibited strong uptake by bone 
marrow-derived macrophages and efficiently 
decreased the intracellular growth of mycobacte-
ria (Vieira et  al. 2017). Mannosylated SLNPs 
encapsulating RIF with particle sizes ranging 
from 160 to 250 nm and drug EE ca. 75% show-
ing improved internalization in macrophages 
were reported to be suitable for the selective 
delivery of RIF to macrophages (Vieira et  al. 
2018a). RIF loaded CS-coated SLNPs with a 
size of ca. 245–344  nm, a zeta potential of 
+40 mV, and >90% EE showed higher in vitro 
mucoadesive properties and higher permeability 
in alveolar epithelial cells A549 than uncoated 
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SLNPs suggesting their potential to be used for 
safe and efficient management of TB (Vieira 
et al. 2018b).

Using soy lecithin and low-molecular-weight 
CS, a lipopolysaccharide polyelectrolyte com-
plex encapsulated RIF was prepared with mean 
particle size of 151.6  nm, zeta potential of 
+33.0 mV, and 64.25% EE showing a sustained 
release profile, and in ex vivo permeability stud-
ies, twofold increase in RIF permeability within 
8  h was observed (Sumaila et  al. 2019). RIF- 
loaded polymer-glycerosomes (vesicles com-
posed of phospholipids, glycerol, and water), 
which were combined with trimethyl chitosan 
chloride or with sodium hyaluronate reduced the 
in vitro drug toxicity on A549 cells and showed 
improved efficacy against Staphylococcus aureus 
than the pure drug, and their intratracheal admin-
istration to rats resulted in improved RIF accu-
mulation in lungs. Moreover, the aptitude of 
these vesicles to be nebulized was always higher 
than that of drug dispersion (Melis et al. 2016).

RIF-loaded nanolipid polymer composites 
fabricated by a microemulsion-spray-dry tech-
nique with particle sizes ranging from 382.5 to 
561.8 nm, zeta potential from −32.5 to −26.5 mV, 
and drug EE 61.25–73.14% exhibiting an initial 
burst release of RIF followed by a controlled RIF 
release profile were designed by Mulla et  al. 
(2017).

As a promising tool for the controlled delivery 
of RIF or other antitubercular drugs, wheat germ 
agglutinin conjugated SLNPs were reported as 
well (Pooja et al. 2015).

RIF-loaded alginate cellulose nanocrystal 
hybrid NPs with a particle size of 100  nm 
achieved using sonication exhibited pH- 
dependent swelling and a sustained in vitro drug 
release (Thomas et  al. 2018a). Zinc-alginate 
beads with entrapped RIF showing a pH- 
dependent swelling behavior exhibited sustained 
drug release that was more prominent in pH 7.4 
than 1.2 and showed good antibacterial activity 
(Thomas et  al. 2018b). RIF-loaded Zn2+ ion 
cross-linked sodium alginate-g-allylamine- 
mannose polymer NPs (<300  nm) exhibited 
strong antimicrobial activities against M. tuber-
culosis and evaluation of the alveolar macro-

phage targeting via cellular uptake by A549 cells 
showed that Zn2+ concentration of the NPs 
increased the intracellular concentration of RIF 
and enhanced the antitubercular efficiency 
(Praphakar et al. 2017a). Sodium alginate coated 
with CS and Tween 80 NPs used as nanocarrier 
for co-delivery of RIF and ascorbic acid with 
mean particle size of 324.0 ± 40.7 nm, zeta poten-
tial of −28.52 ± 0.47 mV, and hydrophilic surface 
showed considerably higher antibacterial activity 
against nine clinical strains of M. tuberculosis 
than the free drug, whereby solid pellets easily 
redispersible after lyophilization and suitable for 
treatment of pulmonary TB infection could be 
prepared by the addition of sucrose (1% w/v) to 
the suspension of NPs (Scolari et al. 2019).

RIF encapsulated in octanoyl CS NPs pre-
pared by the double emulsion solvent evapora-
tion technique without cross-linking with an 
average hydrodynamic diameter of 
253 ± 19.06 nm and EE of 64.86 ± 7.73% showed 
sustained release over 72 hours, the formulation 
was stable for >2 months, and due to superb aero-
solization properties, it could be used for pulmo-
nary delivery of drugs (Petkar et  al. 2018). 
Phosphorylated low molecular weight 
κ-carrageenan-CS NPs fabricated by emulsifica-
tion technique, followed by ionic gelation tech-
nique, in which both RIF and INH were loaded in 
an amorphous form, showed an initial burst 
release of drugs followed by regular prolonged 
releases and were reported to be suitable for anti-
tuberculosis multidrug delivery (Praphakar et al. 
2017b, 2019). Biodegradable magnetic iron 
oxide NP cross-linked PEG hybrid CS gel beads 
loaded with RIF (70.20  ±  3.50  nm) and dual 
responsive to pH and the magnetic field showed 
higher RIF releasing efficacy at pH = 5.0 (maxi-
mum efficiency of 71.00 ± 0.87%), whereby this 
efficacy could be modified by altering the exter-
nal magnetic field and the weight percentage of 
PEG (Kesavan et  al. 2018). Both RIF and 
rifabutin- loaded CS MPs with mass median aero-
dynamic diameter ca. 5 μm and fine particle frac-
tions of 21.46–29.97% showed sustained in vitro 
drug release in simulated lung fluid of pH  7.4 
(12 h for RIF and 96 h for RFB), the MPs were 
internalized within the human macrophage cell 
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line in  vitro, and their administration did not 
show local adverse effects in Sprague Dawley 
rats (Pai et al. 2016). INH- and RIF-loaded spray- 
dried inhalable CS NPs with a mean shape of 
230  ±  4.5  nm were found to be more effective 
against the mycobacterium than free drugs, and 
until 24  h post nebulization, both drugs were 
detected in lungs, liver, spleen, and kidney sug-
gesting that the formulation could be used for 
effective treatment of TB (Garg et al. 2016).

Synthesis and characterization of acetylated 
amylose and development of inclusion com-
plexes with RIF showing a mean size of 
70–100  nm were described by Ribeiro et  al. 
(2017).

Antibiotics such as RIF, ciprofloxacin, and 
erythromycin loaded into nanocarriers prepared 
from β-cyclodextrin (β-CD) grafted with d- 
mannose or d-glucose were reported to show 
antibacterial activity against Escherichia coli, 
Pseudomonas aeruginosa, Acinetobacter, and S. 
aureus, including methicillin-resistant strains, 
and they can potentiate the activity of these anti-
biotics, especially against multidrug-resistant 
bacteria (Li et  al. 2016). The evaluation of the 
effectiveness of powders prepared from highly 
branched cyclic dextrin in the pulmonary deliv-
ery of a single-dosage form of INH and RIF 
showed that they had higher emitted dose and 
fine-particle fractions than formulations fabri-
cated with lactose, maltose, sucrose, β-CD, and 
methyl β-CD as well as the highest drug content 
suggesting that highly branched cyclic dextrin 
used as an excipient is suitable for a single- 
dosage preparation of INH and RIF (Kadota et al. 
2017). RIF and levofloxacin complexed with CD 
and conjugated to curdlan NPs showed sustained 
release of both the drugs over a prolonged period 
of time. They killed more than 95% of M. smeg-
matis within the macrophages (Basha et al. 2019).

RIF loaded 1,3-β-glucan functionalized PLGA 
NPs enhanced the intracellular pharmacokinetics 
of RIF in THP-1 derived macrophages causing at 
least a ten-fold increase in the uptake of RIF 
(Tukulula et al. 2018).

RIF-loaded N-(2-hydroxypropyl)
methacrylamide−PLGA NPs with a mean parti-
cle size of 260.3 ± 2.21 nm and a zeta potential of 

−6.63 ± 1.28 mV showed sustained drug release 
and ca. fourfold higher antibacterial activity 
against sensitive M. tuberculosis strain than the 
free RIF (Rani et al. 2019). Matryoshka-type gas-
troresistant formulation of RIF-loaded PLGA 
NPs with methacrylic acid–ethyl acrylate coat-
ing, which could release RIF under simulated 
intestinal conditions, however, due to coating 
being protected from degradation under simu-
lated gastric conditions, exhibited a sustained 
drug release and was found to be more effective 
in elimination of M. tuberculosis when applying 
against infected macrophages than the free drug 
(Andreu et  al. 2019). Nonspherical RIF-loaded 
PLGA MPs for inhalation fabricated using l- 
leucine and l-aspartic acid (which were added in 
aqueous phase) were prepared using a spray- 
dryer via emulsion. The fine particle fraction 
(<4.7 μm) of MPs obtained with a leucine con-
centration of 0.2% (w/v) achieved 6.9-fold higher 
value compared to conventional MPs 
(43.4 ± 5.7% vs. 6.3 ± 4.0%), whereby the phago-
cytic ratio of alveolar macrophages (rat alveolar 
macrophage derived NR8383 cells) observed 
with MPs prepared in the presence of leucine was 
considerably higher and the RIF concentration in 
alveolar macrophages reached 0.34 ± 0.16 μg/mL 
(Takeuchi et  al. 2018). PLGA NPs loaded with 
RIF and INH benzhydrazone (showing 15-fold 
higher drug loading in PLGA NPs than INH) 
exhibited slow and sustained release over a period 
of 1  month and more effectively inhibited M. 
tuberculosis H37Rv strain than free drugs. RIF 
loaded in PLGA NPs consistently inhibited the 
growth at 70% MIC of pure RIF (1 μg/mL), while 
INH benzhydrazone loaded PLGA NPs as well as 
pure INH benzhydrazone showed inhibition at 
MIC equivalent to the MIC of INH (0.1 μg/mL) 
(Hakkimane et  al. 2018). RIF, INH, and 
pyrazinamide- loaded branched PLGA–PEG 
based copolymer NPs were designed by 
Gajendiran et al. (2019) for the controlled release 
of the drugs. This formulation demonstrated sus-
tained release of RIF for 840 h, INH for 72 h, and 
pyrazinamide for 720 h.

Smooth, sphere-like INH- and RIF-loaded 
bovine serum albumin NPs with a mean diameter 
of 60.5 ± 4.6 nm and 87.8% and 98.0% EE for 
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INH and RIF, respectively, exhibited slow and 
sustained drug release resulting in 97% INH 
cumulative release in 6 days and full release of 
RIF in 5  days (Ge et  al. 2018a). Intravenous 
administration of INH- and RIF-loaded bovine 
serum albumin NPs in rabbits was found to main-
tain effective blood plasma concentrations of 
both drugs for an extended period of time, and 
nanoformulations showed also good and sus-
tained in vitro release effects (Ge et al. 2018b).

Rifampicin (RIF) NP surface functionalized 
with a tuftsin-modified peptide exhibited a con-
trolled drug release profile; they were not cyto-
toxic and were pronouncedly more internalized 
by macrophages due to selective recognition of 
receptors located on infected alveolar macro-
phages than nonfunctionalized RIF NPs, being 
twofold more effective against M. tuberculosis 
than free RIF (Carneiro et al. 2019).

RIF-loaded porous polycaprolactone (PCL) 
microspheres prepared by oil-in-oil emulsion sol-
vent evaporation method showing a porous struc-
ture, particle diameters from 50.54 to 57.34 μm, 
and an EE up to 61.86% at drug-loading content 
of 1.51% exhibited controlled release (80% of 
the drug released after 10 days) and antibacterial 
activity against S. aureus (Mei et  al. 2018). 
Spherical RIF-loaded CS-graft-PCL/ferulic acid 
(FA) polymer micelles with a mean size of 100–
210  nm were found to release RIF and FA at 
pH 5.3 much faster than at pH 7.4 because swell-
ing of the micelles at lower pH values connected 
with the rapid degradation of ester and amide 
bonds present in the micelles, and this nanofor-
mulation successfully entered into A549 cell 
lines (Praphakar et  al. 2017c). Mucoadhesive 
guar gum hydrogel interconnected CS-g-PCL 
micelles loaded with RIF showed antibacterial 
activity against Klebsiella pneumoniae and S. 
aureus and excellent activity against THP-1 cells 
causing apoptosis in a time-dependent manner, 
suggesting their potential to be used for the 
 intracellular alveolar macrophage treatment 
(Yuan et al. 2019).

Methoxy-PEG-b-PCL NPs loaded with RIF 
with particle sizes 20–110  nm were efficiently 
taken up by macrophages and depending on poly-
mer blocks’ molecular weights showed the cell 

uptake half-lives to be 2.4–21 min and the degra-
dation half-lives from 51.6 min to ca. 20 h after 
the internalization. Moreover, using a zebrafish 
model of TB, these NPs were notably more potent 
compared to free RIP (Trousil et al. 2019). RIF 
encapsulated within nanopolymersomes pre-
pared using di- and tri-block PEG-PCL copoly-
mers enhanced the apparent RIF aqueous 
solubility and promoted drug accumulation in 
macrophages (RAW 264.7) compared to RIF 
solution (Moretton et  al. 2015). Norbornene 
(NOR)-PEG-INH and NOR-PEG-RIF copoly-
mers containing encapsulated INH and RIF in 
NOR exhibited antibacterial activity against 
H37Rv strain of M. tuberculosis with MIC values 
of 0.05 μg/mL and 0.5 μg/mL, respectively, and 
low drug dosages of drugs in NOR nanocarrier 
showed activity comparable with free INH and 
RIF (Kumarasingam et al. 2018).

Mucoadhesive RIF-Gantrez™ AN-119 NPs 
hydrophobized with ethyl cellulose with a mean 
particle size of 400–450 nm when administered 
intraduodenally in rats showed higher Peyer’s 
patch uptake and an increased lung/plasma RIF 
ratio indicating lymph-mediated lung targeting. 
Moreover, a significantly higher lung/liver ratio 
observed with these NPs suggested lower hepatic 
exposure (Bachhav et al. 2018).

Biodegradable amino acid-based poly(ester 
amide) NPs with encapsulated RIF showed 
higher antibacterial activity of RIF against M. 
smegmatis than free RIF and cellular uptake in 
NR8383 cells suggesting their potential applica-
tion in treating TB (Praphakar et al. 2016).

RIF incorporated to solidified self- 
nanoemulsifying drug delivery system demon-
strated immediate release (85% of RIF within 
15 min) and improved pharmacokinetic profiles 
in comparison with RIF suspension (Hussain 
et al. 2019).

Citric acid-coated magnetite NPs in conjunc-
tion with either IHN or RIF showing a mean 
diameter of 9 nm were uptaken by M. smegmatis, 
and they enhanced the membrane permeability 
by promoting a higher influx of drugs into the 
cells and ensured a twofold higher intracellular 
RIF concentration compared with that of free 
drugs (Padwal et al. 2015). Magnetically targeted 
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co-delivery of hydrophilic (INH) and hydropho-
bic (RIF) antitubercular drugs loaded in hollow 
mesoporous ferrite NPs was reported as a deliv-
ery system with enhanced chemotherapeutic 
effect (Xu et al. 2018).

Moradi et  al. (2018) simultaneously loaded 
RIF and INH into graphene oxide (GO) and the 
drug-loaded nanocarriers were coated with bio-
polymers (CS and gum tragacanth) achieving 
diameters of 120–130  nm. This formulation 
released 93% of INH after 60 h, and 88% of RIF 
after 72  h, whereby the co-loaded nanocarriers 
exhibited the same efficacy against M. tuberculo-
sis as pure drugs in their MIC concentrations.

21.4  Pyrazinamide

Pyrazinamide (PZA) is a prodrug that is con-
verted by pyrazinamidase to the active form of 
pyrazinoic acid that inhibits the effect of fatty 
acid synthase (FAS)-I and FAS-II enzymes that 
synthesize short-chain mycolic acids (FAS-I) 
and longer-chain mycolic acids (FAS II). 
Another unspecific effect is caused by accumu-
lation of pyrazinoic acid, which reduces the 
intracellular pH resulting in inactivation of 
enzymes. PZA acts bactericidally on dormant 
strains and thus accelerates TB treatment 
(Pyrazinamide 2019).

Karmakar et  al. (2018) incorporated PZA in 
NLC fabricated using hydrogenated soy phos-
phatidylcholine, tristearin, and oleic acid and sur-
face modified by PEG 2000 (contributing to the 
enhancement of their steric stability due to intro-
duction of additional layer representing a preven-
tative barrier toward the expulsion of surface 
accumulated drug). This nanoformulation show-
ing improved EE and drug loading exhibited a 
sustained release profile.

Following a single nebulization of SLNPs 
incorporating RIF, INH, and PZA that were pre-
pared by the emulsion solvent diffusion 
 technique, to guinea pigs the therapeutic drug 
concentrations were maintained in the plasma for 
5 days and in the organs (lungs, liver, and spleen) 
for 7 days, while free drugs were cleared within 1 
or 2 days, and nanoformulations showed a seven-

fold higher mean residence time and drug bio-
availability. Moreover, nebulization of 
drug-loaded SLNPs to infected guinea pigs on 
every 7th day indicated that no tubercle bacilli 
were detected in the lungs/spleen after seven 
doses of treatment, while for an equivalent thera-
peutic benefit, 46 daily doses of orally adminis-
tered free drugs were necessary (Pandey and 
Khuller 2005).

Alginate NPs encapsulating INH, RIF, PZA, 
and ethambutol fabricated by controlled cation- 
induced gelification of alginate with a mean par-
ticle size of 235.5 nm and high EE (70–90% for 
INH and PZA, 80–90% for RIF and 88–95% for 
ethambutol) showed pronouncedly higher bio-
availabilities compared to free drugs. This was 
reflected in the fact that after administration of 
the encapsulated drugs the drug levels exceeding 
MIC90 were observed in organs until day 15, 
while upon free drug administration, the drug 
levels >MIC90 were estimated only up to day 1 
(Ahmad et al. 2006).

Using Taguchi method the optimized PZA- 
loaded PLGA NPs were prepared by the double 
emulsion method showing particle size approx. 
170  nm, zeta potential of about −1  mV, 7–8% 
EE, and a drug loading of 3.1% (Pham et  al. 
2015). PEGylated PLGA NPs encapsulating RIF, 
moxifloxacin, and PZA fabricated using the 
water-in-oil-in-water double emulsification 
method with poly(vinyl alcohol) (PVA) as a sta-
bilizer were reported to be suitable to target the 
niche of M. tuberculosis, and their application in 
the therapy could reduce the drug dosing fre-
quency or increase the dosing interval (Adesina 
et al. 2015). Just three oral doses of PLGA NPs 
encapsulating ethambutol in combination with 
PLGA NPs encapsulating RIF + INZ + PZA to 
M. tuberculosis H37Rv infected mice adminis-
tered on every 10th day resulted in undetectable 
bacilli in the organs replacing 28 conventional 
doses of free drugs suggesting that the therapy 
using a four-drug combination could shorten the 
duration of TB chemotherapy and reduce the dos-
ing frequency (Pandey et al. 2006). The chemo-
therapeutic efficacy in M. tuberculosis 
H37Rv-infected guinea pigs at the subtherapeutic 
dose was reported also for PLGA NPs loaded 

21 Nanoweapons Against Tuberculosis



480

with antitubercular drugs RIF, INH, and PZA 
(Sharma et al. 2004a), and wheat germ agglutinin- 
coated PLGA NPs were recommended as oral/
aerosolized carriers of RIF, INH, and PZA for 
treatment of TB (Sharma et al. 2004b).

High therapeutic efficacy of PZA liposomes 
prepared using dipalmitoyl phosphatidyl choline 
and cholesterol at a ratio of 7:2, injected twice 
weekly to mice infected by M. tuberculosis, was 
reported by El-Ridy et al. (2007).

Nanocomposites of natural silk sericin 
grafted over the maleate gellan gum surface and 
CS, which were loaded with RIF and PZA, 
exhibited sustained release of 79% RF and 82% 
PZA for 120 h at pH 4.0 and showed improved 
antimycobacterial activity and rapid delivery of 
drugs at TB-infected macrophage, whereby the 
nanoformulation was effectively internalized 
into the bacterial cells and MH-S cells and 
release of both drugs inside the cells resulted in 
the damage of the cell membrane (Mehnath 
et al. 2019). Multidrug delivery system consist-
ing of CS-g-(cetyl alcohol-maleic anhydride-
PZA) polymeric micelles with incorporated RIF 
and entrapped AgNPs on micelles exhibited 
controlled release behavior and was able to 
enhance the biocompatibility and cytotoxic 
effect on the cells reflected in reduced cell via-
bility and higher cell apoptosis, and it could be 
considered as a candidate for immediate thera-
peutic effects for alveolar macrophages 
(Praphakar et al. 2018).

RIF, PZA, and INH encapsulated within the 
hydrophobic core of micelles (singly or in dual 
combination) formed by self-assembly of PVP- 
PCL diblock copolymers with varying chain 
lengths showing sizes from 150 to 205 nm and 
the critical micelle concentration (CMC) in order 
1–10 μM released the drugs in vitro (phosphate- 
buffered saline (PBS) solution at 37 °C) in a sus-
tained manner following the order 
INH > PZA > RIF (Veeren et al. 2013).

Spherical PZA loaded polymeric (Eudragit® 
RS-100) NPs prepared by simultaneous 
 double- emulsion (w/o/w) solvent evaporation/
diffusion technique with particle sizes ranging 
from 45.51 to 300.4 nm and drug EE of 80.9% 
exhibited after early burst release a controlled 

release over a period of 24 h and they were found 
to be effectively uptaken by alveolar macro-
phages (Varma et al. 2015).

Inhalation technology allows the delivery of 
the drug to lesions rapidly and without first-pass 
toxicity. Toxicity of PZA does not enable to 
increase sufficiently the dose at administration 
per os. However, using the inhalation with pyr-
azinoic acid, which would acidify pulmonary 
lesions, as an adjunct therapy, the enhancement 
of the bactericidal activity of the orally adminis-
tered PZA could be observed. Considering that 
most resistance arises in the pncA gene that con-
verts PZA to pyrazinoic acid, the above treatment 
could act on most PZA-resistant strains 
(Mitchison and Fourie 2010). Addition of l- 
leucine and using an ethanolic solvent positively 
affected the physicochemical properties and 
aerodynamic behavior of nano spray-dried PZA- 
l- leucine powders; the best aerosolization per-
formance was observed with the co-spray dried 
PZA with 20% l-leucine in a 10% ethanol feed 
solvent (Kaewjan and Srichana 2016).

21.5  Ethambutol

Ethambutol (EMB) is a synthetic antitubercular 
agent inhibiting arabinosyl transferases, i.e., the 
bacterial cell wall complex production is inhib-
ited and thus increases cell wall permeability. In 
addition, it inhibits RNA synthesis and decreases 
replication. EMB exhibits side effects and cellu-
lar toxicity (Ethambutol 2019). The comparison 
of an untreated and EMB-treated M. smegmatis 
mc(2)155 using proteomic analysis showed that 
among 22 identified proteins 16 were over- 
expressed and 6 under-expressed, whereby these 
proteins predominantly affected energy metabo-
lism as well as synthesis and modification of 
macromolecules (Jiang et al. 2011).

In experimental M. avium infection in mice, 
the chemotherapeutic effects of weekly adminis-
tered PLGA NPs containing encapsulated antitu-
bercular drugs with negative zeta potential and 
particle sizes 227.3  ±  16.4  nm for rifabutin, 
334.35  ±  11.7  nm for azithromycin, and 
509.85  ±  20.5  nm for EMB showing sustained 
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release of drugs inside the plasma and organs 
were found to be equivalent to daily administered 
free drugs (Grewal et al. 2018).

Ahmad et al. (2015) designed a dimple-shaped 
CS carrier for delivering EMB dihydrochloride 
from a dry powder inhaler to the lungs, in which 
spherical CS carriers had a dimpled surface. This 
provided shallow cavities to which the drug was 
bound and the mass median aerodynamic diame-
ter of the drug ranged from 2.3 to 2.7 μm, with 
the fine particle fractions (aerosolized particles 
<4.4  μm) representing 32–42% of the nominal 
dose. Encapsulation of EMB HCl in nisosomes 
prepared by the thin-film hydration method 
resulted in controlled drug release and the formu-
lation was able to deliver more drugs to mice 
lungs for a prolonged period of time resulting in 
decreased bacterial counts in lung homogenates 
(El-Ridy et al. 2015).

Spherical EMB NPs prepared by double- 
emulsion solvent evaporation method using PCL 
polymer and PVA emulsifier with particle sizes 
280–300 nm labeled with 99mTc were reported to 
be applicable for both imaging and therapy of 
TB, because almost 18% of the NPs were uptaken 
by the lungs in male C57Bl/6 mice infected with 
Mycobacterium bovis BCG (Neto et al. 2019).

Nemati et al. (2019) fabricated biocompatible 
nontoxic dry powder inhaler formulations by 
spray-drying of EMB-loaded SLNs with and 
without mannitol showing particle size <100 nm 
and > 98% EE, which could be used for the direct 
pulmonary treatment of TB.

Nanoformulation of EMB with multifunc-
tional GO and magnetic NPs exhibited sustained 
release in PBS solution at two physiological pH 
(7.4 and 4.8) and antibacterial activity against M. 
smegmatis with the effective MIC of 2.1 μg/mL, 
while this nanoformulation was not toxic to 
eukaryotic 3T3 cells (Saifullah et al. 2017a). The 
nanodelivery formulation composed of EMB 
loaded on GO showed high biocompatibility with 
mouse fibroblast cells and good antimycobacte-
rial activity against M. smegmatis with an 
 effective MIC of 0.72 μg/mL. However, ETB-GO 
inhibited M. smegmatis biofilm formation at 
effective concentration 1.496  μg/mL, which is 
higher than the MIC of the planktonic bacterial 

cells (0.39  μg/mL) suggesting that the slow 
release of the drug is not effective against a bio-
film colony (Saifullah et al. 2017b).

21.6  Other Antitubercular Used 
Drugs

21.6.1  Drugs of Natural Origin: 
Antibiotics

Cycloserine (d-4-aminoisoxazolidin-3-on) is an 
antibiotic produced by Streptomyces garyphalus. 
It is a cyclic serinamide that inhibits l-alanine 
racemase (generates d-alanine from l-alanine) 
and d-alanylalanine synthetase that incorporates 
d-alanine into the pentapeptide that is needed for 
peptidoglycan synthesis, thus blocking cell wall 
synthesis (Cycloserine 2019). Poly(butyl cyano-
acrylate) nanocapsules prepared by interfacial 
polymerization of miniemulsions, which were 
loaded with d-cycloserine, showed EE in the 
range of 39–51% and an in  vitro initial burst 
release of the drug followed by a slow release. It 
could be mentioned that the relevant physico-
chemical and technological properties of pre-
pared nanocapsules were pronouncedly affected 
by the external oil phase used (Musumeci et al. 
2011).

Kanamycin is a bacteriocidal aminoglycoside 
antibiotic isolated from the bacterium 
Streptomyces kanamyceticus. Kanamycin is most 
commonly used in the form of kanamycin sulfate 
(KAS), and it is administered in parenteral form. 
KAS is a M. tuberculosis protein synthesis inhib-
itor (irreversibly binds to 30S-subunit of ribo-
some and 16S rRNA) with a very short plasma 
half-life of 2.5  h, and high doses of this drug 
needed to reach the therapeutic levels in the 
plasma result in serious nephrotoxicity/ototoxic-
ity (Kanamycin 2019). KAS-loaded PLGA vita-
min E TPGS (d-α-tocopherol polyethylene glycol 
succinate) MPs and NPs showed sustained drug 
release up to 10 and 13 days, respectively, in PBS 
at pH 7.4, whereby the AUC0-inf value of nanoscale 
formulation estimated in the in vivo pharmacoki-
netic test in Wistar rats was approx. 1.62-fold 
higher than that of microscale formulation. Using 
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nanoscale formulation also a 1.20-fold increase 
in the KAS uptake through the alveolar macro-
phage was observed as well (Mustafa et al. 2016). 
KAS-PLGA-TPGS NPs surface modified by 
affixation of PEG and adsorption of water- soluble 
CS to the particle surface showing a zeta poten-
tial of +3.61 mV exhibited pronounced prolonga-
tion in blood circulation, reduced protein binding, 
and considerable prolongation of blood circula-
tion half-life resulting in reduced kidney seques-
tration compared to the  unmodified 
KAS-PLGA-TPGS NPs suggesting that such 
nanoformulation could reduce the frequency of 
KAS dosing, and thus decrease the incidence of 
nephrotoxicity/ototoxicity (Mustafa et al. 2017a). 
Conjugation of KAS with AuNPs resulted also in 
a notable reduction of its MIC values against bac-
terial strains of E. coli DH5α, Micrococcus 
luteus, and S. aureus compared to its free 
form (Saha et al. 2007).

Amikacin (AMK) is a semi-synthetic amino-
glycoside antibiotic that is derived from above- 
mentioned kanamycin (Amikacin 2019). 
Spherical AMK-loaded PLGA NPs showing a 
particle size of 260.3 ± 2.05 nm, a zeta potential 
of −12.9  ±  1.12  mV, and drug content of 
40.10 ± 1.87 μg/mg prepared by double emulsion 
solvent evaporation exhibited biphasic release 
pattern, improved permeation across intestinal 
epithelium due to the uptake of NPs by Peyer’s 
patches of intestinal epithelium, and endocytic 
uptake via enterocytes as well as antibacterial 
activity against P. aeruginosa, K. pneumoniae, 
and E. coli (Fatima et  al. 2018, 2019). Atyabi 
et al. (2009) prepared thiolated CS NPs as an oral 
delivery system for AMK. In AMK loaded NPs 
(mean size of 280 nm), which were prepared by 
gelation using tripolyphosphate, the formation of 
disulfide bond was obtained by a time-dependent 
oxidation process and the formulation showed 
antibacterial activity against P. aeruginosa and 
Staphylococcus.

Loading of AMK, lipid solubility of which 
was improved by hydrophobic ion pairing with 
sodium myristyl sulfate, into self-emulsifying 
delivery systems resulted in up to twofold higher 
drug amounts permeating through the cystic 
fibrosis mucus compared with control, and the 

formulation exhibited sustained release of AMK 
(Hetenyi et  al. 2018). Investigation of AMK- 
loaded liposomes surface-modified by adsorption 
of PEG 4000, Tween 80, poloxamer 407, and 
gelatin showed that highest serum levels in mice 
were obtained with administration of the PEG- 
and Tween 80-modified liposomes, while gelatin- 
modified liposomes increased the AMK 
concentration in the liver from 36 to 66  mg/kg 
suggesting that surface modification of liposomes 
effectively altered the organ distribution of com-
pounds. Moreover, 14% of α-2-macroglobulin 
was adsorbed on the gelatin liposomes (Bucke 
et al. 1998).

AMK loaded in cholesterol SLNPs and 
administered through pulmonary route to male 
rats by Microsprayer® resulted in higher drug 
concentration in lungs than kidneys suggesting 
that such formulation applied for pulmonary 
delivery could reduce the side effects of the drug 
in kidneys, while sustained drug release from for-
mulation enables to prolong the drug dosing 
intervals (Varshosaz et  al. 2013). AMK-loaded 
SLNPs, which were lyophilized using cryopro-
tectants in order to increase their stability, showed 
twofold lower MIC and MBC values compared 
to the free drug suggesting that fewer doses of 
this formulation could be efficient in the treat-
ment of the infection with less adverse effects 
and more safety. Zeta potential of lyophilized 
particles was increased to +17 mV from +4 mV 
before lyophilization and storage of particles at a 
higher temperature resulted in accelerated drug 
release (Ghaffari et al. 2011).

Capreomycin (CPM) is a cyclic peptide anti-
biotic produced by Streptomyces capreolus that 
inhibits protein synthesis by binding to the 70S 
ribosomal unit (Capreomycin 2019). CPM-Pd 
and ofloxacin-Pd loaded PLA MPs were fabri-
cated by spray-drying of noncolloidal particle 
dispersions in acetonitrile PLA solution in fast- 
drying regime, and it was found that morphology 
of feedstock particles predominantly determined 
the MPs morphology and it could be considered 
as a major parameter influencing final MP prop-
erties (Giovagnoli et al. 2014). CPM combined in 
solution with hydrophobic counterions like ole-
ate, linoleate, and linolenate resulted in hydro-
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phobic ion-pairs that were spray-dried, and it was 
found that application of mini as well as nano 
spray-dryer was suitable to maintain a high ion- 
paired content in the case of CPM oleate, while 
for CPM linoleate and linolenate the mini spray- 
dryer was the most appropriate. The antibacterial 
efficacy of CPM oleate and linoleate against M. 
tuberculosis was comparable with that of CPM 
sulfate, while that of CPM linolenate was lower. 
Considering the lowest toxic potential for CPM 
oleate, this compound is the most promising to be 
used as supergenerics in pulmonary TB treatment 
(Schoubben et  al. 2013). Poly(ethyl cyanoacry-
late) NPs loaded with CPM sulfate were designed 
and investigated as well (Zhaparova et al. 2012). 
In vitro studies of CPM sulfate release from 
poly(ethyl cyanoacrylate) NPs performed also by 
Burkeev et al. (2013) confirmed the potential of 
this formulation in treatment of TB. pH- 
responsive polymeric nanocapsules were fabri-
cated by Loiko et al. (2013) using the reversible 
addition-fragmentation chain transfer–based 
vesicle templating approach in the presence of 
CPM sulfate. The most stable hollow latex parti-
cles were obtained with the monomer composi-
tion of N,N-(dimethylamino) ethyl methacrylate/
methyl methacrylate (1:1) used for the formation 
of the polymeric shells, and the EE of the drug 
reached approx. 70%. The relatively fast drug 
release from these nanocapsules at pH 6.5 could 
be slowed by using a thicker polymer shell.

Rifapentine (RFP) is an ansamycin antibiotic 
that similar to RIF specifically interacts with bac-
terial RNA polymerase (Rifapentine 2019). RFP 
highly binds (98%) to plasma proteins resulting 
in low concentrations in the lungs at oral admin-
istration. These limitations could be overcome by 
inhalation of crystalline RFP; however, the deliv-
ery of crystalline RFP particles in BALB/c mice 
by intratracheal insufflation at a dose of 20 mg/kg 
caused a transient neutrophil-associated inflam-
matory response in the lungs that resolved over 
7 days suggesting that the applied dose for pul-
monary delivery of RFP could be limited to once 
a week at a dose ≤20 mg/kg (Parumasivam et al. 
2017). RFP-linezolid-loaded PLGA MPs pre-
pared using the oil-in-water emulsion solvent 
evaporation method showing a particle size of 

27.38 ± 1.28 μm and an EE of 55.53 ± 0.78 and 
16.87  ±  0.47% for RFP and linezolid, respec-
tively, released 21.37 ± 0.68% RFP in 3 days and 
43.56 ± 2.54% linezolid in 1 day followed by a 
sustained release phase when the drugs were 
retained on the surface of bronchial mucosa of 
canines for 20 days, suggesting that MPs loaded 
with multiple anti-TB drugs could be used in the 
bronchoscopic interventional therapy of cavitary 
pulmonary TB (Huang et al. 2017).

Rifabutin (RFB) is another ansamycin antibi-
otics with the same mode of action as abovemen-
tioned. RFB is used for the treatment of TB 
infections as well as M. avium complex (MAC) 
infection in immunocompromised and/or HIV 
patients (Rifabutin 2019). RFB encapsulated in 
glyceryl monostearate NPs (of 345 ± 17.96 nm) 
fabricated by the solvent diffusion evaporation 
method showed sustained drug release in simu-
lated intestinal fluid (pH 6.8) up to 48 h and PBS 
(pH 7.4) up to 7 days, and following a single oral 
administration of these SLNPs, the therapeutic 
drug concentrations in plasma and in the tissues 
(lungs, liver, and spleen) were maintained for 4 
and 7 days, respectively. The fivefold higher oral 
bioavailability of RFB from SLNPs than that 
observed with the administration of free RFB 
suggested that using this formulation could result 
in a decreased dose and dosing frequency for suc-
cessful management of MAC infection 
(Nirbhavane et  al. 2017). The RFB-loaded 
SLNPs, which were included in spherical micro-
spheres using excipients like mannitol and treha-
lose through a spray-drying technique, achieved 
the tested organs 15 and 30 min post pulmonary 
administration in  vivo and exhibited enhanced 
activity against M. tuberculosis infection in a 
murine model of infection with a M. tuberculosis 
strain H37Rv (Gaspar et al. 2017).

β-Glucan particles (GP) prepared from yeast 
cells by acidic and alkaline extraction spray dried 
prior to RFB loading and sealing of GP pores 
with calcium alginate hydrogel showing particle 
sizes in the range from 2.9 to 6.1 μm (>75% if 
particles were below 3.5  μm), an EE of 
81.46  ±  4.9%, and drug loading approx. 
40.5 ± 1.9% exhibited a sustained release via dif-
fusion and were phagocytosed by macrophage(s) 
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within 5 min (Upadhyay et al. 2017). Exposure of 
glucan MPs loaded with RFB NPs was found to 
augment a robust innate immune response includ-
ing the induction of reactive oxygen and nitrogen 
species, autophagy, and apoptosis within M. 
tuberculosis-infected J774 macrophage cells, and 
in a test performed in murine macrophage, this 
formulation showed approx. 2.5-fold higher effi-
ciency than free RFB (Upadhyay et  al. 2019). 
Spray-dried konjac glucomannan MPs developed 
to provide direct lung delivery of a combination 
of RFB and INH by inhalation, in which the 
drugs were associated to MPs with efficiencies of 
88–104%, were designed by Guerreiro et  al. 
(2019). Cunha et al. (2018) fabricated inhalable 
fucoidan MPs associating simultaneously INH 
(97%) and RFB (95%) and showing adequate 
aerodynamic properties for pulmonary delivery 
with a mass median aerodynamic diameter of 
3.6–3.9  μm that could be captured by macro-
phages in a dose-dependent manner. These MPs 
are able to activate the target cells, which were 
reflected in effective inhibition of mycobacterial 
growth in vitro.

21.6.2  Drugs of Synthetic Origin

Ofloxacin (OFX) is a “cidal” synthetic antibacte-
rial chemotherapeutic agent from the class of 
fluoroquinolones (the second generation) inhibit-
ing DNA gyrase (bacterial toposiomerase II) and 
toposiomerase IV, i.e., suppresses DNA replica-
tion (Ofloxacin 2019). Wu et al. (2014) investi-
gated the effect of hyaluronic acid (HA) and 
polylysine as internal phase additives on the effi-
ciency of PLGA microspheres to encapsulate 
hydrophilic OFX and found that microspheres 
with HA inside showed higher drug loading 
amounts than those with polylysin inside, 
whereby increasing both polyelectrolytes in the 
internal phase burst release could be observed, 
the release rate of the microspheres with polyly-
sin being faster. The in vitro uptake of OFX from 
OFX-loaded glutaraldehyde-cross-linked CS 
microspheres prepared using a water-in-oil emul-
sification method with a particle size of 1–6 μm 
and drug content of 27% (w/w) to alveolar mac-

rophages (NR8383) was markedly improved 
compared to free drug, which was reflected in 
>3.5-fold greater cellular OFX concentrations at 
4 and 24 h after the application suggesting poten-
tial of such formulation for pulmonary inhalation 
(Park et  al. 2013). Investigation of respirable 
OFX MPs and NPs and multifunctional antibiotic 
particles with or without lung surfactant 
1,2-dipalmitoyl-sn-glycero-3-phosphocholine 
(DPPC) for targeted dry powder inhalation deliv-
ery as a pulmonary nanomedicine showed that 
residual partial crystallinity influenced aerosol 
dispersion of OFX and most of the compositions 
of OFX-DPPC inhalation powders (Duan et  al. 
2013). Liposomal formulations encapsulating 
RIF and OFX with particle size of 160.6  nm 
showing EE of 66.89 ± 10.9% and 40.61 ± 8.7% 
for RIF and OFX, respectively, and superb anti-
mycobacterial activity that were characterized 
with notable colloidal stability up to 120  days 
were reported as an effective theranostic agent 
against mycobacterial infections in the mouse 
model (Kaul et al. 2016). Nanosystem MnFe2O4 
with surface modified by CS prolonged the 
release of OFX in a controlled manner sustained 
for a period of 3 days. Thus this formulation can 
be used for intestinal targeted drug delivery 
through oral administration by avoiding the drug 
release in the highly acidic gastric fluid region of 
the stomach (Taavoni-Gilan 2019).

Levofloxacin (LOFX) is the optically active 
l-isomer of OFX (Levofloxacin 2019). Lopez- 
Lopez et  al. (2019) reported that the emulsion- 
solvent evaporation method using 
dichloromethane as organic solvent is the best 
method for fabrication of LOFX loaded PLGA 
NPs exhibiting slow drug release. However, the 
antibacterial activity of these NPs against 
Enterococcus faecalis CECT 481, S. aureus 
ATCC 27697, E. coli CECT 101, and P. aerugi-
nosa ATCC 27853 was approximately half of that 
corresponding to the pure drug, while for 
Mycobacterium phlei CECT 3009 and K. pneu-
moniae CECT 143, the antibacterial efficiency of 
the pure LOFX was approx. fourfold higher. NPs 
of fluoroquinolone antibiotics prepared using oil- 
in- water (o/w) microemulsion formulation com-
prising N-butyl acetate/Tween 80/ethanol/water 
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exhibited high drug loadings (4.20 wt% LOFX, 
3.16 wt% CPX, 2.53 wt% MOX, 1.36 wt% gati-
floxacin, and 0.70 wt% OFX), whereby the drugs 
were accumulated at the interface layer of the 
micelle, which can support controlled release of 
the drug during systemic circulation. Moreover, 
lyophilized LOFX showed long-term stability, 
amorphous morphology, and improved dissolu-
tion rate (Saleem et  al. 2018). Floating liquid 
crystalline molecularly imprinted polymer coated 
carbon nanotubes for LOFX delivery were 
reported by Zhang et  al. (2018). LOFX loaded 
CS NPs converted into the sol-gel system to 
enhance the corneal residence time for ocular 
delivery were designed by Ameeduzzafar et  al. 
(2018). PVA composite nanofibers containing 
conjugated LOFX-CS enabled minimizing the 
burst release behavior and achieving sustained 
release of the drug (Jalvandi et  al. 2017). An 
overview of lipid-based nanosized delivery sys-
tems for fluoroquinolones was presented by 
Furneri et  al. (2017). Improvement of LOFX 
antibacterial activity by conjugation with AuNPs 
was described as well (Bagga et al. 2017).

Ciprofloxacin (CPX) belongs also to the sec-
ond generation of fluoroquinolones 
(Ciprofloxacin 2019). CPX has limited aqueous 
solubility that was significantly increased by 
Aytac et  al. (2019) who complexed CPX into 
hydroxypropyl-β-CDs with a diameter of 90 nm. 
Optimized lipid- polymer hybrid NPs (LPNPs) 
loaded with both INH and CPX hydrochloride 
fabricated by the double-emulsification solvent 
evaporation method showed particle sizes 
111.81 ± 1.2 and 172.23 ± 2.31 nm, respectively, 
and they exhibited sustained and controlled 
release at lower pH and addition of PLGA in 
LPNPs as the polymeric core resulted in a stable 
product. The spray-dried powder of drug-loaded 
LPNPs produced nanoaggregates showing suit-
able morphology, density, flowability, and recon-
stitutibility for inhaled drug delivery and reached 
maximum internalization efficiency in  vivo 
(Bhardwaj et  al. 2016a). 4-Aminophenyl-α-d-
mannopyranoside was used as a surface function-
alized ligand for fabrication of ligand-anchored 
pH-sensitive liposomes prepared by thin film 
hydration for the combined delivery of INH and 

CPX HCl. The liposomes exhibited slow release 
at alkaline pH (58–64%) as compared to macro-
phage pH (81–87%) and achieved a much higher 
concentration in the alveolar macrophage com-
pared to conventional pH-sensitive liposomes 
suggesting that they could be used for the tar-
geted drug therapy in pulmonary TB (Bhardwaj 
et al. 2016b). CPX loaded poly(isobutyl cyanoac-
rylate) NPs were found to be more potent against 
MAC in human macrophages than the free drug 
(Fawaz et  al. 1998). Encapsulated CPX nano-
crystals in liposomes consisting of sucrose, mag-
nesium stearate, and isoleucine showed controlled 
drug release and were suitable for delivery of 
CPX by inhalation as an aerosol (Khatib et  al. 
2019) similar to CPX-loaded polymeric nanomi-
celles (Farhangi et al. 2019).

The NO-releasing CPX 2-methoxy-4-(3-[4′-
(nitrooxy)butoxy]-3-oxo-1-propenyl]phenyl 
ester exhibited significant antimicrobial activity 
against both extracellular and intracellular M. 
tuberculosis H37Rv strains also at low- nanomolar 
concentrations when the unaltered CPX was inef-
fective, which might both shorten the time of the 
chemotherapy and reduce the rise of drug- 
resistant strains. However, it could be mentioned 
that M. tuberculosis is able to evoke a response to 
combat the toxic effect of NO, and the effect of 
NO-releasing drugs in vivo may be reduced in the 
presence of NO scavengers and reductants 
(Ciccone et al. 2003).

Gatifloxacin (GTX) is a member of the 4th 
generation of fluoroquinolones (Gatifloxacin 
2019). Its NPs were prepared by nanoprecipita-
tion using PLGA 502 and Tween 80 or Labrafil as 
surface modifiers, and using rhodamine-loaded 
PLGA nanoparticles prepared with and without 
the surface modifiers, in vivo blood–brain barrier 
transport in male Wistar rats was evaluated. The 
formulation prepared with Tween 80 showing an 
EE of 28.2%, a particle size of 176.5 nm, and a 
zeta-potential of −20.1 mV could be considered 
as a promising drug delivery system to treat cere-
bral TB (Marcianes et  al. 2017). GTX incorpo-
rated into PLGA NPs showed increased half-life 
and mean residence time as well as AUC0–>36 in 
blood plasma (Blynskaya et  al. 2011). 
Abouelmagd et  al. (2019) prepared tannic acid 
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complexes with GTX that proved to be a suitable 
carrier for pH-sensitive delivery of water-soluble 
drugs.

Gemifloxacin represents another member of 
the fourth-generation fluoroquinolones with the 
same mode of action (Gemifloxacin 2019). 
Layered zinc hydroxide-gemifloxacin, an inor-
ganic–organic nanohybrid with successfully 
intercalated drug into the layered zinc hydroxide 
interlayer showing also more thermal stability 
than pure gemifloxacin exhibited remarkably 
faster drug release rate at pH 7.4 than its compos-
ite with CS (Nabipour et al. 2016).

Moxifloxacin (MOX) is also a synthetic fluo-
roquinolone chemotherapeutic agent of the 
fourth generation showing rapid clearance 
(24  h) from the body, and therefore treatment 
with repetitive doses is necessary that may cause 
hepatotoxicity and acquisition of MOX resis-
tant-TB (Moxifloxacin 2019). By affixation of 
PEG to MOX-PLGA NPs and adsorption of 
water- soluble CS to the particle surface, surface- 
modified NPs were fabricated characterized by 
controlled delivery and circulating in the blood-
stream for an extended period of time, reduced 
protein binding and showing reduced liver 
sequestration of the drug compared with MOX- 
PLGA NPs without surface modification. 
Moreover, sustained release behavior of the 
surface- modified NPs could indicate reduction 
of dosing frequency (Mustafa et  al. 2017b). 
Biodegradable antibacterial microspheres, in 
which both RIF and MOX were loaded into 
PLGA by the w/o/w double emulsion solvent 
evaporation technique showing an average par-
ticle size of 16.62 μm and a drug EE of 33.25% 
(MOX) and 49.0% (RIF), respectively, showed 
enhanced antibacterial activity against S. aureus 
by effectively inhibiting antibacterial biofilm 
formation and could be used for local drug 
delivery in treating osteomyelitis (Qiao et  al. 
2019). The drug conjugates of INH and MOX 
prepared using hydrolyzable linkers, chloroace-
tyl chloride, and succinyl chloride, which were 
encapsulated in PLGA NPs, could be useful for 
the synergistic treatment of TB to combat mul-
tiple drug resistance (MDR) exhibited by myco-
bacterium species (Moin et  al. 2016). 

Combination of MOX-, ethionamide-, and econ-
azole-loaded PLGA NPs tested in a MDR-TB 
infected mouse model was able to decrease the 
congestion in the lungs to 50%, and chemother-
apy of MDR-TB-infected mice with weekly 
doses of these three drug nanoformulations 
resulted in the clearance of bacilli from lungs 
and spleen (Vemuri et al. 2016). As a promising 
formulation for effective management of ocular 
infections, MOX-loaded PLA/PCL hybrid poly-
meric matrix showing antibacterial activity 
against E. coli, P. aeruginosa, and 
Staphylococcus was described as well (Hezma 
and Rajeh 2018).

Hyaluronic-acid-modified lipid-polymer 
hybrid NPs encapsulating MOX displaying 
excellent ocular tolerance and showing consider-
able enhancement of the mean residence time 
and area under the curve (AUC0-6h) in an in vivo 
precorneal retention study in rabbits compared to 
values observed with the commercial product 
could be used as an ocular drug delivery system 
for prolonged precorneal retention, better corneal 
permeability, and enhanced ocular bioavailability 
(Liu et  al. 2018). Nanosuspension of MOX- 
loaded gelatin NPs with a particle size of 
175  ±  1.11  nm and a zeta potential of 
+24 ± 0.12 mV showed higher in vivo antibacte-
rial activity against S. aureus than the commer-
cial market product MoxiGram® in the test 
performed on the corneal eye surface of rabbits, 
and using cup-plate method, its better antimicro-
bial activity against Bacillus subtilis was esti-
mated as well (Mahor et  al. 2016). CS 
microspheres for intrapulmonary administration 
of MOX designed by Ventura et al. (2008) with 
particle sizes 2.5–6.0 μm (suitable for inhalation) 
showed prolonged MOX release after a pro-
nounced burst release, and using in  vitro bron-
chial epithelium model consisting of a monolayer 
of Calu-3 human bronchial epithelial cells 
mounted on Franz diffusion cells, it was shown 
that the microspheres effectively retarded the 
absorption of MOX within 6 h compared to free 
drug. MOX conjugates with hydroxypropyl cel-
lulose (self-assembling into nanowires with 
diameters of ca. 30  nm and hydroxyethyl 
cellulose- MOX conjugates (self-assembling into 
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NPs of 150–350  nm) exhibited sustained drug 
release and their administration in rabbits resulted 
in considerably higher MOX plasma half-life 
over 24 h as well as improved drug bioavailabil-
ity (Abbas et al. 2016).

MOX-loaded liposomes fabricated using the 
lipid film hydration method with a mean particle 
size of 60.5  ±  0.72  nm and a drug EE of 
92.24 ± 0.24% were reported to offer a satisfac-
tory aqueous humor release profile after intra-
cameral application to rabbits (Ferreira et  al. 
2018). MOX-loaded nanoliposomes coated with 
4-aminophenyl-α-d-manno-pyranoside showed 
high antitubercular activity as well as increased 
macrophage uptake (Hamed et al. 2019).

Mesoporous SiO2 NPs functionalized with 
pH-sensitive nanovalves (consisting of a stalk 
covalently attached to the pore entrances of 
SiO2 NPs and a cap molecule, CD, which inter-
acts with the organic moiety of the stalk through 
hydrophobic–hydrophobic interaction and traps 
the cargo inside the pores) loaded with MOX 
were found to be highly effective in killing 
Francisella tularensis in infected macrophages, 
and in a mouse model of lethal pneumonic tula-
remia they were able to kill F. tularensis more 
than an equivalent amount of free drug (Li et al. 
2015). MOX-loaded mesoporous SiO2 NPs 
functionalized with disulfide snap-tops selec-
tively releasing the drug intracellularly in 
response to the redox potential could kill F. tula-
rensis in macrophages in a dose-dependent fash-
ion, and in a mouse model of lethal pneumonic 
tularemia, they prevented weight loss, illness, 
and death of animals and strongly reduced F. 
tularensis in the lungs, liver, and spleen, being 
pronouncedly more efficient than the free drug 
(Lee et al. 2016).

Ethionamide (ETH) is a thioamide of isonico-
tinic acid. It is a prodrug activated by ethion-
amide monooxygenase (EthA). The active drug 
then binds to NAD+ to form an adduct that inhib-
its InhA in the same manner as INH, i.e., disrupts 
mycolic acid synthesis, which leads to inhibition 
of cell wall formation. ETH is characterized by 
poor aqueous solubility and strong tendency to 
crystallize and due to its low therapeutic index 
treatment with this drug is associated with severe 

toxic side effects (Ethionamide 2019). Vale et al. 
(2012) reported that by loading ETH into ther-
mally carbonized porous silicon MPs the solubil-
ity and permeability of ETH was significantly 
improved, while toxicity of this formulation 
against HepG2, Caco-2, and RAW macrophage 
cells was pronouncedly lower than that of free 
ETH.  Carboxylic acid functionalized thermally 
hydrocarbonized porous SiNPs conjugated with 
ETH showed stronger antimicrobial activity 
against M. tuberculosis strain H37Rv than free 
ETH, which could be connected with the weak-
ening of the bacterial cell wall that improves 
conjugate-penetration. Using such ETH- 
conjugated NPs in the treatment of MDR-TB, 
reducing dosing frequency of the drug could be 
achieved (Vale et al. 2017).

ETH-loaded PLGA NPs with particle size of 
286 ± 26 nm, zeta-potential of −13 ± 2.5 mV, and 
35.2  ±  3.1% EE, when administered orally to 
mice, exhibited sustained release of ETH for 
6 days in the plasma compared to 6 h estimated 
for free drug, and pronounced improvement in 
pharmacokinetic parameters and ETH was 
detected in the lung, liver, and spleen for up to 
5–7 days suggesting that using such nanoformu-
lation reducing dosing frequency of ETH in treat-
ment of MDR TB could be obtained (Kumar 
et al. 2011a). ETH-loaded PLGA NPs fabricated 
by a solvent evaporation method, in which the 
drug was encapsulated in crystalline form, 
showed sustained in vitro release up to 15 days; 
their per oral administration to mice was not 
accompanied with toxic effects, and the body-
weight of animals was practically not affected 
(Kumar et al. 2011b).

In ETH-loaded CS alginate NPs stabilized 
with carrageenan fabricated using simple inotro-
pic gelation with a mean particle size of 300 nm 
and showing controlled release over 96 h, the car-
rageenan improved the stability of NPs during 
formulation process as well as the entrapment of 
ETH in the NPs, whereby pronounced antimyco-
bacterial activity of ETH-loaded NPs against 
H37Ra mycobacterium strain was estimated 
(Abdelghany et al. 2017).

Niosomes loaded with both cycloserine 
(hydrophilic) and ETH (lipophilic) showing a 
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particle size of 137.4 nm and EE >70%, which 
were characterized by sustained release up to 
3  days, exhibited greater antibacterial activity 
against M. smegmatis than the free drug combi-
nation (Kulkarni et al. 2019).

It was found that “booster” molecules could 
greatly increase the ETH antimycobacterial 
efficacy, and therefore Costa-Gouveia et  al. 
(2017) co-encapsulated ETH and its booster 
BDM41906 (5,5,5-trifluoro-1-[4-(3-thiazol-
2-yl-[1,2,4]oxadiazol- 5-yl)-piperidin-1-yl]-
pentan-1-one) in biodegradable polymeric NPs 
enabling to overcome the tendency of ETH to 
crystallize and the limited water solubility of 
the booster. The NPs fabricated from the cross-
linked poly(2-hydroxy- 1,3-propylenedioxy)
polycyclodextrin polymer were found to show 
the best physicochemical properties for the 
simultaneous delivery of [ETH:booster] pair in 
the lungs and administration of NP suspension 
directly into mouse lungs using a 
Microsprayer®. The NP suspension adminis-
tered directly into mouse lungs using a 
Microsprayer® resulted in 3-log decrease of 
the pulmonary mycobacterial load after six 
administrations compared to untreated mice. 
NPs of a co- drug of ETH and a new drug 
BDM43266 (4-(2-methyl-1,3-thiazol-4-yl)-N-
(3,3,3- trifluoropropyl)benzamide) prepared 
using glutaric linker with particle size ca. 200 
nm, administered intranasally, significantly 
reduced the population of M. tuberculosis in the 
mouse lungs (Pastor et al. 2019).

Prothionamide (PTH) is a homologue of ETH 
with the same mechanism of action and proper-
ties specified for the treatment of MDR-TB 
(Prothionamide 2019). Dry powder inhaler pre-
pared by freeze-drying of CS-coated PTH showed 
sustained release up to 96.91% in 24 h following 
the initial burst release, and administration of a 
single dose of this nanoformulation to Wistar rats 
was able to maintain the drug concentration 
exceeding MIC for more than 12 h and increased 
the PTH residency in the lung tissues for more 
than 24 h (Debnath et al. 2018).

Perchlozone© (4-thioureido- 
iminomethylpyridinium perchlorate) is an 
 antitubercular drug derived from thioacetazone 

(Thioacetazone 2019), developed, and therefore 
marketed only by the Russian Federation. Similar 
to a pattern drug, it is a prodrug activated by ethi-
onamide monooxygenase (EthA). It inhibits 
FAS-II dehydratase, i.e., interferes with mycolic 
acid synthesis, and thus inhibits the generation of 
mycobacterial cell wall. It shows a narrow thera-
peutic spectrum, high hepatotoxicity, and fast 
drug resistance (Gopal and Dick 2015). It was 
shown that when Perchlozone© encapsulated in 
PLA-based MPs and NPs (particle sizes 1100 
and 170 nm, respectively), which were modified 
with single-chain camel immunoglobulin G 
(IgG) for targeting, was injected intraperitoneally 
and intravenously into the mice with experimen-
tal TB, the MPs and NPs were internalized by 
phagocytic macrophages and transported to inner 
organs attacked by TB, better survival and lower 
degree of lung manifestations were observed 
with IG-modified NPs (Churilov et al. 2018).

para-Aminosalicylic acid (PAS) is a bacterio-
static antituberculotic drug inhibiting folic acid 
synthesis by binding to pteridine synthetase. In 
addition, it inhibits the synthesis of mycobactin, 
a component of mycobacterial cell wall (para- 
Aminosalicylic acid 2019). MPs prepared by 
spray-drying from ethanol/water solvent systems 
using ammonium carbonate as a pore-forming 
agent at application of low inlet temperatures 
resulted in a novel solid of stoichiometry PAS/
ammonia/water, 2:1:0.5 (at higher temperatures 
pure PAS was obtained), and spray-dried PAS 
powders could be used for pulmonary delivery 
(Gad et al. 2012). GO air-dried hydrogel fabri-
cated by lyophilization of the hydrogel prepared 
using GO and PAS in solution phase exhibited 
effective antimicrobial activity and in vitro cyto-
toxicity against S. aureus and E. coli, respec-
tively and more invasive characteristics in M. 
tuberculosis H37Rv than the equivalent amount 
of pure PAS (More et al. 2019). The nanoscale 
formulation based on PAS and zinc-layered 
hydroxide (ZLH) prepared using zinc nitrate salt 
as a precursor showed fourfold higher efficiency 
of PAS against M. tuberculosis (MIC 1.40 μg/
mL) than the free PAS (MIC 5.0 μg/mL); it was 
biocompatible with human normal lung cells 
MRC-5 and mouse fibroblast cells-3T3 and 
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showed sustained release of PAS in a human 
body-simulated PBS solution at pH values of 7.4 
and 4.8 (Saifullah et al. 2014a). Good biocom-
patibility of the PAS- ZLH nanocomposites 
against normal human MRC-5 lung cells and 
sustained release of PAS from such nanocom-
posites were reported previously as well 
(Saifullah et al. 2013, 2014b).

Clofazimine (CFZ) inhibits mycobacterial 
growth and binds to mycobacterial DNA, which 
leads to disruption of the cell cycle and killing of 
the bacterium. It binds to bacterial potassium 
transporters, thereby inhibiting their function. 
CFZ is the main drug for the treatment of leprosis 
(caused by Mycobacterium leprae) (Clofazimine 
2019). Chen et al. (2018) used acetophenone as 
the chaperone for CFZ enabling loading of a high 
amount of CFZ into the mesoporous SiO2 NPs as 
well as contributing to pronouncedly (2300-fold) 
higher CFZ release from the mesoporous SiO2 
NPs in an aqueous biorelevant environment com-
pared with SiO2 NPs without acetophenone treat-
ment, whereby the optimized nanoformulation 
effectively inhibited M. tuberculosis in vitro. By 
loading CFZ into nanoporous SiO2 particles, the 
amorphous state of CLZ was stabilized, and up to 
20-fold increase of the drug solubility in simu-
lated gastric fluid and markedly improved perme-
ation through model intestinal cell layer was 
observed, reaching efficacious antimicrobial con-
centrations in TB-infected macrophages (Valetti 
et al. 2017a). Using antitubercular drug CFZ, it 
was shown that label-free fluorescent mesopo-
rous SiO2 MPs and NPs prepared by controlled 
thermal decomposition of carboamino groups 
linked on the surface could be applied as lipo-
philic multifunctional drug carriers enabling 
monitoring of drug release in biological environ-
ments by means of fluorescence lifetime and 
could be of interest in the field of theranostics 
(Valetti et al. 2017b).

By loading of CFZ into oligomeric carrier 
sulfobutylether-β-CDs prepared by cross-linking 
β-CD with epichlorohydrin followed by sulfona-
tion in a strongly alkaline aqueous medium NPs 
with particle sizes 20–60  nm were prepared to 
show IC50 values <100 nM against Staphylococcus 

epidermidis, including clinical isolates of S. 
 epidermidis (some displaying MDR) (Wankar 
et al. 2018).

PLGA NPs of CFZ and dapsone (antileprot-
ics), drugs used in combination in therapy against 
various Mycobacterium species, showing a posi-
tive zeta potential of +27.4  mV released 82% 
dapsone and 68% CFZ and exhibited notably 
improved in vivo efficacy against M. tuberculosis 
H37Rv strain in infected small animal model 
reflected in stronger reduction of bacterial loads 
in the lungs from log10 of CFU/g to 2.7 ± 0.34 
compared to administration of solution of drugs 
and diseased control (4.9 ± 0.21 and 6.8 ± 0.23, 
respectively) (Li et al. 2017).

Linezolid (LZD) is the first drug from the 
class of oxazolidinones, selective inhibitors of 
bacterial protein synthesis by binding to 23S 
ribosomal RNA of the 50S subunit. Thus, it pre-
vents the formation of a functional 70S initiation 
complex (Linezolid 2019). LZD-loaded 
Eudragit® RS 100 polymeric NPs prepared by 
double emulsion solvent evaporation method 
showing particle sizes 47–119 nm, zeta potential 
ranging from −32 to −41 mV, and EE of 75.56–
80.42% were reported to be suitable for effective 
drug delivery against MDR TB (Shaji and 
Kumbhar 2019). Nanoemulsion formulation of 
LZD exhibited higher antibacterial activity 
against Staphylococcus and lower cytotoxicity 
compared to free LZD with minimum biofilm 
inhibitory concentration of 73.68% (Mohamed 
et  al. 2018). Parisi et  al. (2014) synthesized 
oxazolidin- 2-one derivatives (simplified analogs 
of Linezolid) showing moderate antimicrobial 
activity against E. coli and S. cerevisiae (MIC 
16  μg/mL), the activity of which was signifi-
cantly increased (MIC <4 μg/mL) after incorpo-
ration into lecithin-based nanoemulsion, 
poly(N-vinylpyrrolidone)methacrylic acid 
grafted copolymer, and spherical polymeric NPs, 
whereby these nanoformulations could be used to 
overcome cellular penetration constraints.

Bedaquiline (BDQ), a bactericidal diaryl-
quinoline antimycobacterial chemotherapeutic 
agent, is an adenosine triphosphate (ATP) syn-
thase inhibitor (binds to c subunit), which is an 
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essential enzyme for the generation of energy in 
mycobacterial cells. It was approved only for 
the combination treatment of MDR-TB by FDA 
on December 28, 2012. However, treatment 
with BDQ is usually accompanied with nausea 
and it causes cardiac arrhythmias. Therefore 
this drug is not recommended for children and 
pregnant or lactating women, and its use could 
be restricted to patients with MDR-TB or more 
complex drug resistance who cannot otherwise 
be treated with a minimum of three effective 
drugs (Field 2015; Fox and Menzies 2013; 
Bedaquiline 2019).

By mixing of freeze-dried CS NPs of BDQ 
prepared using ionic gelation method with lac-
tose preblend, a respirable powder was fabri-
cated (optimized particle size of 109.7 ± 9.3 nm 
with a zeta potential of 36 ± 2.1 mV). The pre-
pared formulation was able to efficiently 
deliver BDQ into the lungs and based on the 
in  vitro and in  vivo toxicity studies showed 
better safety profile than conventional dry 
powder inhaler formulation and oral solution 
(Rawal et  al. 2018). De Matteis et  al. (2018) 
achieved high encapsulation efficiency and 
drug loading values by encpsulating BDQ in 
lipid NPs and CS-based nanocapsules, and the 
nanoformulations were found to exhibit in vitro 
antibacterial activity against M. tuberculosis 
and superb compatibility of both carriers with 
animal cells.

Ritsema et al. (2018) encapsulated hydropho-
bic BDQ and hydrophilic vancomycin into differ-
ent PEGylated polymeric NPs based on aliphatic 
polyesters prepared from diblock copolymers, in 
which PEG block was attached to an aliphatic 
polyester block (PLGA, poly(lactic-co- 
hydroxymethyl glycolic acid) or poly(lactic-co- 
benzyloxymethyl glycolic acid). In the 
formulations almost complete encapsulation of 
BDQ and approx. 30% for vancomycin, indepen-
dent of the polymer type, was achieved, whereby 
a predominantly diffusion-controlled release of 
BDQ from all formulations was observed, while 
vancomycin was released by a combination of 
diffusion and polymer degradation showing the 
fastest release from the most hydrophilic 
polymer.

21.7  Metal-Based Antitubercular 
Nanoformulations

Sarkar et  al. (2015) investigated the effects of 
bare AgNP (20 and 110 nm) and surface- modified 
AgNPs with citrate or PVP capping on cellular 
toxicity and innate immune responses against M. 
tuberculosis by human monocyte-derived macro-
phages (MDM) and found that AgNP exposure 
can potentially impair M. tuberculosis-induced 
activation of Toll-like receptor (TLR) signaling 
in MDM reflected by the suppression of target 
gene expression downstream of TLR pathway. To 
the suppression of the M. tuberculosis-induced 
host response in the presence of AgNPs could 
contribute also stress-induced Hsp72 protein- 
mediated inhibition of the activation of the 
nuclear factor NF-κB pathway. The suppressive 
effect on M. tuberculosis-induced immune 
responses was predominantly connected with the 
physicochemical properties of the AgNPs and not 
with Ag+ ions released from the NPs (Sarkar et al. 
2015). Using in vitro and ex vivo THP-1 infec-
tion model, it was shown that AgNPs fabricated 
by chemical route were more efficient in inhibi-
tion of active and dormant stage mycobacterial 
growth than the biogenic AgNPs. AgNPs showed 
more specificity toward mycobacteria (selectivity 
index 11–23) than toward other pathogenic bac-
teria suggesting that they have the potential to be 
used in treatment of TB (Singh et  al. 2015). 
Larimer et  al. (2014) cultivated M. smegmatis 
strain mc(2)155  in AgNP-enriched agar, and 
small bacterial population that survived was re- 
exposed to AgNPs and AgNO3. It was found that 
after only a single exposure, mutant M. smegma-
tis populations were resistant to AgNPs and 
AgNO3. Moreover, MIC values of INH for these 
Ag resistant mutants were fourfold higher than 
those for the mc(2)155 strain, while core resis-
tance was not conferred to other toxic metal ions, 
and the mutants had lower resistance to CuSO4 
and ZnSO4 than the mc(2)155 strain. Uraskulova 
and Gujsan (2017) studied the effectiveness of 
the application of AgNPs for the treatment of TB 
of the upper respiratory tract using nanoscale sil-
ver preparations, Argovit-C and Vitargol. The 
bactericidal activity of 3% Argovit-C solution 
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reached 100% with respect to the medically- 
resistant mycobacteria at both maximum and 
minimum concentrations of IHN and the prepara-
tion showed also therapeutic effectiveness in a 
clinical study. Consequently, the researchers rec-
ommended the inhalation of the 3.3% Argovit-C 
solution twice daily for 10  minutes during 
2  months for the local treatment of laryngeal 
TB.  AgNPs inhibited not only the reference 
strains of M. tuberculosis and M. bovis but also 
the MDR strain of M. tuberculosis showing MICs 
of 1, 4, and 16 μg/mL. On the other hand, the esti-
mated MIC values for clinical isolates of M. bovis 
and M. tuberculosis were 4–32 and 1–16 μg/mL, 
respectively, and an in  vitro chemotherapeutic 
effect of AgNPs against Mycobacterium spp. was 
observed as well (Selim et al. 2018).

Bimetallic Au-Ag NPs green synthesized 
using medicinal plant extracts (Barleria prion-
itis, Plumbago zeylanica, or Syzygium cumini) 
inhibited M. tuberculosis and M. bovis BCG in 
both active and dormant stages showing MIC 
<2.56 μg/mL and were more potent as AgNPs. At 
tenfold MIC concentration of 30  μg/mL, they 
exhibited up to 45% cytotoxicity after 48  h, 
whereby the best specificity and selectivity to kill 
mycobacteria showed AgNPs synthesized using 
S. cumini (Singh et al. 2016). Gupta et al. (2018) 
designed a bis(pyrrolide-imine) Au(III) chelate 
showing ability to inhibit a panel of diverse M. 
tuberculosis and M. abscessus clinical isolates. 
This Au(III) chelate exhibited potent activity 
against bacterial topoisomerase 1A (Topo1) 
enzymes but not gyrase because it was demon-
strated that it lacked cross-resistance with fluoro-
quinolones that target the mycobacterial gyrase.

Biosynthesized AgNPs and ZnNPs with par-
ticle sizes 40 and 60 nm, respectively, effectively 
inhibited multidrug-resistant pathogens. AgNPs 
were effective against drug-resistant clinical iso-
lates of MRSA, VRE, ESBL, MDR, and P. aeru-
ginosa with MIC in the range of 1.25–5 mg/mL, 
while ZnNPs specifically inhibited Gram-positive 
bacteria like S. aureus, including its drug- 
resistant variant MRSA. Moreover, both AgNPs 
and ZnNPs were effective against M. tuberculo-
sis and its MDR strain with an MIC of 1.25 mg/
mL and showed synergistic action in  combination 

with gentamicin (Punjabi et al. 2018). Jafari et al. 
(2016, 2017) investigated the bactericidal impact 
of Ag, ZnO, and mixed AgZnO colloidal NPs on 
M. tuberculosis H37Rv phagocytized by THP-1 
cell lines and found that NPs applied at a ratio 
2(Ag):8(ZnO) and 8(Ag):2(ZnO) did not have 
any antitubercular effects on phagocytized 
H37Rv M. tuberculosis, while 0.663  ppm of 
5(Ag):5(ZnO) had the ability to kill M. tubercu-
losis H37 Rv similar to 40 ppm of RIF, whereby 
phagocytized H37Rv M. tuberculosis into the 
THP-1 had died without any toxicity effects 
against THP-1 and MRC-5 cell lines.

Spherical ZnO NPs synthesized using leaf 
extract of Limonia acidissima L. as a reducing 
and capping agent with particle sizes ranging 
from 12 to 53  nm were found to control the 
growth of M. tuberculosis at 12.5 μg/mL suggest-
ing that ZnO NPs could be used as a medicinal 
ingredient for treatment of TB (Taranath and 
Patil 2016). Inhibition of M. tuberculosis H37Ra 
strain at concentrations as low as 12.5  μg/mL 
showed also ZnO NPs prepared by solution com-
bustion synthesis using lemon juice as biofuel 
(Gopala Krishna et al. 2017).

Zeolitic imidazolate framework-8 (ZIF-8) 
showing uniform cube-like morphologies with a 
diameter ca. 400 nm, which were after calcina-
tion transformed into hollow nanocages with 
porous shells consisted of interconnected NPs 
with diameters ranging from 20 to 40 nm, inhib-
ited the growth of M. tuberculosis, whereby the 
estimated MIC of 12.5 μg/mL was comparable 
with that of the commercial organic medicines. 
Low crystal quality, high surface defect level, and 
rich surface functional groups on ZnO nanocage 
contributed to its more easy adsorption on the 
cell membrane as well as to the release of Zn2+ 
ions from the ZnO lattice and formation of ROS 
resulted in the damage of bacterial DNA and 
finally in the apoptosis of mycobacterial cells 
(Cui et al. 2018).

Sato et al. (2017) prepared NLCs loaded with 
Cu(II) complexes, namely CuCl2(INH)2]·H2O 
(Cu-1), [Cu(NCS)2(INH)2]·5H2O (Cu-2), and 
[Cu(NCO)2(INH)2]·4H2O (Cu-3) showing 
enhanced antibacterial activity against M. tuber-
culosis compared to free Cu(II) complexes. The 
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MIC values of nanoformulations containing 
Cu(II) complexes were 1.87, 2.31, and 1.96 μg/
mL for Cu-1, Cu-2, and Cu-3, respectively com-
pared to 103.63, 63.26, and 80.71 μg/mL esti-
mated for free Cu(II) complexes suggesting that 
incorporation into NLCs caused ca. 55-, 27-, 
and 41-fold enhancement of antibacterial 
activity.

Nanofomulation of Ga(III) encapsulated in 
folate-or mannose-conjugated block copoly-
mers showed sustained Ga(III) release for 
15 days, facilitated phagosome maturation, and 
significantly inhibited M. tuberculosis growth in 
human monocyte-derived macrophages (Choi 
et  al. 2017a). Ga(III) NPs were found pro-
nouncedly to inhibit the replication of both HIV 
and M. tuberculosis, their addition to mononu-
clear phagocytes already infected with M. tuber-
culosis or HIV was able to considerably reduce 
these infections, and macrophages that were 
coinfected with HIV and M. tuberculosis and 
loaded with GaNPs reduced the levels of inter-
leukin-6 (IL-6) and IL-8 secretion for up to 
15 days after drug loading suggesting that deliv-
ery of GaNPs to macrophages could be utilized 
as a potent long-acting approach for suppressing 
HIV and M. tuberculosis coinfection of macro-
phages in  vitro (Choi et  al. 2017b). Similar 
results related to prolonged- acting, multitarget-
ing GaNPs strongly inhibiting the growth of 
both HIV and mycobacteria in coinfected human 
macrophages were reported also by 
Narayanasamy et al. (2015).

21.8  Conclusion

As mentioned above, TB has again become a very 
serious global disease. The rate of development of 
new drugs and their approval by authorities for use 
in patients is not sufficient compared to the rates, at 
which various types of resistance in M. tuberculo-
sis develop, or the “devastation” of human popula-
tion immunity and associated risks of the 
occurrence of new mycobacterial opportunistic 
pathogens continue. Thus, the current trend is to 
reuse old drugs, but they have to be formulated in 
nanosized particles to ensure their effectiveness 

and potency, which can provide an overall increase 
in bioavailability, improved stability, controlled 
release, targeted distribution to affected tissues, and 
an additive or synergistic increase of their potency 
due to the physical effects of the nanoparticles and/
or the combination of different antitubercular effec-
tive agents, especially against MDR strains. In 
addition, better bioavailability of drugs from these 
nanoformulations allows a lower frequency of 
administration of a drug to a patient, i.e., higher 
compliance. Of course, the development of nano-
formulations of antitubercular drugs is much faster 
in delivering particular results on the drug market 
(due to a simpler approval procedure); thus it can 
be hoped that the fight against TB using various 
nanoformulations/nanocomposites/nanosystems 
will be successful. On the other hand, although the 
original drugs have been approved, their nanoniza-
tion or incorporation into nanoformulations will 
give them different physicochemical properties, 
which should lead to a deep investigation of their 
toxicological profile in relation to normal human 
cells in order to avoid various undesirable pro-
cesses and thus eliminate risks and nonspecific fac-
tors associated with the administration of nanodrugs 
in general for organs and tissues.
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Abstract

Superparamagnetic hyperthermia, obtained 
by increasing the temperature to 42–43 °C in 
tumor tissue where magnetic nanoparticles 
are found, as a result of superparamagnetic 
relaxation, following the application of an 
external alternating magnetic field at a fre-
quency of hundreds of kiloherz, is an alterna-
tive method that is noninvasive and apparently 
lacking toxicity and that has real potential as 
a cancer therapy. However, magnetic nanopar-
ticles used as thermal mediators play a very 
important role in the efficacy of the method in 
the irreversible destruction of tumors. The 
NPs must meet a number of physical and 
magnetic characteristics in order to obtain the 
maximum hyperthermal effect, but also a 

reduced or even lack of toxicity on healthy 
cells. This chapter presents just this aspect of 
biocompatibility/cytotoxicity and nanofor-
mulations of magnetic nanoparticles for their 
use in superparamagnetic hyperthermia.  
We will consider the recent nanoformulations 
that could be used successfully in superpara-
magnetic hyperthermia, tested in  vitro  
and in vivo, as well as current trends in dual 
therapy, thermochemotherapy, or thermo- 
radiotherapy.

Keywords

Magnetic IONPs · Nanoformulations · 
Toxicity · Superparamagnetic hyperthermia · 
Cancer therapy

Nomenclature

AMF Alternating magnetic field
B16-F10 Murine melanoma cell line
Bio-MNP Biocompatible magnetic 

nanoparticle
Bio-SPMNP Biocompatible superparamag-

netic nanoparticle
BHK-21 Baby hamster kidney cells
CKD Chronic kidney disease
CT-26 Colorectal cancer cells
DOX Doxorubicin
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DCFDA 2′,7′–dichlorofluorescin 
diacetate

DMSA Dimercaptosuccinic acid
FDA Food and Drug Administration
G4@IONPs Fourth-generation dendrimer- 

coated iron oxide 
nanoparticles

HaCaT Human immortalized 
keratinocytes

HDF1 Human fibroblast cell line
HER2 Human epidermal growth fac-

tor receptor
HIV Human immunodeficiency 

virus
hsp70 Heat shock protein gene
IONP Iron oxide nanoparticle
LDH  Lactate dehydrogenase assay
LSMO Dextran-coated La0.75Sr0.25 

MnO3

M059K Glioblastoma cells
MCF-7 Human breast carcinoma cell 

line
MCLs Magnetic cationic liposomes
MDA-MB-231 Human breast cancer cell line
MEO2MA 2-(2-methoxyethoxy)ethyl 

methacrylate
MFH Magnetic fluid hyperthermia
MG-63 Bone-cancer cell line
MHT Magnetic hyperthermia
MLs Magnetic liposomes
MION Magnetic iron oxide 

nanoparticle
MNP Magnetic nanoparticle
MRI Magnetic resonance imaging
MTT 3-(4,5-dimethylthiazol-2-yl)-

2,5-diphenyltetrazolium 
bromide

NP Nanoparticle
OEGMA Oligo(ethylene glycol)

methacrylate
PEG Polyethylene glycol
PEG-PLA Poly(ethylene glycol)- 

poly(lactide)
PEI Polyethylenimine
PTT Photothermal therapy
RES Reticuloendothelial system
RG-2 Rat glioma cells
SAR Specific absorption rate

SLP Specific loss power
SPMHT  Superparamagnetic 

hyperthermia
SPION Superparamagnetic iron oxide 

nanoparticle
SPMNP Superparamagnetic nanoparticle
T-9 Rat glioma cells
U251 Human glioma cells
XTT 2,3-bis-(2-methoxy-4-nitro- 

5-sulfophenyl)-2H-tetrazolium- 
5-carboxanilide

22.1  Introduction

In alternative therapies against tumors, one of the 
most promising methods at the present time is 
superparamagnetic hyperthermia (SPMHT) 
(Rosensweig 2002; Ito et  al. 2003; Matsuoka 
et al. 2004; Jordan et al. 2006; Johannsen et al. 
2007; Hou et al. 2009; Kobayashi 2011; Caizer 
2013, 2014; Wang et al. 2017). This method was 
recently introduced in cancer therapy and is 
based on increasing the temperature of magnetic 
nanoparticles (MNPs) dispersed in a tumor to 
around 42–43  °C, noninvasively, as a result of 
superparamagnetic relaxation in the alternative 
magnetic field at a frequency of 102  kHz 
(Rosensweig 2002). Many studies have been 
conducted on magnetic hyperthermia (MHT) 
with MNPs and superparamagnetic nanoparticles 
(SPMNPs), as well as in vitro and in vivo studies 
(Ito et  al. 2004; Gazeau et  al. 2008; Hu et  al. 
2012; Alphandéry et al. 2013; Caizer et al. 2013; 
Di Corato et al. 2015; Caizer 2017; Kandasamy 
et al. 2018a, b; Yan et al. 2018; Zhou et al. 2018; 
Tian et  al. 2019), which show the feasibility of 
the method in the destruction of tumor cells.

However, studies on MHT with nanoparticles 
(NPs) having superparamagnetic behavior in the 
external magnetic field, called SPMHT, have 
shown that this is more effective than MHT 
(Pavel et al. 2008; Pavel and Stancu 2009; Caizer 
et al. 2010). This is due, first of all, to the specific 
loss power (SLP), which is greater than that of 
common NPs, which leads to more efficient heat-
ing and a higher specific absorption rate (SAR). 
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Secondly, in the case of SPMNPs, they are 
smaller in size, usually in a range of approx. 
5–20  nm, than those used in common MHT, 
where NPs are larger (>20 nm), which implies at 
least two advantages: (i) reduced toxicity and (ii) 
easier entry of NPs into cells, which makes it the 
most efficient method, by destroying cells from 
the inside (intracellular therapy).

In the case of large NPs used in MHT, besides 
the two aspects mentioned previously, which 
become disadvantages, in this case, there is 
another major disadvantage: high magnetic fields 
must be used to obtain the loss power necessary 
in hyperthermia. This is because the power dis-
sipated in this case is obtained as a result of the 
magnetization with hysteresis (hysteresis loop) 
of the large NPs, the power being proportional to 
the surface area of the hysteresis loop. High loss 
power is equivalent to obtaining a large hystere-
sis loop, and this can only be achieved in high 
fields. However, the use of high magnetic fields 
(H) raises major difficulties in terms of both 
obtaining their application at high frequencies (f) 
and their use in human body therapy, where the 
known admissible dose should not be exceeded, 
e.g., Hf < 5 × 109 Am−1Hz (Hergt and Dutz 2007).

After achieving the maximum efficiency of 
100% in the destruction of tumors, besides the 
use of SPMHT in antitumor therapy, with the 
physical and magnetic aspects of optimizing the 
method, another very important issue is the nano-
formulation of MNPs with various biochemical 
agents, so as to obtain the most suitable biocom-
patible NPs for this type of therapy, without 
toxicity.

A search in the PubMed database on the key-
words “iron oxide nanoparticles” led to a consid-
erable number of published articles  – over 
14,600, with the earliest mentioning iron oxide 
NPs used in biomedicine (magnetoresponsive 
indomethacin NPs) dating from 1988 (Malaiya 
and Vyas 1988), which indicates that this type of 
NP is ranked among the first NPs studied for 
 biomedical applications. The interest in iron 
oxide NPs (IONPs) as effective tools in the medi-
cal and pharmaceutical domains is still elevated 
since from the 1January until 31 July 2019 over 

800 studies were published that included the 
words “iron oxide nanoparticles” (source: 
PubMed database). The distinct features of 
IONPs, like superparamagnetism, high colloidal 
stability, and low toxicity, make these NPs attrac-
tive for multiple uses, particularly in the biomedi-
cal field: MHT, magnetic resonance imaging 
(MRI) as contrast mediators, targeted drug deliv-
ery systems, gene therapy, magnetic cell split-
ting, tissue repair, cancer treatment, and so forth 
(Laffon et  al. 2018; Hataminia et  al. 2019). It 
worth mentioning that beyond the many advan-
tages of IONPs, the widespread use of these NPs 
has raised serious concerns in terms of potential 
toxicity, causing researchers to devote consider-
able attention to the appraisal of NPs’ safety pro-
files (according to the PubMed database, over 
1500 published articles investigated IONP 
toxicity).

Several fundamental physical, chemical, and 
biological properties should be present for NPs to 
be considered appropriate for use in clinical prac-
tice: (i) charge: the optimal charge of NPs for 
in vivo applications, including tumor targeting, is 
near neutral or weakly negative; (ii) zeta poten-
tial  – establishes a solution’s stability  – NPs 
<100 nm possess a negative net potential, whereas 
NPs >100  nm present a positive potential; (iii) 
coating (as polyethylene glycol (PEG), oleate or 
oleic acid, dextran, chitosan, dimercaptosuccinic 
acid (DMSA), poly(L-lactic acid), citrate, silica, 
starch): dictates the circulation half-time of NPs 
by interfering with the recognition and elimina-
tion of intravenously administered NPs via the 
reticuloendothelial system (RES); (iv) size: 
IONPs 10–100 nm in size are recommended for 
intravenous use, while NPs >200 nm and <10 nm 
are seized by the spleen or discarded by renal 
clearance; (v) shape: influences the cellular 
uptake of NPs by macrophages (the spherical 
shape is internalized faster compared to other 
shapes); and (vi) functional targeting: assures 
strong binding to target cells and prolonged con-
tact/retention in target area (Belanova et al. 2018; 
Durymanov et al. 2015; Arami et al. 2015).

This chapter presents an overview of the  
latest data concerning the nanoformulations of 
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magnetic IONPs with a focus on their applica-
tions in MHT/SPMHT as an alternative cancer 
therapy by describing the main mechanisms of 
action and the therapeutic potential of this tech-
nique. Moreover, the fundamental physical and 
magnetic issues regarding MHT and SPMHT and 
the in vitro and in vivo fate of magnetic IONPs 
after their administration in terms of toxicity are 
also presented and discussed.

22.2  Magnetic Nanoparticles 
in Alternative Cancer 
Therapy by 
Superparamagnetic 
Hyperthermia

MNPs that are used in MHT or SPMHT are gen-
erally ferrimagnetic (FiM), due to both the pos-
sibility of their magnetization in high-frequency 
fields (Valenzuela 1994) and their low toxicity 
compared to ferromagnetic (FM) NPs. Although 
the FM NPs have a magnetic moment per particle 
larger than those of the FiM (Cullity and Graham 
2009), due to the parallel orientation and the 
same orientation of the atomic (or ionic) mag-
netic moments (Fig.  22.1a) compared to the 
opposite and unequal orientation of magnetic 
moments in the case of FiM (Fig. 22.1b), which 
would be beneficial in MHT, they are not yet 
used. However, it is not excluded that such NPs 
as iron (Rosensweig 2002) or their alloys (e.g. 
iron-platinum (Fe-Pt)) (Habib et al. 2008) may be 
successfully used in the near future, and even 
more efficiently, in MHT or SPMHT. Now with 
modern nanobiotechnology these FM NPs can be 
made perfectly biocompatible and nontoxic for 

nanometric sizes, which would be a great advan-
tage in hyperthermia.

22.2.1  Magnetic Behavior in Static 
Magnetic Field

The magnetization 


M , which macroscopically 
characterizes a material from a magnetic point of 
view, is given by the vector sum of the atomic (or 
ionic) magnetic moments 

∝m  per unit volume V,

 





M
V

i
i

=
∑µm,

 
(22.1)

or

 





M
d

dV
=

µ

 
(22.2)

respectively, in the case of a continuous distribu-
tion of magnetic moments.

For a magnetic domain with uniaxial symme-
try (Fig. 22.2a) having volume V where the mag-
netization is uniform and stable, and equal to the 
spontaneous magnetization (or saturation) 



Ms  of 
the material, the magnetic moment of the domain 
will be

 

µmd s=
( )
∫
V

M dV

 

(22.3)

In the case of NPs that are not too large, e.g., 
<20–25 nm for soft FiM NPs, they are generally 
of a single domain, so that in the case of spherical 
approximation (Fig. 22.2b) the magnetic moment 
of the NP is

 m M VNP s NP=  (22.4)

and

Fig. 22.1 Schematic representation of orientation of ionic magnetic moments in NPs with (a) ferromagnetic and (b) 
ferrimagnetic structure
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m

D
MNP s=

π 3

6  
(22.5)

where D is the magnetic diameter of the NP.
In an external magnetic field of intensity H 

(Caizer 2016), a system of single-domain NPs 
with magnetic moments mNP (Eq. (22.4)) oriented 
in all directions at room temperature (Fig. 22.3a) 
will tend to orient in the direction of the applied 
magnetic field. The magnetization of the NP sys-
tem takes place according to a Langevin law, just 
like the magnetization of a paramagnetic atomic 
system (Jacobs and Bean 1963):

M nm
m H

k T

k T

m H
= −









NP

NP

B

B

NP

coth
µ

µ
0

0  

(22.6)

where nmNP is the saturation magnetization Msat 
of the NP system and

 

L
m H

k T

k T

m H
= −








coth

µ
µ

0

0

NP

B

B

NP  

(22.7)

is a Langevin function with ξ = μ0mNPH/kBT argu-
ment. In Eq. (22.6) n is NP concentration, μ0 is 
the permeability of a vacuum, and kB is 
Boltzmann’s constant. Therefore, this behavior in 
the magnetic field of NPs is called superpara-
magnetic behavior (Bean and Livingston 1959), 
being specific to MNPs made up of many atoms 
(ions) with magnetic moments (e.g., even more 
than 105 atoms/ions in a magnetic domain), com-
pared to the paramagnetic behavior of individual 
atoms/ions.

When the magnetic field increases from zero 
to the maximum value corresponding to the 
magnetic saturation, the magnetization of the 
SPMNP system increases according to the 
Langevin function (Fig.  22.3b), the saturation 
magnetization being a constant. At the decrease 
of the magnetic field from the saturation value to 
zero, the magnetization of the system returns to 
zero on the same curve (arrows on curve in 
Fig. 22.3b).

Fig. 22.2 (a) Magnetic 
domain and (b) spherical 
NP for uniaxial 
crystalline symmetry; 
e.m.a. is the easy 
magnetization axis

Fig. 22.3 (a) SPMNP system and (b) their magnetization in external static magnetic field
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In conclusion, in this case the hysteresis loop 
is missing, a loop that exists in the case of large 
NPs, generally >25–30 nm for soft FiM NPs.

For low-magnetization fields, when the condi-
tion ξ ≪ 1 is met, developing the Langevin func-
tion in series for a small argument, the 
magnetization of the NP system will be

 
M

nm H

k T
=
µ0

2

3
NP

B  
(22.8)

According to Eq. (22.8), in this case the variation 
of the magnetization of the NP system with the 
applied field is linear, at a constant temperature.

For high magnetic fields, when ξ → ∞, the 
Langevin function (Eq. (22.7)) takes the value 1 
(L → 1), and the magnetization of the NP system 
in this case will be

 M nm= NP  (22.9)

or

 M M= sat  (22.10)

respectively.
According to Eqs. (22.5) and (22.9), at a fixed 

concentration, the saturation magnetization of a 
NP system depends on the size of the NPs (by 
diameter D), Ms being a material characteristic.

22.2.2  Magnetic Behavior in External 
Alternating Magnetic Field. 
Superparamagnetic 
Relaxation

In an alternative magnetic field with low fre-
quency (quasi-static), at room temperature, the 
magnetization and magnetic behavior of the 
SPMNP system will greatly depend on the ampli-
tude of the magnetic field, as illustrated in 
Fig. 22.4, for three practical cases, two limits (a) 
and (c) and one intermediate (b).

Case (a) corresponds to a situation where the 
amplitude of the external alternative magnetic 
field is small (or very small) (H <), so that the 
magnetization of the NPs is in the linear area of   
the Langevin function (Eq. (22.8), Fig.  22.3b). 
Case (c) is the one corresponding to the very 

large amplitude of the external alternative mag-
netic field (H >>) (corresponding to the magnetic 
saturation). And case (b) corresponds to the situ-
ation when the magnetic field amplitude is mod-
erate (but not very large), so that the magnetization 
deviates from the linear variation, following a 
Langevin-type curve.

In SPMHT, cases (a) and (b) are of interest, 
with case (c) being excluded due to the very large 
magnetic field, which is practically unusable.

In contrast, in MHT, where large NPs are 
used, it even case (c) would be of interest since 
there a hysteresis loop is followed as wide as pos-
sible, and this can be done in large or very large 
magnetic fields to obtain the hyperthermic effect 
being promoted.

As the frequency of the alternating magnetic 
field (AMF) increases, the magnetization can no 
longer immediately follow the variation of the 
magnetic field, and a delay in the time of the 
magnetization with respect to the field takes 
place, a phenomenon known as magnetic relax-
ation. At higher frequencies (kHz  – MHz) the 
time delay is greater. As a result of this delay, 
there is dissipation (loss) of energy, which leads 
to the heating of the NPs.

In the Debye model it is shown that the com-
plex components of magnetic susceptibility 
(χ = M/H) χ = χ′ + χ″ are

 

′ =
+ ( )

χ
ωτ

x0
2

1
 

(22.11)

and

 

′′ =
+ ( )

χ χ
ωτ

ωτ
0 2
1

 

(22.12)

where χ0 is the static magnetic susceptibility, 
ω = 2πf, where f is the frequency of the AMF, and 
τ is the relaxation time.

The magnetic relaxation time in the case of 
NPs dispersed in a fluid generally has two com-
ponents (Néel 1949; Brown 1963), determined 
by the rotation of the magnetic moment inside the 
NP (Néel) and the rotation of the NP in fluid 
(Brown), under the action of the AMF. However, 
in the case of SPMHT, when the NPs are fixed in 
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the tumor (tissue), only the Néel-type relaxation 
occurs, so that the relaxation time in this case will 
be

 

τ τ τ= =








N

NP

B
0 exp

KV

k T
 

(22.13)

where K is the magnetic anisotropy constant and 
τ0 is a time constant that usually has the value 
10−9 s (Back et al. 1998).

In a magnetic field of small amplitude, the 
static magnetic susceptibility χ0 can be approxi-
mated by the Langevin relation

 
χ

χ
ξ

ξ
ξ0

3 1
= −











i coth
 

(22.14)

where χi is the initial magnetic susceptibility and 
ξ the Langevin parameter

 
ξ

µ
= 0m H

k T
NP

B  
(22.15)

given by the ratio of the magnetic moment energy 
of the NP in the magnetic field H and the thermal 
energy at temperature T.

22.2.3  Specific Loss Power 
and Heating Rate

In an AMF with amplitude H and frequency f, the 
loss power is given by the equation (Rosensweig 
2002)

 P fH= ′′πµ0
2χ  (22.16)

Thus, in the case of NPs with superparamagnetic 
behavior in an AMF with frequency f and ampli-
tude H, the dissipated power can be determined 

Fig. 22.4 Variation in magnetization of SPMNP system with intensity of quasi-static alternative magnetic field; (a) for 
low magnetic field (H <), (b) moderate magnetic field (H >), and (c) high magnetic field (H >>)
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by considering the component χ″ of the complex 
magnetic susceptibility of the NP system, given 
by Eq. (22.12), where τ and χ0 are given by Eqs. 
(22.13) and (22.14). At the same time, in the case 
of MHT experiments, in order to not have a 
dependence of the power dissipated by the nature 
of the material, the SLP will be considered: P ρ , 
where ρ is the density of material.

In adiabatic conditions it is possible to evalu-
ate the increase of the ΔT temperature of a system 
in a time interval Δt from the application of an 
AMF, using the formula

 
∆ ∆T

P

c
t=

ρ  
(22.17)

or heating rate (speed) T
t , where c is the 

specific heat. This formula is very important in 
SPMHT experiments since it allows for the quan-
titative estimation of the time necessary to reach 
a temperature of 42–43 °C, which is required in 
hyperthermia, as a function of other parameters 
that are in the SLP formula (Eq. (22.16)), respec-
tively, in the magnetic susceptibilities χ″ (Eq. 
(22.12)) and χ0 (Eq. (22.14)), and the practical 
parameters of the external applied magnetic field: 
H and f.

Figure 22.5 shows a concrete case in which 
the SLP was determined for magnetite NPs 
(Fe3O4), which are suitable for SPMHT.  Power 
was calculated computationally in three dimen-

sions depending on the frequency of the magnetic 
field f and the diameter D of monodisperse NPs 
for a usual magnetic field H of 10 kA/m (Caizer 
2014). The data used in the computed calculation 
are shown in Table 22.1.

The obtained diagram makes it possible to 
accurately determine the diameter of the NPs 
(D0) to be used in SPMHT, corresponding to the 
maximum dissipated power. Thus, for a diameter 
of approx. 15 nm is obtained the time tempera-
ture dependence in Fig. 22.6 at the same ampli-
tude of the magnetic field and frequency of 
f = 150 kHz.

The result shows, under the specified condi-
tions, that the necessary temperature can be 
reached in the hyperthermia of tumors of 
42–43 °C (hyperthermic temperature) at an inter-
val of 80 s. This time is a very good one without 
posing a danger of exposure to therapy that will 
be too long, which can affect healthy tissues.

Figure 22.7 shows an increase of temperature 
for 30 minutes in MHT by applying AMF with 
the parameters H = 21.0 kAm−1 and f = 340 kHz, 
in the experimental case of hydrophilic graphene- 
based yolk-shell MNPs functionalized with 
copolymer Pluronic F-127 (GYSMNP@PF127) 
conjugated with the drug doxorubicin (DOX) 
(Rodrigues et al. 2018). For this nanosystem the 
optimum temperature in hyperthermia is reached 
for 10–15 minutes.

Fig. 22.5 3D diagram 
of SAR in case of Fe3O4 
NPs (Caizer 2014). 
(CCL 2014, IOP 
Publishing. Reproduced 
by permission of 
CCL-IOP Publishing.)
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22.3  Magnetic Nanoparticle 
Nanoformulations. 
Biocompatibility

MNPs exhibit highly interesting in vivo applica-
tions based on their intrinsic magnetic and super-
paramagnetic properties that enable them to be 
used in the diagnosis and treatment of malignant 
pathologies (Williams 2017). Their use requires 
parenteral administration, intravenous or local, 
which poses several challenges, mainly in terms 
of formulation and biocompatibility (Chen et al. 
2012). Design maps can be developed to ratio-
nally apply hypothermic treatments and choose 
the most appropriate administration route 
depending on the intrinsic properties and biodis-
tribution abilities of the NPs (Cervadoro et  al. 
2013).

A key step in magnetic nanoformulation is the 
achievement of physical stability of the dispersed 
NPs. A second aspect is NP biocompatibility, 
which requires the implementation of effective 
ways to make NPs unrecognizable by the immune 
system and expand their biological lifetime.

An important issue is the homogeneous distri-
bution of MNPs at the tumor level, which makes 
it possible to achieve a uniform and well- 
controlled temperature pattern without hot spots 
or unheated tumor regions; a potential solution 
might involve multipoint injections directly at the 
tumor level, but overall the practical difficulties 
are overwhelming (Dutz and Hergt 2014; Kudr 
et al. 2017).

Systemic administration raises other chal-
lenges, such as efficient concentrations at the 
tumor level and the avoidance of clearance by the 
immune system. So far, several solutions have 
been adopted, in particular coating with various 
organic layers (i.e., synthesis of core-shell nano-
hybrids) and antibody binding (Ito et al. 2005).

The in situ preparation of functionalized 
MNPs with short-chain molecules containing 
carboxylic groups was reported by Kandasamy 
et al. in 2016 and 2018 (Kandasamy et al. 2016, 
2018a, b). MNPs can be subjected to further 
chemical or biological conjugation without addi-
tional surface functionalization (Kandasamy 
et al. 2016); they showed good biocompatibility 

Table 22.1 Characteristic observables of NPs and alternating magnetic field parameters (Caizer 2014)

Sample Ms (kA/m) K (kJ/m3) ρ (g/cm3) ε f (kHz) H (kA/m)

Fe3O4 477 11 5.24 0.017 150 10

CCL 2014, IOP Publishing. Reproduced by permission of CCL-IOP Publishing

Fig. 22.6 Temperature 
increase in Δt time 
interval for optimal 
diameter D0 = 15 nm of 
Fe3O4 SPMNPs in the 
case of SPMHT with 
parameters H = 10 kHz, 
f = 150 kHz (the result 
will be published by 
Caizer (2019))
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and high magnetization and were thoroughly 
investigated in terms of heating responses and 
efficacies using a wide range of AMFs and 
 dispersion media (Kandasamy et  al. 2018a, b). 
Spherically shaped superparamagnetic iron oxide 
nanoparticles (SPIONs) exhibited stronger and 
faster hyperthermia effects than commercially 
available ferrofluids and provided higher killing 
efficiency toward MCF-7 breast tumor cells.

Multifunctionalized MNPs were synthesized 
by Aires et  al. in 2015 by using bovine serum 
albumin as coating to improve the colloidal sta-
bility and magnetic response (Aires et al. 2015). 
Albumin induces hemocompatibility, delays 
clearance by the immune system, and deters the 
adsorption of other proteins; in addition, it allows 
for the attachment of anticancer drugs, thereby 
providing the opportunity to combine hyperther-
mia with drug delivery in the treatment of 
cancer.

Tagged dextran-coated MNPs containing fer-
ric oxide were synthesized by conjugating the 
specific antihuman epidermal growth factor 
receptor (HER2) aptamer to the surface of the 
NPs (Pala et  al. 2014). Using fluorescence 
microscopy, the authors were able to prove the 
high specificity of the tagged NPs toward the 
overexpressing HER2 receptor human adenocar-
cinoma SK-BR3 cells; also, a significantly lower 

dose of tagged NPs versus nontagged ones was 
needed to achieve similar effects of hyperther-
mia, thereby reducing the occurrence of side 
effects.

Stable, biocompatible, and easily dispersible 
MNPs were synthesized by coating magnetite 
NPs with a temperature- and pH-responsive poly-
mer, poly(2-(dimethylamino)ethyl methacry-
late); their heating capacity was investigated, 
revealing higher SARs than bare MNPs (Reyes- 
Ortega et  al. 2017), thereby enabling the thera-
peutic use of hyperthermia. Other pH and 
temperature dual responsive polymer-modified 
SPIONs were synthesized using glutamic acid 
and N-isopropylacrylamide as co-monomers; 
carboxymethyl cellulose-induced SPION water 
solubility while folic acid served as the tagging 
agent (Patra et al. 2015). When interacted with an 
external magnetic field, the modified SPIONs 
showed very fast and efficient temperature 
increase, thus exhibiting promising solutions for 
cancer treatment and diagnosis.

Polyethylenimine (PEI), oleic acid, and 
Pluronic F-127 were used by Tomitaka et al. in 
2012 as coating materials for Fe3O4 NPs in 
order to prevent NP aggregation and to enable 
their enhanced permeability and retention 
effects (Tomitaka et al. 2012a). The three coat-
ing materials possess various properties that 

Fig. 22.7 Magnetically induced thermal response curve 
of GYSMNP@PF127-DOX (3.0  mg GYSMNP-DOX 
mL−1) for dual pH- and thermal-responsive drug delivery: 
(a) dispersed in phosphate buffer at 7.4 to mimic physio-
logical microenvironment and (b) dispersed in phosphate 

buffer at 4.5 to mimic tumor microenvironment. Samples 
were subjected to an AMF (f  =  340  kHz and 
H  =  21.0  kAm−1) for 30  minutes. Inset shows drug- 
containing supernatant resulting from each hyperthermia 
experiment (Rodrigues et al. 2018)
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make them suitable for biomedical applications 
in cancer treatment: (1) PEI is a water-soluble 
polymer bearing amine groups able to facilitate 
the binding and transport of nucleic acids; (2) 
oleic acid facilitates the surface covalent bind-
ing of tumor- targeting antibodies; and (3) 
Pluronic F-127 provides biocompatibility and, 
consequently, a longer biological lifetime due 
to its structural similarity with polyethylene 
glycols. Out of the three coating materials, 
Pluronic F-127 was selected by the authors as 
being suitable for the preparation of MNPs that 
could act as a heat source for hyperthermia; the 
main reason behind this decision was the fact 
that Pluronic-coated NPs exhibited heat dissi-
pation in an independent manner from the vis-
cosity of the surrounding environment 
(Tomitaka et al. 2012b). The NPs thus obtained 
were further subjected to in vitro studies using 
HeLa ovarian cancer cell cultures; while no 
cytotoxicity was recorded, the hyperthermia 
treatment significantly reduced cell viability by 
mediating apoptosis through the mitochondrial 
pathway.

Oleic acid coating was used for the synthesis 
of biocompatible colloidal suspension of IONPs 
with magnetic properties, which revealed a lack 
of toxicity both in vitro and in vivo (Coricovac 
et al. 2017).

Usually, the most common MNPs are based 
on ferrite or iron oxide due to their intrinsic mag-
netic properties; however, in some cases, such as 
bone malignant pathologies, special NPs that are 
able to ensure bone substitution as well as hyper-
thermia must be designed (Li et al. 2018). A bio-
compatible magnetic biomaterial containing Fe3+ 
and Ni2+ (2:1) cosubstituted hydroxyapatite NPs 
was obtained and evaluated in terms of physico-
chemical stability, biocompatibility, and hyper-
thermia potential (Karunamoorthi et  al. 2013). 
The studies revealed significant hyperthermia 
properties and a low level of toxicity, probably 
due to the incorporation of cytotoxic groups of 
the magnetic phase into the biocompatible phases 
represented by hydroxyapatite and tricalcium 
phosphate.

Clustered superparamegnetic particles were 
obtained to prevent the leakage of SPIONs from 
the capillaries of healthy tissues and to increase 
their relaxivity and SAR (Hayashi et  al. 2013). 
The clusters were decorated with folic acid and 
polyethylene glycol in order to promote a high 
tumor concentration; both clustering and surface 
decoration were conducted via thiol-ene click 
reaction. The modified SPION nanoclusters 
accumulated at a high level at a tumor site, facili-
tating enhanced MRI contrast; also, the applica-
tion of an AMF led to a higher tumor temperature 
compared to the surrounding tissues, in the end 
significantly reducing tumor volume and mean-
ingfully improving survival time for the experi-
mental mice.

Gadolinium-doped dextran-coated magnetite 
NPs were investigated as potential theranostic 
agents due to their ability to enhance MRI contrast 
as well as to act as hyperthermia mediators 
(Palihawadana-Arachchige et  al. 2017). Despite 
the fact that gadolinium may reduce magnetization, 
thereby hampering hyperthermia efficiency, the 
authors revealed that by selecting the proper com-
position of Gd-doped Fe3O4 NPs one may achieve 
higher SARs; however, future studies are needed to 
achieve the theranostic use of Gd-doped Fe3O4 NPs 
as both diagnostic and therapeutic agents.

Magnesium-doped iron oxide SPIONs were 
designed and synthesized to achieve efficient 
hyperthermia to completely eliminate tumor tis-
sue (Jang et al. 2017); in addition to being highly 
biocompatible, magnesium was selected as dop-
ing material due to the fact that magnetically 
induced heating power can be effectively con-
trolled by adjusting the concentration and distri-
bution of Mg2+ cations within SPIONs. In vitro 
and in  vivo hyperthermia studies demonstrated 
SPIONs’ great ability to destroy cancer cells due 
to their significant heating power within the bio-
logically safe range of AMFs.

Gold-coated SPIONs with suitable physico-
chemical and biological properties revealed a 
four- to fivefold increase in released heat com-
pared to bare SPIONs under a low-frequency 
oscillating magnetic field (Mohammad et  al. 
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2010). In vitro studies have shown that in the 
absence of an external magnetic field, gold- 
coated SPIONs do not act as cytotoxic agents on 
cancer cells.

The most recent approach in the field of 
magneto- nanoformulations is the design of 
hybrid nanosystems (Fig. 22.8), which associ-
ate MNPs used either for diagnostic or treat-
ment purposes with anticancer drugs that thus 
benefit from an improved pharmacological pro-
file; this particular approach has become known 
as thermo-chemosensitization, that is, the 
enhancement of chemotherapy efficiency 
through simultaneous hyperthermia; studies 
have revealed that MHT induces higher concen-
trations of anticancer drugs at the tumor level, 
probably due to the hyperthermia effect on 
tumor vasculature as well as an increased drug 
cytotoxicity by mechanisms not yet fully under-
stood (Hervault and Thanh 2014). Overall, one 
might classify the combined effect of thermo-
chemotherapy as synergistic, in particular when 
mild hyperthermia is applied; in addition, the 
potential occurrence of treatment- induced sec-
ondary cancers is significantly lower (Hervault 
and Thanh 2014).

An excellent review concerning the diagnosis, 
targeting, and treatment of prostate cancer by 
means of MNPs was published in 2017 by 
Chowdhury et  al.; the review concludes that 

modified MNPs that combine targeted drug deliv-
ery with MHT might represent potential future 
theranostic solutions for prostate cancer. Most 
importantly, these theranostic nanoformulations 
might allow the monitorization of disease pro-
gression while the treatment is ongoing based on 
the “see-and-treat” principle (Chowdhury et  al. 
2017).

The scientific literature mentions three main 
nanoformulations for the combined use of MNPs 
and anticancer drugs: liposomes, micelles, and 
polymer nanoformulations. Several such nano-
formulations and their main characteristics are 
given in Table 22.2.

22.3.1  Liposomes

Liposomes are spherical nanovesicles that exhibit 
an aqueous core and a lipophilic outer bilayer and 
currently represent a very popular option for drug 
delivery due to several practical reasons: (1) the 
possibility of entrapping both hydrophilic and 
hydrophobic drugs in either core or outer layer, 
(2) improved drug pharmacokinetic and toxico-
logical profiles, and (3) high possibility of fine 
surface tuning for optimized pharmacological 
properties (Alavi et al. 2017).

Magnetoliposomes represent an attractive 
possibility for allowing a combined chemother-

Fig. 22.8 Thermo-chemosensitization through the use of hybrid nanosystems. (The image contains elements from 
Servier Medical Art)
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Table 22.2 Magnetic nanoformulations

Magnetic 
nanoparticles Organic coating component Experimental records Reference
Liposomes
Iron oxide Oleic acid, phospholipid bilayer Excellent targeting ability, thermosensitivity, 

high responsiveness to alternating magnetic 
field, and laser processing simultaneously 
improved tumor cell killing effects; real-time 
monitoring of cancer progression through 
fluorescence and MRI

Guo et al. 
(2018)

Iron oxide Phospholipid bilayer Cell damage depends on bulk temperature 
and duration of treatment, but mainly on cell 
type and thermal energy/cell during 
magnetic hyperthermia treatment

Engelmann 
et al. (2018)

Iron oxide Citric acid, phospholipid bilayer Targeted delivery, controlled drug release; 
significant tumor regression

Babincová 
et al. (2018)

Manganese 
ferrite 
nanoparticles 
(MnFe2O4)

Phospholipid bilayer High encapsulation efficiency 
superparamagnetic behavior;
simultaneous use as nanocarriers and 
hyperthermia agents

Rodrigues 
et al. (2017)

Cobalt ferrite 
nanoparticles

Oleic acid, phospholipid bilayer Drug release through modification of 
membrane state; controlled drug release

Nappini et al. 
(2011)

Polymer nanoformulations
Iron oxide Pluronic F-127 Short-term, tumor-specific, hyperthermic 

treatment; long-term sustained drug delivery
Wang et al. 
(2013)

Iron oxide Carboxymethylcellulose Simultaneous use as nanocarriers and 
hyperthermia agents

Carvallho 
et al. (2019)

Iron oxide Poly-N-isopropyl-acrylamide Controlled synergistic tumor destruction 
through drug release and hyperthermia

Chang et al. 
(2014)

Cobalt ferrite 
nanoparticles

Poly(maleic 
anhydride-alt-1-octadecene)

High specific absorption rate Nam et al. 
(2018)

Cobalt-doped 
ferrite 
nanoparticles

Human ferritin protein, 
poly(ethylene glycol)

Enhanced magnetic anisotropy and 
hyperthermic efficiency compared to 
undoped sample

Fantechi 
et al. (2014)

Micelles
Mn-Zn-ferrite 
nanoparticles

2-(2-methoxyethoxy)ethyl 
methacrylate (MEO2MA) and 
oligo(ethylene glycol)
methacrylate (OEGMA)

Temporospatial synchronism of 
thermochemotherapy; synergistic effect, 
enhanced tumor cell sensitivity, reduced side 
effects

Li et al. 
(2018)

Iron oxide Poly(ethylene glycol)-
poly(lactide) (PEG-PLA)

Higher effectiveness compared to either 
hyperthermia or chemotherapy alone

Kim et al. 
(2015)

Iron oxide Poly(N-isopropylacrylamide-co- 
acrylamide)-block-poly(ε- 
caprolactone)

Responsiveness to magnetic heating at 
physiologically relevant temperatures; 
significant MRI contrast enhancement 
abilities

Kim et al. 
(2013)

Iron oxide Amphipatic chitosan Intracellular responsive delivery and 
thermotherapy; complete regression of 
primary breast tumor without inducing 
secondary progression

Manigandan 
et al. (2018)

Iron oxide Polystyrenegraft-poly(2- 
vinylpyridine) copolymer
poly(acrylic acid)-block-poly(2- 
hydroxyethyl acrylate) 
double-hydrophilic block 
copolymer

Significant decrease in cell viability 
depending on incubation concentration and 
exposure time to alternating magnetic field, 
dual-dose effect

Nguyen 
(2018)
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apy and MHT and provide biocompatibility and 
transport facilities for loaded chemotherapeutics 
without adding systemic toxicity (Gogoi et  al. 
2014).

Phosphatidylcholine liposomes containing 
maghemite NPs were obtained using a thin-film 
hydration method and tested in vitro on healthy 
and tumor colon cell lines as well as on blood cell 
lines for biocompatibility (Lorente et  al. 2018). 
That study revealed high cellular uptake with 
mitochondria accumulation, in particular in can-
cer cells; also, the application of an external mag-
netic field induced cell migration, supporting the 
use of magnetoliposomes for biomedical pur-
poses. The controlled release of the encapsulated 
drug through MHT is an important aspect when 
designing magnetoliposomes; the drug encapsu-
lation efficiency seems to depend on the amount 
of MNPs (Ferreira et al. 2016).

Thermosensitive magnetic nanovesicles were 
prepared using a biphasic suspension of dextran- 
coated La0.75Sr0.25MnO3 (LSMO) and Fe3O4 NPs 
at a ratio of 10:1, where the combination of the 
two inorganic nanomaterials provides the possi-
bility of self-controlled hyperthermia, while the 
nanovesicular formulation enables the loading of 
anticancer drugs, such as paclitaxel (Gogoi et al. 
2014). The biphasic nanohybrid formulation 
induced a synergistic cytotoxic effect during 
in vitro studies on MCF-7 breast cancer cells. In 
terms of biocompatibility, in  vitro and in  vivo 
studies revealed the absence of adverse effects 
while the therapeutic efficacy was preserved 
(Gogoi et al. 2017).

Two newly designed types of magnetolipo-
somes containing magnesium ferrite NPs were 
tested as nanocarriers for curcumin, revealing 
that the drug can be preferentially directed toward 
the tumor site, where it will be released through 
membrane cell fusion; the simultaneous applica-
tion of MHT is possible, allowing a dual cancer 
therapy (Cardoso et al. 2018).

22.3.2  Polymer Nanoformulations

Polymer nanoformulations encompass a huge 
variety of components and gained their place in 

the biomedical field mainly due to important 
design flexibility in terms of polymer choice 
(biodegradable or nonbiodegradable polymers), 
functionalization, and synthetic approaches (via 
direct polymerization or use of preformed poly-
mers) (Banik et al. 2015).

A polymer nanoformulation embedding both 
MNPs and anticancer drugs was designed by 
Balasubramanian et al. in 2014. It consists of two 
anticancer drugs, curcumin and 5-fluorouracil, and 
MNPs encapsulated in poly(D,L-lactic-co- glycolic 
acid) and functionalized with two cancer tagging 
agents (Balasubramanian et al. 2014); synergistic 
strong and fast citotoxic activity was recorded 
upon applying MHT on MCF-7 and G-1 cancer 
cells.

A copolymer of methyl methacrylate/ethylene 
glycol dimethacrylate/hydroxyl ethyl methacry-
late was used as polymer envelope for the simul-
taneous embedding of magnetite particles and 
gemcitabine in order to provide a multifunctional 
platform for the hyperthermia-triggered release 
of the anticancer drug (Iglesias et al. 2018). The 
application of an AMF induced MHT at 43 °C for 
precise time intervals, which substantially 
improved the drug-release rate, reaching 100% 
release in less than 4 hours.

22.3.3  Micelles

Micelles are nanoformulations synthesized by 
the spontaneous assembly of surfactant mole-
cules in an aqueous environment, exhibiting a 
hydrophobic core, which may accommodate 
lipophilic drugs, and a hydrophillic outer layer 
provided by the surfactant polar groups (Hervault 
and Thanh 2014). Thermosensitive micelles can 
be obtained through the use of a thermorespon-
sive polymer that can be grafted either on the 
polar head or the nonpolar tail (Hervault and 
Thanh 2014).

Block copolymer micelles incorporating 
hydrophobically modified MNPs were designed 
by Glover et  al. in order to evaluate the hyper-
thermia efficacy as well as thermally enhanced 
drug release; the incorporated MNPs were able to 
preserve their heating properties, reaching hyper-
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thermia conditions after 5 minutes and triggering 
drug release (Glover et al. 2013).

Hybrid gold/IONPs were embedded in block 
copolymer micelles for the purpose of combined 
hyperthermia and chemotherapy as well as opti-
cal imaging (Kim et  al. 2009). The inorganic 
core-shell NPs were self-assembled within the 
polymer hydrophobic polymer core, which con-
tained block copolymers of poly(N- 
isopropylacrylamide- co-acrylamide)-block- 
poly(-caprolactone); these NPs combine the 
advantages of gold and MNPs while the micelle 
structure provides water solubility, bioavailabil-
ity for the loaded components, reduced aggrega-
tion, and improved stability in an aqueous 
biological environment.

22.4  In Vitro and In Vivo Viability/
Cytotoxicity of Magnetic 
Nanoparticle 
Nanoformulations

22.4.1  Magnetic Hyperthermia

Emerging strategies are required in the oncology 
domain since conventional therapies (chemother-
apy, radiotherapy, and surgery) are invasive tech-
niques with numerous side effects (e.g., 
myelosuppression, cardiotoxicity, neurotoxicity, 
peripheral neuropathy, damage to surrounding 
tissues), and, according to the latest studies, 
IONPs with superparamagnetic properties repre-
sent an alternative with great potential (LeBrun 
and Zhu 2018; Dulińska-Litewka et  al. 2019). 
Their superparamagnetic potential, together with 
their increased stability in biological media, bio-
compatibility, low toxicity, biodegradability, long 
retention time, capacity to agglomerate under a 
magnetic field, and accessibility for functional-
ization, place these NPs among the most studied 
NPs for biological applications (Vallabani and 
Singh 2018).

The most currently studied clinical applica-
tions of IONPs, particularly in the field of tumor-
igenesis, are MHT, MRI as contrast agent, and 
controlled/targeted drug delivery (Dulińska- 

Litewka et al. 2019), subjects that will be further 
discussed in what follows.

22.4.1.1  IONP Application 
as a Contrast Agent 
in Magnetic Resonance 
Imaging

MRI is a noninvasive technique that is used to 
visualize the anatomy of different organs (brain, 
liver, heart) and to detect the presence of different 
injuries (like cancer lesions) (Vallabani and Singh 
2018; Dulińska-Litewka et al. 2019). A wide pal-
ette of contrast agents with magnetic properties 
has been developed in recent years (e.g., gado-
linium, quantum dots with paramagnetic micelles, 
liposomes), and increased attention has focused 
on iron oxides with superparamagnetic proper-
ties, which proved highly efficacious as contrast 
agents applied in MRI detection. A magnetic 
IONP authorized by the U.S.  Food and Drug 
Administration (FDA) as therapy to combat the 
iron deficit associated with chronic kidney dis-
ease (CKD) is ferumoxytol (Feraheme). Besides 
the therapeutic role of ferumoxytol, this com-
pound also proved to be effective as an imaging 
tool for labeling stem cells for in vivo monitor-
ization or as a noninvasive method to supervise 
preclinical and clinical experiments that involve 
stem cell therapies (Castaneda et  al. 2011; 
Vallabani and Singh 2018). The superparamag-
netic behavior and large magnetic moment of 
IONPs allow them to serve as an agent that pro-
duces negative contrast (a type  – T2 contrast 
agent). One of the drawbacks associated with 
these iron NPs is a dark signal that was detected 
in T2 images, a signal that is responsible for dif-
ficulties in identifying areas of interest. A method 
to overcome this drawback consists in coating 
IONPs with citrate, which led to efficient NPs 
with both positive and negative contrast qualities 
(Vallabani and Singh 2018).

22.4.1.2  IONPs’ Application 
as Biosensors

IONPs functionalized as nanozymes represent 
novel nanotechnology-based tools with applica-
bility to biomedicine. This type of NP preserves 
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the natural biological properties of enzymes (e.g., 
superoxide dismutase, oxidases, peroxidases) 
and in addition comes with multiple benefits, 
such as augmented stability at different pH and 
temperature levels, a reduction in synthesis costs, 
and plural uses as a single platform. The enzyme- 
like features of nanozymes have expanded the 
areas of application in the biomedical field: bio-
markers for cancer diagnostics (several enzymes 
are reliable markers for different illnesses, 
including cancer) and the development of biosen-
sors that can quantify the levels of cholesterol, 
glucose, urea, and oxygenated water, molecules 
with key roles in cellular metabolic processes 
(Gawande et al. 2016; Vallabani and Singh 2018).

22.4.1.3  IONPs’ Application 
in Photothermal Therapy

The intrinsic properties of IONPs make them 
suitable tools for both magnetic and photother-
mal applications. This dual character of IONPs 
was highlighted by Espinosa et al., who tested the 
response of iron nanocubes (formulated as an 
aqueous suspension) to AMF and near-infrared 
laser irradiation exposure, which consisted of a 
significant augmentation of heating effects (two- 
to fivefold) compared to a magnetic field alone. 
This procedure proved highly efficient both 
in  vitro (triggered cancer cell apoptosis) and 
in vivo (tumor regression) (Espinosa et al. 2016). 
Another example of IONPs designed for photo-
thermal cancer therapy was proposed by Chen 
et  al.: crystallized IONPs functionalized with 
polysiloxane-containing copolymer that pos-
sesses an antibiofouling capacity. Intravenous 
administration of these NPs following laser irra-
diation resulted in complete tumor regression 
with no relapse (Chen et al. 2014).

22.4.1.4  IONPs’ Application as Drug 
Carriers

The multifunctional properties of IONPs were 
tailored to improve their efficacy as drug carriers 
for therapies of different illnesses (mainly can-
cer). A method to augment the effectiveness of 
breast cancer therapy (chemo- and radiotherapy) 
was proposed by PirayeshIslamianet al. The 
method involved testing doxorubicin conjugated 

with superparamagnetic mesoporous hydroxyap-
atite nanocomposites and deoxy-D-glucose 
(PirayeshIslamian et  al. 2017; Vallabani and 
Singh 2018). A recent study conducted by Ye and 
coauthors proved that Fe3O4 NPs improved the 
antitumor effect of cryoablation in MCF-7 cells 
by impairing the capacity of intracellular ice for-
mation during the freezing process (Ye et  al. 
2017).

22.4.1.5  Magnetic Hyperthermia
The term hyperthermia has a Greek origin and 
refers to the generation of heat in high concentra-
tion, heat that the body fails to dissipate by ther-
moregulation (Gkanas 2013; LeBrun and Zhu 
2018). According to the medical oncology defini-
tion, hyperthermia describes a therapeutic 
approach by which an established region of inter-
est is subjected to an increase in temperature 
above 40 °C (Perigo et al. 2015) for an extended 
period of time (Spirou et  al. 2018; LeBrun and 
Zhu 2018). The beneficial effects of rising body 
temperature in treating illnesses and fighting 
infection have been known since 1866, when cli-
nicians used different bacteria or other infectious 
agents to treat syphilis, gonorrhea, epilepsy, and 
even tumors (face sarcoma and melanoma) by 
inducing high fever over 40 °C (Bierman 1942; 
LeBrun and Zhu 2018; Spirou et  al. 2018). In 
recent years, hyperthermia has evolved from an 
approach involving raising whole-body tempera-
ture (using thermal chambers and blankets) 
(Perigo et  al. 2015) to localized hyperthermia 
that acts by heating a certain region by means of 
optimized external devices (microwave radiation, 
implanted electrodes, ultrasounds, and laser irra-
diation) (Moros et al. 2015); side effects are min-
imal (LeBrun and Zhu 2018). Moreover, a 
considerable number of preclinical and clinical 
studies have been performed (even randomized 
clinical trials) to verify the outcome of hyperther-
mia coupled with radiotherapy/chemotherapy for 
different cancer treatments; this strategy being 
has no additional adverse effects and offers an 
improved therapeutic effect (De Haas-Kock et al. 
2009; Lutgens et al. 2010; Chang et al. 2018).

Depending on the temperature values applied 
to achieve hyperthermia within the target cells/
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tissues, this process can be classified into diather-
mia (37–41  °C), a method used to treat/relieve 
arthritis symptoms, moderate hyperthermia (41–
46 °C), which induces protein denaturation and 
aggregation, DNA crosslinking, which leads to 
apoptosis as the endpoint, and thermal ablation 
(46–50  °C), which triggers extensive necrosis, 
coagulation, and carbonization (Gkanas 2013; 
Hilger et  al. 2005; LeBrun and Zhu 2018). 
Another term that is used to describe hyperther-
mia is mild hyperthermia, which refers to tem-
peratures up to 42 °C (Spirou et al. 2018). The 
methods used to clinically induce local hyper-
thermia have been improved over time and 
include radiofrequency, ultrasound, microwave, 
and laser ablation (a method that is used to treat 
superficial skin cancers); however, some draw-
backs were noted: (i) inefficient as stand-alone 
therapies, (ii) invasive because it involves insert-
ing one or more probes, (iii) causes thermal inju-
ries to surrounding healthy tissue, and (iv) 
reduced control and confinement of heat to tumor 
area (LeBrun and Zhu 2018).

The elevated temperatures that are charac-
teristic of hyperthermia have been associated 
with several detrimental effects in cells/tissues 
(several differences have been described 
between normal and tumor cells due to the 
acidic microenvironment of tumor cells, but no 
disparities between intrinsic thermosensitivity 
were recorded), including cell death via com-
plex molecular pathways (protein and DNA 
denaturation, impaired mitochondria, interfer-
ence with intracellular transport, changes in 
cytoskeleton, alterations of plasma and subcel-
lular organelle membranes, sequential loss of 
enzyme functions), augmented perfusion 
within tumors, increased concentration of che-
motherapeutic drugs and higher oxygen con-
centrations leading to a greater response of 
tumors to radiotherapy, and enhanced immune 
response of immune cytotoxic cells against 
tumor cells.

The degree of in vitro cytotoxicity induced by 
hyperthermia is dependent on temperature and 
exposure time (Chang et  al. 2018; Spirou et  al. 
2018; LeBrun and Zhu 2018). A relevant aspect 
to note is the possibility of cells that escape death 

after hyperthermia to develop thermotolerance 
due to some major classes of proteins (heat shock 
proteins) and enzymes that repair the damage and 
transform these cells into resistant ones (Richter 
et al. 2010; Chang et al. 2018).

Since hyperthermia is not effective as a single 
therapy, several studies proposed its use as com-
plementary treatment in combination with radio- 
and chemotherapy, this combination becoming 
the subject of several randomized clinical trials 
that are currently in progress and of others that 
are finished (Chang et  al. 2018). Hyperthermia 
proved to be a potent radiosensitizer via protein 
denaturation and inactivation of the proteins 
responsible for DNA repair, thus suppressing the 
repair of DNA damage triggered by radiotherapy 
and augmenting the death of tumor cells 
(Kampinga and Dikomey 2001; Chang et  al. 
2018; Spirou et al. 2018). Hyperthermic therapy 
acts synergistically with different chemothera-
peutic agents as cisplatin, cyclophosphamide, 
and bleomycin, whereas in the case of doxorubi-
cin, 5-fluorouracil, and vincristine, no significant 
effects were observed. The mechanistic pathways 
involved in the sensitization of cancer cells to 
chemotherapeutic agents consist of augmented 
tumor blood circulation and enhanced vascular 
permeability, which increases drug concentration 
at a target site (Song et  al. 2005; Chang et  al. 
2018).

Beyond the multiple advantages and applica-
tions of hyperthermia, some inconveniences were 
asserted, such as a lack of specificity against 
tumor cells (both healthy and cancer cells are 
sensitive to heat), inducement of burns in healthy 
tissues surrounding targeted cancerous tissues, 
difficulty of reaching an accurate temperature for 
promoting cytotoxic effects (43  °C for rodent 
cells and 43.5 °C for human cell lines) at target 
sites and the occurrence of overheating, unreli-
able localization, and a narrowed penetration of 
heat and development of thermotolerance (Moros 
et al. 2015; Chang et al. 2018; Spirou et al. 2018).

An updated version of hyperthermia, with 
augmented therapeutic effects and negligible 
adverse effects, is represented by MHT. MHT is 
a phenomenon that describes the ability of MNPs 
to produce heat in the presence of a suitable AMF 
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via hysteresis energy loss and Néel or Brown 
relaxation (Moros et al. 2015). The first reference 
of this technique for cancer treatment dates from 
1957, and between then and now notable prog-
ress was recorded in this field, MHT being 
assessed, at present, in preclinical and clinical tri-
als as adjuvant therapy for different tumors 
(Moros et al. 2015).

Compared to hyperthermia, MHT brings nota-
ble advantages, including offering targeted deliv-
ery by tailoring NP surfaces to specific bioactive 
molecules, providing a controlled temperature 
increment by means of remote-switchable instru-
ments represented by NPs (Moros et  al. 2015), 
making deeper penetration into tissues by apply-
ing an AMF, administering MNPs in different 
concentrations and for longer durations within 
the target sites being available for multiple treat-
ment sessions, enhancing heating capacity deter-
mined by nanosized magnetic particles, 
controlling the size and morphology of NPs (by 
augmenting their biocompatibility and reducing 
the adsorption of blood proteins  – biocorona), 
and offering multiple drug delivery routes 
because it is a minimally invasive technique 
(Perigo et  al. 2015; Gkanas 2013; Chang et  al. 
2016). The disparities in terms of clinical effi-

ciency between hyperthermia and MHT are illus-
trated in Fig. 22.9.

An ideal magnetic material for MHT is repre-
sented by magnetic IONPs (10–100 nm), based 
on the following considerations: iron is an inor-
ganic element naturally found in organisms that 
is involved in key cellular processes, has high 
biocompatibility because it is recycled within 
organisms via metabolic pathways, superpara-
magnetic properties, and low toxicity (human 
body tolerates a dose of 5  mg/kg body mass); 
another very important aspect is that magnetite 
and maghemite are activated by AMFs (Perigo 
et al. 2015; Zahedi-Tabar et al. 2019; Spirou et al. 
2018). The magnetic properties of IONPs stem 
from the existence of iron ions with different 
valences in their crystal structure; these unpaired 
ions have oppositely aligned magnetic moments, 
leading to strong magnetization (Chang et  al. 
2018).

The application of AMFs stimulates IONPs to 
produce heat by two mechanisms: hysteresis loss 
and relaxational losses (Chang et  al. 2018; 
LeBrun and Zhu 2018; Mahmoudi et al. 2018). 
Hysteresis losses in bulk take place in large 
IONPs that present multiple magnetic domains in 
their structure (Chang et  al. 2018; LeBrun and 
Zhu 2018). The heat that results after AMF appli-

Fig. 22.9 Comparison between hyperthermia and MHT in terms of therapeutic potential
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cation represents a difference in energy owing to 
the alignment of the magnetic moments of the 
NPs with the direction of the magnetic field 
(Kirschning et  al. 2012; Chang et  al. 2018; 
LeBrun and Zhu 2018). A decrease in IONP size 
is directly correlated with the reduction of the 
number of magnetic domains, with a single mag-
netic domain remaining at a threshold size 
(Houlding and Rebrov 2012; Chang et al. 2018).

The heat produced via relaxational losses 
occurs in superparamagnetic, single-domain NPs 
with sizes less than 25 nm. Two types of relax-
ation losses have been described: Néel and Brown 
relaxations (Chang et al. 2018; LeBrun and Zhu 
2018). Néel relaxation can be defined as rapid 
changes that occur in a particle’s magnetic 
moment when it is exposed to an AMF, an align-
ment that is contrary to the particle’s crystalline 
structure, resulting in heat production. Brownian 
relaxation consists in frictional heat resulting 
from the physical rotation of particles within a 
supporting medium when the particles attempt to 
realign themselves with a changing magnetic 
field (Suto et al. 2009; Suriyanto et al. 2017; Ruta 
et al. 2015; Chang et al. 2018).

MNPs for MHT can be administered intrave-
nously (the NPs are coated with a drug or carrier 
proteins and targeted for cancer cells) or direct 
intratumoral injections, a more invasive method 
with multiple advantages (Chang et  al. 2018; 
LeBrun and Zhu 2018; Dulińska-Litewka et  al. 
2019; Mahmoudi et  al. 2018). Other routes of 
delivery for the MNPs have also been also 
described as intraperitoneal (for ovarian, pancre-
atic, and gastric cancers), intra-arterial (liver can-
cers), and intracavitary (Chang et al. 2018).

MHT using magnetic IONP efficiency in 
treating cancer was tested in various models, 
including in in  vitro and in  vivo studies. An 
overview of these models is presented in 
Table 22.3.

MHT was officially introduced in clinical 
practice in 2011 for the treatment of glioblastoma 
in combination with conventional therapies 
(Dulińska-Litewka et  al. 2019). Recent studies 
proved the use of MHT as a method to treat can-
cer under different approaches: (i) in combina-
tion with brachytherapy for prostate cancer, (ii) 

to stimulate the immune response in a murine 
melanoma model, (iii) in combination with radio 
frequency to treat gastrointestinal diseases 
(Crohn disease, colitis ulcerosa, and cancer), (iv) 
in therapy for patients diagnosed with HIV 
(Dulińska-Litewka et al. 2019).

Besides the numerous advantages and bio-
medical applications of MHT, this method also 
has several limitations: it has not been used in a 
clinical setting for any type of cancer, it makes it 
difficul to control the deposition of NPs at target 
sites, NPs are nonuniformly dispersed within 
tumors/tissues of interest, and it makes it difficult 
to estimate the proper thermal dose by predicting 
the temperature-time history (LeBrun and Zhu 
2018).

22.4.2  Toxicity Assessment of IONPs

According to the ISO standard, the term nanopar-
ticle refers to particles that possess one, two, or 
three external dimensions in a nanoscale range of 
1–100 nm, dimensions that allow them to interact 
at a cellular (10–100  nm), subcellular (20–
250 nm), genetic (10–100 nm), and even protein 
level (3–50 nm) (Markides et al. 2012).

The use of IONPs for biomedical purposes 
could be considered a double-edged sword since, 
on the one hand, IONPs possess multiple advan-
tages (MRI-based clinical applications, targeted 
carriers due to their susceptibility to manipula-
tion by an external magnetic field, promising 
therapy for tumor cells via MHT, reduced side 
effects of conventional drugs), but, on the other 
hand, their small dimensions facilitate their abil-
ity to cross different biological membranes in 
organisms, leading to unexpected noxious effects 
(Laffon et al. 2018; Nyström and Fadeel 2012).

In light of several recent studies (Yang et al. 
2017; Laffon et al. 2018) that revealed the toxic-
ity of IONPs both in  vitro and in  vivo, it has 
become essential to design a strategy for the eval-
uation of NPs’ toxicological profile by under-
standing the mechanism of action and the 
molecular processes involved.

The ability of IONPs to enter cells and accumu-
late in different cellular organs as lysosomes, 
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Table 22.3 Applications of MHT using IONPs

Magnetic iron oxide 
bionanoparticle type

In vitro/in vivo 
studies

Toxicity endpoints induced by magnetic 
hyperthermia Reference

Magnetic cationic 
liposomes – MCLs

T-9 rat glioma cells Increased uptake of positively charged MCLs by 
glioma cells; a significant reduction of cell 
viability was reached at 43 °C after 40 minutes of 
magnetic irradiation

Shinkai 
et al. (1996)

Polyethylene glycol- 
based magnetic hydrogel 
nanocomposites

M059K 
glioblastoma cells

Selective cell death of glioblastoma cells by 
applying thermoablative temperatures (60–63 °C)

Meenach 
et al. (2010)

Iron oxide MNPs – 
nanomagnetic fluid

U251 human 
glioma cells

A dose-dependent inhibition of human glioma cell 
proliferation and presence of chromatin 
condensation, cytoplasmic vacuoles, and 
apoptotic bodies

Xu et al. 
(2017)

Monodisperse magnetic 
iron nanoparticles

B16-F10 – murine 
melanoma cell line

Mild magnetic hyperthermia did not impair 
melanoma cell viability but upregulated hsp70 
(heat shock protein) gene expression, a protein 
with key roles in sensibilization of cells to 
radiotherapy/chemotherapy

Moros et al. 
(2015)

Citric acid-coated 
zinc-doped magnetite 
nanoparticles 
(Zn0.4Fe2.6O4)

Bone-cancer cell 
line – MG-63

Significant cell death after mild (42 °C) and 
extreme (47 °C) magnetic hyperthermia; in 
addition, even mild hyperthermia triggered 
differentiation of MG-63 cells to a more mature 
phenotype with a decreased capacity for 
self-renewal by upregulating alkaline phosphatase 
(ALP) expression, an early marker of osteogenesis

Moise et al. 
(2018)

Iron oxide magnetic 
nanoparticles

DA3, MCF-7, and 
HeLa

Significant cell death via apoptosis in all cell 
lines; the most sensitive cell line was MCF-7 
(viability % < 3.5%)

Gkanas 
(2013)

Polycarboxylic iron 
oxide nanoparticles 
conjugated with 
doxorubicin

Human breast 
cancer cell 
lines – MCF-7 and 
MDA-MB-231

Targeted cytotoxicity in breast cancer cells, 
MCF-7 and MDA-MB-231, by promoting 
apoptosis and lesser noxious effects on normal 
human mammary epithelial cells, MCF 10A

Catalano 
(2018)

Fourth-generation 
dendrimer-coated iron 
oxide nanoparticles –
G4@IONPs

Human breast 
cancer cell line 
(MCF-7) and
human fibroblast 
cell line (HDF1)

A significantly reduced viability of MCF-7 cells 
(36.7% viable cells), whereas HDF1 cells (63.5% 
viable cells) were less sensitive to magnetic 
hyperthermia

Salimi et al. 
(2018)

Human-like collagen 
protein-coated MNPs

Baby hamster 
kidney BHK-21 
cells

No toxic effects on cell viability, suitable for 
magnetic hyperthermia experiments

Chang et al. 
(2016)

Magnetite nanoparticles Muscle tissue from 
cow

Thermoablation (87 °C) induced tissue alterations 
characterized by light-brown discoloration, 
pyknotic cell nuclei and degenerated myofibrils

Hilger et al. 
(2000)

Iron oxide MNPs – 
nanomagnetic fluid

Nude male mice 
inoculated with 
U251 human 
glioma cells

Dose-dependent inhibition of tumor development; 
tumors with hemorrhage and necrosis

Xu et al. 
(2017)

Magnetic fluid 
hyperthermia (MFH), 
combined with external 
radiation

Dunning model of 
prostate cancer 
using Copenhagen 
rats

Reduced tumor growth after magnetic 
hyperthermia and radiation

Johannsen 
et al. (2006)

(continued)
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mitochondria, phagosomes, and vesicles (Catalano 
2017) could be responsible for the noxious effects 
associated with IONP exposure. The main in vitro 
toxicity endpoints described for IONPs are 
decreased viability, oxidative stress, DNA dam-
age, mitochondrial alterations, alterations in cell 
morphology and cell motility, cell membrane dis-
ruption, effects that are dependent on multiple fac-
tors such as cell type, IONP size, and concentration 
used, the capping agent, and the exposure time 
(Laffon et al. 2018; Liu et al. 2014).

The in vitro impact of IONPs has been studied 
intensively in recent years, but the results 
obtained were somewhat contradictory, with 
some studies affirming that IONPs are biocom-
patible and nontoxic at low concentrations 
(<100 μg/mL) (Kunzmann et al. 2011) and others 

reporting noxious effects even at these low doses 
(Laffon et  al. 2018). No cell viability decrease 
was recorded following IONP exposure in human 
T lymphocytes, monocytes, primary rat astro-
cytes and neurons, human macrophages and 
amniotic fluid cells, murine microglial cells, 
fibroblasts, and macrophages (Laffon et al. 2018). 
A significant decrease in normal cell viability 
depending on concentration and exposure time 
was recorded in alveolar epithelial A459 cells 
after Fe2O3 exposure, in rat astrocytes treated 
with aminosilane- or starch-coated magnetite, 
and in human T lymphocytes exposed to IONPs 
coated with carboxyl or amine groups (Laffon 
et al. 2018).

In one of our previous studies, it was proved 
that magnetite and maghemite NPs double- 

Table 22.3 (continued)

Magnetic iron oxide 
bionanoparticle type

In vitro/in vivo 
studies

Toxicity endpoints induced by magnetic 
hyperthermia Reference

Biocompatible 
superparamagnetic 
nanoparticles

Rat malignant 
glioma using RG-2 
cells in Fisher rats

A single intratumoral injection with magnetic 
fluid followed by two thermotherapy treatments 
determined a prolongation of rat survival; 
histopathological evaluation indicated large areas 
of necrosis next to particle deposits, tumor cells 
with a decreased proliferation rate, and reactive 
astrogliosis adjacent to tumor

Jordan et al. 
(2006)

Magnetic fluid 
hyperthermia

C3H mouse with 
induced mammary 
carcinoma

Dextran magnetite magnetic fluid administered 
intratumorally and exposed to an alternative 
magnetic field led to decrease in tumor volume 
and widespread tumor necrosis

Jordan et al. 
(1997)

Magnetic iron oxide 
nanoparticles (MIONs)

Squamous cell 
carcinoma

Intravenously administered MIONs under the 
effect of an AMF heated the tumor cells until 
ablation temperature, 60 °C, with no toxic effects 
for healthy surrounding tissue

Huang and 
Hainfeld 
(2013)

Porphyrin-coated MIONs Melanoma Intratumoral injection of MIONS followed by 
three short 10-minute AMF exposures decreased 
murine B16-F10 melanoma tumor volume; 
intravenous injection followed by three 
consecutive days of AMF exposure also proved 
efficient at decreasing tumor volume

Balivada 
et al. (2010)

MIONs conjugated to 
ChL6, an antibody that 
targets tumor-associated 
antigen L6

Breast cancer Intravenously administered magnetic 
nanoparticles followed by magnetic hyperthermia 
induced tumor growth delay in a mouse model of 
breast cancer using HBT3477 xenografts

DeNardo 
et al. (2007)

Magnetic hydroxyapatite 
nanoparticles

Colorectal cancer 
cells (CT-26 cell 
line) implanted in 
mice

Tumor growth skrinkage was induced by 
magnetic hydroxyapatite nanoparticles exposed to 
AMF

LeBrun and 
Zhu (2018)

Ferrofluid PC3 tumors in 
mice

A reduction of tumor volume with areas of 
necrosis in center of tumor and apoptosis events 
in periphery

LeBrun and 
Zhu (2018)

22 Magnetic Nanoparticle Nanoformulations for Alternative Therapy of Cancer…



524

coated with oleic acid are nontoxic for human 
immortalized keratinocytes, HaCaT, at concen-
trations of 25 μg/mL after 24-hour stimulation. 
Moreover, the NPs had a stimulatory effect on 
cell migration and proliferation assessed by 
means of a scratch assay (Coricovac et al. 2017). 
In a more recent study, our group showed that a 
higher concentration (50  μg/mL) of magnetite 
double coated with oleic acid  induced a signifi-
cant decrease in HaCaT cell viability, whereas 
uncoated NPs had no impact on this parameter. In 
addition, the decreased viability was accompa-
nied by the presence of a special phenomenon – 

enucleation characterized by the presence of 
holes within the cells as the nucleus was drawn 
out (Fig. 22.10) (Moacă et al. 2019).

Since engineered NPs are being applied more 
and more widely, it is essential to determine the 
fate of these NPs after their administration by 
investigating their safety/hazard potential. In this 
regard, intense discussions have been held among 
specialized groups to define a strategy for the 
evaluation of nanomaterial-induced hazards 
(Nyström and Fadeel 2012; Landsiedel et  al. 
2017). A schematic protocol to assess NPs’ toxi-
cological profile is presented in Fig. 22.11.

Fig. 22.10 HaCaT cell aspect after treatment with magnetite double coated with oleic acid for 24 hours, 50 μg/mL

Fig. 22.11 Schematic representation of steps involved in assessment of NP toxicological profile

C. Caizer et al.
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22.5  Conclusions

Magnetic  IONPs are among the first and most 
studied NPs for clinical use and remain important 
due to their multiple biomedical applications and 
to the associated challenges, the topic being 
always of interest. Though considerable progress 
has been made in the field of MHT and SPMHT, 
which uses biocompatible magnetic IONPs, fur-
ther investigations are still required to overcome 
the present limitations. Better ways of assessing 
the toxicity of these NPs since studies that have 
done so following chronic/long-term exposure 
are rather scarce.

The key to successful cancer therapy by MHT 
and, recently, SPMHT, for the complete destruc-
tion of tumors, depends on four essential factors: 
(i) finding the most suitable SPION MNPs for 
MHT, (ii) establishing the appropriate nanofor-
mulations of MNPs to achieve very good bio-
compatibility and eliminate toxicity to healthy 
tissues surrounding tumors, (iii) using high- 
efficacy SPMHT instead of MHT, and (iv) estab-
lishing adequate in  vivo protocols for the 
application of SPMHT in different types of can-
cer in order to obtain the maximum efficiency in 
the destruction of tumor cells.

Issue (ii) and, partially, issue (iii) were pre-
sented and discussed in this chapter. For issue 
(iv), more data will be needed in future 
research in order to be able to outline a steps 
toward a thorough investigation into the effi-
cacy of the method in cancer therapy and its 
application to humans in preclinical and clini-
cal settings.
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symptoms, 451
treatment cost and hospitalizations, 450

Chyme, 135
Ciprofloxacin (CPX), 485
Classification, Labelling and Packaging (CLP), 302
Clinical resistance, 339
Clinical status, curcumin and THC, 394–395
Clinical trials, 9, 10, 349–351
Clofazimine (CFZ), 489
Clotrimazole, 346
CNS disorders

AD, 190, 191
and dementia, 187
depression, 192
HD, 192, 193
medical therapies, 190
nanotechnology, 188
neurocognitive disorders, 190
neuroinfections, 190
PD, 191

Coacervation/ionic gelation method, 58
CODES™, 142, 143
Cold homogenization, 59
Colloidal carriers, 178, 179, 348–349
Colloidal systems, 15
Colon

CDDS, 134
diseases, 137
drug delivery, 134
functions, 135

Colon anatomy
alimentary canal, 134
blood and nerve supply, 136
contractions and motility, 137
crypts, 136
digestive tract, 135
GIT, 134, 135
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Colon anatomy (cont.)
large intestine, 135, 136
oral cavity, 134
pelvic, 136
taeniae, 136

Colon cancer, 137
Colon carcinoma, 134
Colon drug delivery, 143
Colon drug delivery system (CDDS), 139
Colon polyps, 138
Colon specific targeting

active targeting, 147
antibodies, 147
aptamers, 147
carbohydrate/lectin, 147
CNTs, 146
dendrimers, 146
graphene oxides, 146
IBD (see Targeting IBD)
micelles, 145, 146
nanofibres, 146
nanoformulation approaches, 147–149
nanogels, 147
nanoglobular systems, 146, 147
nanosponges, 146
particulate nanosystems (see Particulate nanosystems)
SNEDDS, 146, 147
vesicular nanosystems (see Vesicular nanosystems)

Colon targeting, 152–160
Colonic diseases, 134
Colon-specific drug delivery system (CDDS), 134
Colon-specific systems

CODES™, 142, 143
delayed release drug delivery system, 140
eEPR, 138
enzyme sensitive, 142
macro-, micro- and nanoparticles, 138
microbially triggered system, 140, 141
osmotic controlled systems, 141, 142
PCDS, 142
pH-sensitive polymer-CDDS, 139, 140
redox-sensitive polymer coating, 141
size-dependent nanodelivery systems, 139
surface functionalized nanodelivery systems, 139

Colorectal cancer (CRC), 137
AFP, 152
CA 19-9, 151
CD44, 151
cell-adhesion protein CEA, 151
DR-5, 152
EGFR, 151
EpCAM, 152
FRα, 151
TAG-72, 151
TfR1, 152
tyrosine kinase receptor c-MET, 152
VEGFR, 152

Combination therapy, 7
Commercial theranostic products, 76
Commercial turmeric, 378

Comparative analysis
curcumin and THC, 381

Complement-associated specific targeted therapies, 252
Composite ethosomes, 318, 319
Confocal laser scanning, 316
Conformational changes, 151
Conjunctivitis, 266–267
Constipation, 138
Conventional drug-targeting

aptamers, 117, 118
mAbs, 116
peptides, 116, 117
saccharide and polysaccharide ligands, 118
site-specific nanosize drug delivery, 112
site specific targeting, 112–115
transferrin, 119, 120
vitamins, 118, 119

Conventional formulation system, 36
Conventional formulations

efficacy, 208
inherent limitations, 210
novel nanocarriers, 208
ophthalmic, 208

Conventional therapy, 263
Cornea, 260
Corneal epithelial cells, 260
Corticosteroid, 267
Cosmetic Toiletry and Fragrance Association  

(CTFA), 303
Cosmetics, 3–5, 8, 100, 101
Cosmetology, 3
Critical quality parameters/dependent  

variables, 61
Crohn’s disease (CD), 134, 137, 150, 151
Cryosurgery, 407
Crypts, 136
Cup/disc ratio (CDR), 232, 233
Curcumin, 418

aromatic ring systems, 378
bioavailability, 380–382
catalytic reduction, 380
chemical structure, 379
clinical trials, 394–395
Curcuma longa, 372
delivery systems, 383
description, 378
dipole moment (DP), 379
as herbal medicine, 378
mechanism of action, 372
nanobased delivery systems (see Nanodelivery 

systems)
nanocarriers, 378
nano-formulations, 373
nanomedicine, 382
oral administration, 380
pH, 379
pharmacokinetic characterization, 381
pharmacokinetics, 372
pKa values, 379
properties, 372
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and THC
chemical structural comparison, 379
nano-mediated carriers, 384–385
physicochemical parameters, 381
potential targets, 383 (see also 

Tetrahydrocurcumin (THC))
Curcumin-stabilized silver nanoparticles (Cur-AgNPs), 386
Curettage, 406
Cutaneous candidiasis, 328
Cyclodextrin (CD)-based nanosponges (NS), 409, 410
Cyclokat® based on Novasorb® technology, 230
Cycloserine, 481
Cyclosporin A, 441
Cytochrome P450 (CYP), 270
Cytotoxic drugs, 47
Cytotoxicity, 87, 412, 413

D
Daidzein, 419
Death receptor 5 (DR-5), 152
Debye model, 508
Delayed release drug delivery system, 140
Dendrimers, 28–30, 81, 124, 146, 412, 458, 459

asthma, 460
bioavailability, 459
cancer, 30, 31
lungs and the respiratory system, 459
MRI, 32
polymers, 29
primary alveolar cell lines, 459
pulmonary epithelium, 459
RNA, 30
siRNA, 30
therapeutic management, 32
viral vectors, 32

Department of Biotechnology (DBT), 10, 302, 303
Depression, 192
Depressive disorders, 192
Dermal application, 412
Dermatopharmacotherapy, 313
Dermatophytes, 310
Dermatophytosis, 339
Design maps, 511
Design of experiments (DOE), 62
Devices and Radiological Health (CDRH), 302
Diabetes, 17, 112, 124
Diabetes mellitus, 28, 386
Diabetic Retinopathy (DR), 267
Diagnostic imaging, 50
Differential scanning calorimetry (DSC), 53, 65, 66
Digestive tract, 135
Disease-based targeting

and CNS, 125, 126
and diabetes, 124
and lungs, 127, 128
peripheral drug targeting, 126, 127

Diseases, colon
anal fissure, 138
bowel incontinence, 138

colon cancer, 137
colon polyps, 138
constipation, 138
diverticulosis and diverticulitis, 138
haemorrhoids, 138
hernias, 138
IBD, 137
IBS, 137, 138
peritonitis, 138
rectal bleeding, 138
ulcer, 138

Disseminated candidiasis, 326
1,2-Distearoryl–sn-glycero-3-phosphoethanolamine 

(DSPE), 125
Diverticulitis, 138
Diverticulosis, 138
Dizziness, 267
DNA damage, 404
Docetaxel-loaded superparamagnetic iron oxide 

nanoparticles, 116
Docosahexaenoic acid, 81
Dorzolamide-loaded nanoliposome, 264
Dosing frequency, 47
Dot-labeled aptamer bioprobe (QD-Apt), 117
Double-emulsion and evaporation method, 57
Double-stranded RNA (dsRNA), 122
Doxil®, 15
Doxycycline, 253
Drosha and double-stranded RNA binding protein 

(DGCR8), 123
Drug carriers, 144, 146

abraxane, 6
bioimaging, 7
in cosmetics, 8
life-threatening diseases, 6–7
nanoparticles, 6
passive targeting, 6
theranostics, 7, 8

Drug delivery, 44, 134, 260, 263, 267, 268
candidiasis (see Candidiasis therapy)

Drug delivery devices, 253
Drug delivery systems, 288
Drug-drug interactions, 326
Drug loading (DL), 215
Drug-metabolizing enzymes

Cytochrome P45, 270
eye, 270
ocular cells, 269
ocular site, 270

Drug moiety, 53
Drug penetration, 313
Drug permeation, 170, 289
Drug products, 101
Drug resistance, 4, 5, 339

molecular and biochemical mechanisms, 339–341
Drug targeting

and CNS, 124, 125
and diabetes, 124
and lungs, 127, 128
peripheral, 126, 127

Index



536

Dry AMD, 244
Dry eye syndrome, 267
Dust storms, 96

E
Echinocandins, 326, 333, 335–338, 351
Econazole nitrate, 316
Elassical ethosomes, 315–318
Electrodesiccation, 406
Electroporation, 293
Emodin, 419, 420
Endothelial cells (ECs), 189
Engineered nanoparticles, 97
Enhanced permeability and retention (EPR), 4, 6, 7, 16
Entrapment efficiency (EE), 53, 57, 60, 61, 64, 214, 215
Environmental Protection Agency (EPA), 301
Enzymatic activity, 174
Enzyme sensitive, 142
Epidermal growth factor receptor (EGFR), 116
Epigallocatechin-3-gallate (EGCG), 420

catechines, 371
in vitro, 371
mechanism of action, 371
nano-formulations, 371, 372
pharmacokinetics, 371

Epilepsy
causes, 177

AED therapy, 177
Alzheimer’s disease, 177
cerebrovascular disease, 176
hemorrhagic stroke, 176
small vessel/multivascular disease, 177
tumor, 177

definition, 175
epileptogenesis, taxonomy and etiology, 175
hereditary, 176
idiopathic and sympathetic, 175
internal dysfunction, 175
Kluver-Bucy Syndrome, 176
nanoformulations

antiepileptic drugs, 182
colloidal carriers, 178
liposomes, 179, 180
nano gels, 178, 179
nanoemulsions, 181
NLCs, 181
SLNs, 180

neurobiology, 176
nonconventional treatment, 177, 178

Epithelial cell adhesion molecule (EpCAM), 152
Epithelial growth factor receptor (EGFR), 151
Epithelial-enhanced permeability and retention  

(eEPR), 138
ERG11 gene, 340
Ergosterol, 340
Ethambutol (EMB), 480, 481
Ether injection (solvent vaporization), 60
Ethionamide (ETH), 487, 488
Ethosomal dosage forms, 320, 322
Ethosomal stability, 312, 314, 315, 317, 320, 322

Ethosomes, 342
binary, 317, 319
classical, 315–318
composite, 318, 319
formulation considerations, 314, 315
molecular size, 314
nanometers to micrometers, 314
penetration mechanisms, 315
polymeric, 320, 321
stratum corneum, 314
transethosomes, 319, 320
vesicular carrier, 314

EU regulations, 302
Eudragit®, 140
Eugenol, 419
European Agency for Safety and Health at Work 

(EU-OSHA), 302
European Centre for the Validation of Alternative 

Methods (ECVAM), 302, 303
European Chemicals Agency (ECHA), 302
European Committee for Standardization (CEN), 303
European Environment Agency (EEA), 302
European Medicines Agency (EMEA), 301
European Union, 102, 103
Evaluation, Authorization and Restriction of Chemical 

Substances (REACH), 302
Excipients/surfactant selection

application, 57
GRAS, 56
inertness, 57
regulatory authority, 56
surface charge, 57
toxicity, 56

Exosomes, 48
Expert Scientific Advisory Committee (ESAC), 302
Extensively drug-resistant TB (XDR-TB), 470
Extracellular hydrolytic enzyme production, 332
Extracellular matrix (ECM), 453
Eye

administration, drugs, 261
AMD, 263
biological barriers, 262
blood-retinal barrier, 262
cataract, 264, 265
conjuctivitis, 266–267
disease, 262
DR, 267
drug-metabolizing enzymes, 269, 270
drug transporters, 269, 270
dry eye syndrome, 267
fungal keratitis, 265, 266
glaucoma, 263, 264
lacrimation, 262
metabolic enzymes, 260
ocular cells (see Ocular cells)
ocular drug transporters, 260
RB, 266
retina region, 262
segments, 260, 261
structures, 261
tear film, 262
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topical application, eye drops, 260
visual acuity, 260
vitreous, 262

Eye anatomy, 228, 229

F
Fabrication techniques, 411
Fact sheet, 101, 102
Factorial design, 62
Fair Packaging and Labeling Act (FPLA), 304
Federal Food, Drug and Cosmetic Act (FFDCA), 304
Ferulic acid, 420
First-pass metabolism, 52, 53
Fitzpatrick skin, 404
Fluconazole, 313, 316
Fluconazole-loaded nanostructured lipid carriers, 344
Fluconazole-loaded SLNs, 343
Fluconazole SLNs, 344
Fluoroquinolone, 271
Focused ultrasound (FUS), 194
Folate receptors (FR), 118
Folate receptor-α (FRα), 151
Folic acid receptor, 266
Folic acid/folate, 118
Food and Agriculture Organization (FAO), 303
Food and Drug Administration (FDA), 99–101, 301
Food Drug and Cosmetic Act (FDCA), 302
Formic acid, 271
Formulation and process factors/independent  

variables, 61
Formulation design strategies

active strategies
electroporation, 293
iontophoresis, 293
jet injection, 293, 294
microneedles, 293
sonophoresis, 293

considerations
drug’s physical and chemical characteristics, 292, 

293
penetration enhancement, 293
skin disorder type, 292
target layer, 292

passive strategies
nanocarriers, 293
penetration enhancers usage, 293
prodrugs, 293

Formulation development
excipients/surfactants, 56–57
polymers and lipids, 53–55
preparation method, 57
selection of drug, 52–53
solvent selection, 55, 56

Formulation techniques, 458
Fourier transform infrared spectroscopy (FTIR), 53, 65
Fourier transforms infrared (FTIR), 219
Free radicals, 420
French pressure cell, 60
Fryberg, 341
Fullerenes, 86

Functionalized nano-based drug delivery systems, 134
Fungal diseases, 309
Fungal infections, 112, 309–317, 326

prevalence, 325
types, 326

Fungal keratitis, 265, 266

G
Gamma scintigraphic study, 220, 221
Ganciclovir, 267
Gastrointestinal tract (GIT), 134, 135
Gatifloxacin (GTX), 485, 486
Gelatin-g-PNIPAAm (GN), 219
Gene delivery, 273–275
Gene silencing, 120, 121
Gene therapy, 238, 249, 252, 273
Generally recognized as safe (GRAS), 56
Generic nanoformulations, 9
Genistein, 420, 421
Genomics-based approaches, 120
Geographic atrophy (GA), 242
Gibbs free energy, 15
Glaucoma, 263, 264

AMD (see Age-related macular degeneration (AMD))
classification, 234
commercial proprietary drugs, 235, 237
description, 208
developmental/congenital

anomalies, 212
early onset, 212
late onset, 212

eye, 210
eye anatomy, 234
history and prevalence, 231
IOP, 208–210, 234–236
mucoadhesive system, 223
nanocarrier-based system, 221
nanocarriers (see Biocompatible nanocarriers)
nanotechnological platforms and devices, 239–241
novel therapies

DNA therapeutics, 237
gene therapy, 238
nanomedicine, 238, 242
neuroprotectives, 236
NTF, 236, 237
RGC survival therapies, 238

pathobiogenesis and mechanism, 231–234
primary

angle-closure glaucoma, 211
mixed, 211
POAG, 210, 211

risk factors, 231
secondary

angle-closure mechanisms, 212
IOP, 211
open-angle mechanisms, 211

therapies, 212, 213
vision-threatening disease, 223

Glioblastoma, 112
Glioma stem cells, 119
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Global Burden of Obstructive Lung Disease  
(GOLD), 450

β-Glucan particles (GP), 483
GLUT family, 119
Glycodendrimers, 28
Glycolysis pathway, 119
Glypican-3 (GPC-3), 118
Gold nanoparticles, 295
Gold nanoparticles (AuNPs), 124
Graphene oxide nanosheets, 87
Graphene oxides, 146
Green chemistry, 10
Green nanomedicine, 10
Green nanotechnology, 10

H
Haemorrhoids, 138
Half-life, 47
Healthcare, 3–5, 8, 9
Healthcare-related products, 134
Healthy retina, 232
Heart stroke, 13–14
Hemorrhagic stroke, 176
Hen’s Egg Test-Chorioallantoic Membrane assay, 344
Herbo-mineral drugs, 99
Hernias, 138
Herpes simplex virus, 127
High-energy methods, 198
Highly active antiretroviral therapy (HAART), 386
High-pressure homogenization, 59
Homeostasis imbalance, 273
Hot homogenization, 59
Hot melt homogenization technique, 456
Human epidermal receptor (HER2), 116
Huntington disease (HD), 192, 193
Hyaluronic acid (HA), 9
Hyaluronic acid-chitosan NP, 275
Hydrogels, 378
Hydrophilic polymer, 9
Hyperthermia, 518, 519
Hyphae formation, 332

I
Imatinib mesylate, 4
Immunoliposomes, 179
Immunotherapy treatment, 408
Independent variables, 61, 62
Indian regulations, 302, 303
Indian Society of Nanomedicine (ISNM), 302, 303
Inflammation, 137, 138, 148, 150, 388, 389
Inflammatory bowel diseases (IBD), 137
Inhalation technology, 480
Inhalation therapy, 452, 453, 456
Inhaled drug delivery systems, 453
Inorganic nanocarriers

QD, 82
silica-coated gold nanostars, 85

SPIONs and magnetic nanocarriers, 82
upconversion nanoparticles, 84

Inorganic nanoparticles, 95
In situ gel, 219
Integrins, 150, 245
Interagency Coordinating Committee on the Validation 

of Alternative Methods (ICCVAM), 303
Intergovernmental Forum on Chemical Safety (IFCS), 

303
Interleukin-1 beta (IL-1β), 371
International Cooperation on Cosmetics Regulations 

(ICCR), 301
International Council on Nanotechnology (ICON), 303
International League Against Epilepsy (ILAE), 175
International Organization for Standardization  

(ISO), 303
Intranasal (IN)

AED, 184
affecting factors (see Nose-to-brain delivery)
chronic and acute treatment, 170
CMPME, 181
CNS, 169
drug delivery, 170
routes, colloidal carriers, 170

Intranasal mode of delivery
advantages and disadvantages, 439–440
CNS, disorders, 437
nasal mucosa, 437
oral mode, 437

Intraocular pressure (IOP), 208, 211, 215
Intravitreal administration, 246
Invasive candidiasis, 326, 332, 333, 335, 351
Investigational new drug application (INDA), 66
In vitro cytotoxicity, 519
In vitro release, 64, 65
Iodine-131 therapy, 8
Ionizable lipid, 274
Iontophoresis, 293
Iron oxide nanoparticle (IONP)

ability, 521
biomedical purposes, 521
biosensors, 517
drug carriers, 518
enzyme-like features, 518
hyperthermia, 518
in vitro impact, 523
intrinsic properties, 518
lymphocytes, 523
magnetic moment, 517
magnetic properties, 520
MHT, 522–523
multifunctional properties, 518
nanotechnology-based tools, 517
photothermal cancer therapy, 518
toxicity assessment, 521

Irritable bowel syndrome (IBS), 137, 138, 140
Ischaemic heart disease, 13
Ischemic strokes, 176
Isoniazid (INH), 473–475
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J
Janus-like nanoparticles, 77
Jet injection, 293, 294
Joint Research Centre (JRC), 102, 103

K
Kaempferol, 421
Kanamycin, 481, 482
Keratinocytes, 418, 419
Ketoconazole, 345
Kluver-Bucy Syndrome, 176

L
Lactoferrin, 442
Lamotrigine (LTG), 180
Langevin function, 507, 508
Langevin law, 507
large intestine, 135, 136
Large unilamellar vesicles (LUVs), 59
Laser surgery, 407
Leber’s congenital amaurosis, 252
Lectins, 462
Leuprolide, 440
Levofloxacin (LOFX), 484, 485
Life-cycle assessment (LCA), 300
Ligands, 6
Linezolid (LZD), 489
Linolenic acid (LNA), 346
Lipid-based nano-drug delivery system

ethosomes, 342
lipid nanoparticles, 344
liposomes, 341, 342
NLCs, 342–344
SLNs, 342–344
transethosomes, 342

Lipid nanocarriers
dendrimers, 81
liposomes, 80
NLCs, 80
SLN, 80

Lipid nanoparticles, 51, 273–275
Lipid-polymer, 81
Lipofuscin, 244
Lipophilic drugs, 260
Lipophilicity, 170, 174
Lipoplexes, 123
Liposomal and nanoparticle formulation technologies, 20
Liposomes, 8, 50, 51, 80, 145, 179, 180, 195, 196, 220, 

221, 341, 342, 383, 387, 393, 394, 414, 415, 
456, 474, 514

cationic liposomes, 458
dendrimers, 459
MCV, 60
mechanical dispersion methods, 59, 60
membrane hydration method, 59
pharmacokinetics, 456
TNF, 458

Locked nucleic acids (LAA), 122
Low-energy methods, 198
Low skin/ophthalmic permeation/retention, 53
Low water solubility, 52
Lung defense mechanism, 451
Lungs, 127, 128
Lymphatic pathway, 439
Lyotropic liquid crystal systems, 378

M
Magnetic hyperthermia, 517
Magnetic nanoformulations, 515
Magnetic nanoparticle nanoformulations

adiabatic conditions, 510
alternative magnetic field, 508
characteristics, 514
high-frequency fields, 506
homogeneous distribution, 511
IONPs, 506
magnetic diameter, 507
magnetic field and frequency, 510
magnetic moment, 506
MHT, 505
multifunctionalized, 512
SPMHT, 504, 508, 510
SPMNP system, 507
SPMNPs, 505

Magnetic nanoparticles (MNPs), 197, 198, 413
Magnetoliposomes, 514, 516
Malignant tumors, 119
Manufactured nanoparticles (MNPs), 304
Matrix metalloproteinases (MMPs), 290
Mean residence time (MRT), 179
MEAR (BNL1MEA.7R.1)-specific single-stranded DNA 

aptamer (TLS9a), 117
Mechanical dispersion methods, 59, 60
Melanoma (MM), 404
Membrane hydration method, 59
Mesoporous silicone nanoparticles (MSNPs), 126, 144
Metabolic disorders, 112
Metabolic enzymes, 260
Metabolic pathways, 520
Metal-based antitubercular nanoformulations

AgNPs, 490, 491
Argovit-C, 490
bimetallic Au−Ag NPs, 491
Ga(III), 492
ZIF-8, 491
ZnNPs, 491
ZnO NPs, 491

Metallic nanoparticles, 10, 83, 144
Methanol, 271
Methazolamide (MTA), 215
Methotrexate, 4
Methoxy poly(ethylene glycol) (MPEG), 346
Micelles, 50, 51, 145, 146, 516
Miconazole, 344
Miconazole-loaded SLNs, 343
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Microbially triggered system, 140, 141
Microemulsions, 348–349
Microencapsulation vesicles (MCV), 60
Microneedles, 293
Microorganisms, 96, 97
MicroRNAs (miRNAs), 121, 122, 124
Microsprayer®, 488
Minimum inhibitory concentration (MIC), 339
Mitogen-activated protein kinases (MAPKs), 370
Mixture design selection, 63
Mohs surgery, 406
Molecular and biochemical mechanisms, 339–341
Molecular mechanisms, 134, 147
Monoclonal antibodies (mAbs), 6, 116, 147
Moxifloxacin (MOX), 486, 487
mRNA therapy, 273
MUC5AC, 267
Mucoadhesive carriers, 216–218, 223
Mucoadhesive drug delivery systems, 461–463
Mucoadhesive microparticles, 264
Mucoadhesive polymers, 462
Mucoadhesive system, 223
Mucociliary clearance, 174
Mucous membrane, 182
Multidrug resistance, 4
Multidrug-resistant TB (MDR-TB), 470
Multilamellar vesicles (MLVs), 60
Multitarget, 377, 394
Mycobacteria, 470, 475, 490–492
Mycobacterium tuberculosis, 470
Myocardial muscle toxicity, 48

N
Nano-based drug delivery systems, 327

challenges, 351
Nanocapsules, 51, 144, 411
Nanocarrier-based systems, 74
Nanocarriers, 10, 112, 127, 268, 293, 313, 322, 410, 411, 

413, 414
CNS delivery, 196
drug-targeting efficiency, 445
liposomes, 195, 196
MPs, 197, 198
nanoparticles, 195
NEs, 198
noninvasive method, 194
polymeric nanoparticles, 196, 197
SLNs, 197
water-in-water emulsion, 441

Nanochitosan peptide, 263
Nanocrystals, 347, 348
Nanodelivery systems

curcumin and THC
Alzheimer’s disease, 387–388
antimicrobial activity and wound healing, 390
breast cancer, 392
cardiovascular diseases, 388
colorectal cancer, 391–392
cystic fibrosis, 394

diabetes, 386–387
gastrointestinal tract, 391
hepatotoxicity, 391
HIV, 386
inflammatory diseases, 388–389
lung cancer, 393
malaria, 393
osteoporosis, 393
ulcers, 384–386

Nano-drug delivery approaches
colloidal carriers, 348–349
lipid-based, 341–344
nanocrystals, 347, 348
non-phospholipid-based vesicular nanocarriers, 344
polymeric, 345–347

Nano-drug delivery carrier, 44
Nanodrug delivery systems (NDDS), 370
Nano-drugs, 199
Nanoemulsions (NEs), 17, 181, 198, 264, 267, 295, 

348–349
applications, 15
cancer therapy, 16
EPR, 16
ligands, 17
lipids, 16
lymphatic system, 16
MG7 and cpG, 16

Nano-enabled drug delivery systems (DDSs), 188
Nanoethosomes

antifungal agents (see Antifungal agents)
fungal infections, 309, 310
superficial infection, 310

Nanofibres, 146
Nanoformulations, 472, 478, 479, 489, 490, 492

advantages, 44
applications, 3, 5
challenges, 8, 9
clinical trials, 9, 10
cosmetics, 3–5
delivery of drugs, 260
design, 44, 49
diagnostic imaging, 50
drug carrier, 6–8
drug delivery, 49, 50
drug resistance, 4, 5
environmental and physiological conditions, 49
FDA-approved drug, 44, 48
formulation development (see Formulation 

development)
half-life and dosing frequency, 47
in healthcare, 3–5
imatinib mesylate, 4
micellar encapsulation, 3
nanocrystals, 3
nanoemulsions, 3
nanoparticles, 3
nonspecific biodistribution, 112
optimization, 44
passive targeting, 4, 6
permeability, 48, 49
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regenerative medicine, 49
regulatory requirements, 9, 10
retention, 48, 49
solubility, soluble drugs, 44, 47
stability, 49
structure, 453
targeted therapy, 4
theranostics, 6
toxicity, 9, 10, 47, 48
variables, 61
voriconazole, 266

Nanogels, 147, 178, 179
Nanolipid carriers, 411, 412
Nano-lipoidal carriers (NLCs), 368
Nanoliposomes (NPs), 6, 36, 125
Nanomaterials, 100
Nanomedicines, 97, 112, 238, 242, 382

anticancer phytoagents, 408
bioactives, 408, 410
CNTs, 414
delivery system, 409
dendrimers, 412
liposomes, 414, 415
MNPs, 413
nanolipid carriers, 411, 412
nanotechnology, 408
NS, 409, 410
phytochemical agents, 408
phytosomes, 415
PN, 410, 411
polymeric micelles, 413, 414
SLNs, 411, 412
topical delivery, 408

Nano-mercury, 99
Nanoparticles (NPs), 75, 188, 198

applications, 44–47
biodegradable polymers, 21
characterization (see Characterization of NPs)
classification, 50–52, 95, 96
engineered, 97
fillers, 94
for intranasal delivery

alginate, 441
chitosan, 443
Cyclosporin A, 441
ionic interaction, 440
lactoferrin, 442
leucine-enkephalin hydrochloride, 442
leuprolide, 440
levodopa, 443
oxytocin, 443
phospholipid-based gelatin, 441
thiolated chitosan, 440
thyrotropin-releasing hormone, 444
water-in-water emulsion, 441

medicines, 97–99
natural, 95–97
ocular delivery, 22
optimization process, 44
oral gene delivery, 24

properties, 95
size, 96
TB, 21
uses, 95
wound healing, 23

Nanoparticulate delivery systems, 369
Nanoparticulate drug carriers, 313
Nanoparticulate system, 212, 214
Nanopharmaceuticals, 15, 99–100, 104
Nanorobots, 98
Nanoscale graphene oxide (NGO), 414
Nanospheres, 51, 144, 295
Nanospheres/nanocapsules, 411
Nanosponges (NS), 146, 409, 410
Nanostructured lipid carriers (NLCs), 51, 80, 144, 181, 

215, 219, 342–344, 412, 453, 454
Nanosuspension, 27

BCS, 26
bottom-up technology, 25
conventional TB therapy, 27
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pulmonary aspergillosis, 28
pulmonary route, 27
top-down technology, 25

Nanosystems, 229, 294
Nanotechnology, 14, 20, 43, 134, 137, 160, 188, 199, 

246, 382, 408
Ayurveda, 98
definition, 102
drug delivery system, 260
medicine application, 97
nanomedicine, 97
regulations (see Regulations)
regulatory approaches

conventions, councils, 303
EU regulations, 302
Indian regulations, 302, 303
labelling regulations, 304
packaging and shipping, 301
risk management, 301
US regulations, 301, 302

uses, 94
Nanotechnology-based approaches, 25
Nanotechnology-based drug delivery systems, 294
Nanotechnology-based potential markers, 14
Nanotechnology-based treatments, 238, 253
Nanotechnology-driven systems, 228
Nanotechnology drug delivery methods, 26
Nanotheranostics

commercial, 76
diagnosis, 75
enzymes, 76
formulation, 75
with nanotechnology, 75

Nanotheranostics carriers
polymeric micelles, 78

Nasal anatomy, 170, 171
Nasal blood flow, 175
Nasal mucosa, 437
Natamycin, 265
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National Environmental Policy Act (NEPA), 302
National Industrial Chemicals Notification and 

Assessment Scheme (NICNAS), 301
National Institute of Health (NIH), 14
National Institute of Nutrition (NIN), 302
National Nanotechnology Initiative (NNI), 14, 301
Natural agents, skin cancer

α-Santalol, 418
apigenin, 418
β-carotene, 418
CA, 418, 419
curcumin, 418
daidzein, 419
EGCG, 420
emodin, 419, 420
eugenol, 419
ferulic acid, 420
genistein, 420, 421
kaempferol, 421
quercetin, 421
resveratrol, 421
silymarin, 422
vitamin C, 422

Natural nanoparticles, 95, 96
Néel relaxation, 521
Neovascular/exudative AMD, 245
Neovascularization, 245
Nerve growth factor (NGF), 237
Neurodegenerative disease, 74, 191
Neurodegenerative disorders, 112
Neurological diseases, 169
Neurological disorders, 124
Neuropathic pain

capsaicin (see Capsaicin)
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