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This edited book, Drug Delivery Approaches and Nanosystems, comprised 
of two volumes—Volume I: Novel Drug Carriers and Volume II: Drug 
Targeting Aspects of Nanotechnology, presents a full picture of the state-
of-the-art research and development of actionable knowledge discovery in 
the real-world discovery of drug delivery systems using nanotechnology 
and its applications.

The book is triggered by the ubiquitous applications of nanotechnol-
ogy, or nano-sized materials, in the medical field, and the real-world chal-
lenges and complexities to the current drug delivery methodologies and 
techniques.

As we have seen, and as is often addressed at different conferences 
and seminars, many methods have been used but very few of them have 
been validated in medical use.

A major reason for the above situation, we believe, is the gap between 
academia and research and the gap between academic research and real-
time clinical applications and needs.

This book, Drug Delivery Approaches and Nanosystems: Novel Drug 
Carriers, includes 12 chapters that contain information on the preparation 
and characterization of nanocomposite materials used in drug delivery 
systems; advanced research of carbon nanotubes; nanocomposite materi-
als and polymer-clay, ceramic, silicate glass-based nanocomposite materi-
als; and the functionality of graphene nanocomposites.

This edited book provides a detailed application of nanotechnology in 
drug delivery systems in health care system and medical applications. 

Chapter 1, Introduction to Nanotechnology in Drug Delivery, is writ-
ten by Raj K. Keservani and colleagues, discusses general characteristics 
of several nanosystems that have applications in drug delivery. The discus-
sion has been supported by suitable examples wherever necessary.

Chapter 2, Nanoparticles: General Aspects and Applications, written 
by Onur Alpturk and Ceyda Tuba Sengel-Turk, provides a discussion of 
the general features of nanoparticles encompassing preparation methods, 
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evaluations parameters, and different polymers used in formulation. The 
commercial applications have also been listed in the chapter.

The role of nanotechnology in therapeutics, nowadays termed as ‘nano-
medicine’, is explained in Chapter 3, Nanotechnology in Medicine: Drug 
Delivery Systems, written by Elena Campano-Cuevas and colleagues. The 
chapter describes how the robotic devices are emerging as a tool to pro-
vide numerous biomedical applications.

The diverse nanotechnology-based drug delivery systems have been 
presented in Chapter 4, Polymeric Matrix Systems for Drug Delivery, writ-
ten by Snežana Ilić-Stojanović and associates. This chapter provides an 
overview of the drug delivery systems, (DDS), based on natural and/or 
synthetic polymers as carriers for the active substances, proteins, or cells. 
The materials used to design nanosystems have also been discussed with 
suitable instances.

Chapter 5, Applications of Nanobiomaterials in Drug Delivery, writ-
ten by Yaser Dahman and Hamideh Hosseinabadi, deals with biomaterials 
used for drug delivery. The biomaterials of natural as well as synthetic 
ones are discussed in this chapter. The biocompatibility of these polymers 
imparts them preference over their counterparts.

Chapter 6, Carbon Nanotubes Used as Nanocarriers in Drug and 
Biomolecule Delivery, written by Hua He and associates, deals with 
the applications of CNTs used as nanocarriers in drug and biomolecule 
delivery for chemotherapeutic use and also studies the pharmacokinetics, 
metabolism and toxicity of different forms of CNTs. Finally, it discusses 
the prospect of this promising bio-nanotechnology in the future clinical 
exploitation.

An overview of dendrimers has been presented in Chapter 7, 
Dendrimers: A Glimpse of History, Current Progress and Applications, 
written by Surya Prakash Gautam and associates. The key features of 
dendrimers with therapeutic relevance have been discussed. The journey 
of these nanometric carriers from emergence to until today have been 
explained in chronological order. The utility of dendrimers beyond thera-
peutics has also been described.

Chapter 8, Nanofibers: Production Techniques and Applications, writ-
ten by Hemant K. S. Yadav and colleagues, explains the general aspects 
of nanofibers and enumerates various preparation techniques. The authors 

xx Preface



then go on to give manifold applications of these nanometric architects. 
Biomimetic nanofibers as drug delivery devices that are responsive to dif-
ferent stimuli, such as temperature, pH, light, and electric/magnetic field 
for controlled release of therapeutic substances, are the new thrust area of 
research.

A historical map of liposomes and nanoparticles is presented in  
Chapter 9, Drug and Food Applications of Liposomes and Nanoparticles: 
From Benchmark to Bedside?, written by Marcus Vinícius Dias-Souza and 
Renan Martins dos Santos. Controlled and vectorized release of different 
compounds is among the main features that stimulate research on the use 
of liposomes and nanoparticles in health sciences.

The chapter that talks about the everlasting desire of majority of human 
beings to look beautiful is Chapter 10, Nanotechnology for Cosmetic 
Herbal Actives: Is It a New Beauty Regime?, written by Ranjita Shegokar. 
To state precisely, hair care and dermal care products are the everyday 
need of modern women. Men are not behind; today many men have 
become conscious of their looks and appearance also. Natural products 
are among the favorite and are traditionally used for beauty care. It is well 
known that Cleopatra used to apply donkey’s milk to her skin. The science 
of cosmetology is believed to have originated in Egypt and India, but the 
earliest records of cosmetic substances and their application dates back to 
circa 2500 and 1550 B.C. to the Indus valley civilization.

The applications of nanotechnology-based products listed as carriers of 
antibacterial actives are provided in Chapter 11, Antimicrobial Activity of 
Nanotechnological Products, written by Leonardo Quintana Soares Lopes 
and colleagues. The effectiveness of antimicrobial therapy is usually low 
because of limited access to infected site or prevalence of dose-related 
adverse effects. Nanocarriers have enabled the researchers to reduce the 
dose of drug with improved control over the growth of microorganisms.

Chapter 12, Drug Targeting: Principles and Applications, written 
by Ruslan G. Tuguntaev and associates, explains the targeting poten-
tial of nanosystems. Drug targeting is a promising strategy for the effi-
cient treatment of various serious diseases such as cancer. The primary 
goal of this concept is to provide precise delivery of therapeutic agents 
into pathological areas, while avoiding negative impacts on healthy tis-
sues. Through this approach, high therapeutic efficacy of the drug can be 
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attained while experiencing minimum side effects. Recently, nano-sized 
carriers have received great attention as delivery systems that can load, 
bring, and release the drugs to a localized area. Accurate drug delivery 
can be achieved either via passive targeting, which is based on enhanced 
vascular permeability into the affected zone, or active targeting, which can 
be achieved by decoration of nanocarriers surface with ligands that have 
high affinity toward the targeted area. In this chapter, general methods and 
means of drug targeting-based on nanomedicine have been discussed.

The book also provides detailed information on the application of nan-
otechnology in drug delivery systems in health care systems and medicine. 
The book describes how nanostructures are synthesized and draw atten-
tion to wide variety of nanostructures available for biological research and 
treatment applications.

This valuable volume provides a wealth of information that will be 
valuable to scientists and researchers, faculty, and students. 
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INTRODUCTION TO 
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ABSTRACT

The science has been ever evolving and credit goes to the numer-
ous researchers working with a goal to enhance the quality of life. 
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2 Drug Delivery Approaches and Nanosystems: Volume 1

The  nanoscience has become a boon to mankind by offering a number 
of advantages over conventional drug formulations. This has subse-
quently led to rethink the game plan to battle against diseases/disorders. 
The apparent benefit are reduction in adverse effects by offering site spe-
cific drug delivery, reduced dosing, access to small apertures too. Overall 
the patient  compliance has been observed to be improved upon use of 
nanotechnology-based  products. The present chapter focuses on general 
aspects of nanotechnology and applications embracing manifold routes of 
application.

1.1 INTRODUCTION

There’s plenty of room at the bottom is the title of a lecture in 1959 by 
Richard Feynman, that introduced the concept of nanotechnology as 
an important field for future scientific researches (Feynman, 1960). 
Nanotechnology research can be developed to advances in communica-
tions, engineering, chemistry, physics, robotics, biology, and medicine. 
Nanotechnology has been used in medicine for therapeutic drug delivery 
and the development of treatments for a variety of diseases and disorders. 
So, there are very significant advances in these disciplines.

Nanoparticles used as drug delivery vehicles are generally <100 nm 
in at least one dimension, and consist of different biodegradable materials 
such as natural or synthetic polymers, lipids, or metals. Nanoparticles are 
taken up by cells more efficiently than larger micromolecules and there-
fore, could be used as effective transport and delivery systems. For thera-
peutic applications, drugs can either be integrated in the matrix of the 
particle or attached to the particle surface. A drug targeting system should 
be able to control the fate of a drug entering the biological environment. 
Nanosystems with different compositions and biological properties have 
been extensively investigated for drug and gene delivery applications 
(Brannon-Peppas and Blanchette, 2004; Pison et al., 2006; Schatzlein, 
2006; Stylios et al., 2005; Yokoyama 2005).

Recent years have witnessed unprecedented growth of research and 
applications in the area of nanoscience and nanotechnology. There is 
increasing optimism that nanotechnology, as applied to medicine, will 
bring significant advances in the diagnosis and treatment of disease. 
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Anticipated applications in medicine include drug delivery, both in 
vitro and in vivo diagnostics, nutraceuticals and production of improved 
 biocompatible materials (Duncan, 2003; De Jong et al., 2005; ESF, 2005; 
Ferrari, 2005).

Drug delivery systems can improve the properties of free drugs by 
increase their in vivo stability and biodistribution, solubility and even by 
modulation of pharmacokinetics, promoting the transport and even more 
important the release of higher doses of the drug in the target site in order 
to be efficient (Cai, 2008; De Jong and Borm, 2008; Drbohlavova et al., 
2013; Ghosh, 2008). As far as drug delivery is concerned, the most impor-
tant nanoparticle platforms are liposomes, polymer conjugates, metallic 
nanoparticles (e.g., AuNPs), polymeric micelles, dendrimers, nanoshells, 
and protein and nucleic acid-based nanoparticles (Davis et al., 2008; 
Pathak et al., 2009).

The aims for nanoparticle entrapment of drugs are enhanced deliv-
ery to, or uptake by, target cells and/or a reduction in the toxicity of the 
free drug to nontarget organs. Both situations will result in an increase of 
therapeutic index, the margin between the doses resulting in a therapeu-
tic efficacy (e.g., tumor cell death) and toxicity to other organ systems. 
For these aims, creation of long-lived and target-specific nanoparticles 
is needed. Most of the compounds are biodegradable polymers result-
ing in drug release after degradation. One of the problems in the use of 
particulate drug carriers including nanomaterials is the entrapment in 
the mononuclear phagocytic system as present in the liver and spleen 
(Demoy et al., 1997; Gibaud et al., 1996; Lenaerts et al., 1984; Moghimi 
et al., 2001).

Nature is the ultimate in nanotechnology, producing nanostructures 
that offer functional proteins and many other compounds at cellular level 
of great significance to life on earth. It is thought that one of the functions 
of proteins and compounds that exist at cellular level is that of nanotech-
nological separations. Biological systems are thought by some scientists to 
have come about through a process of dynamic self-assembly comprising 
separation and compartmentalization of many substances into the desired 
pattern or device (Eijkel and Berg, 2006).

Research presently seeks systematic approaches to fabricate man-made 
objects at nanoscale and to incorporate nanostructures into  macrostructures 
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as nature does (Roco, 1999, 2003; Smith, 2006). Such approaches and 
 concept – which may differ from the living systems in aqueous medium – as 
self-assembly, templating of atomic and molecular structures on other nano-
structures, interaction on surfaces of various shapes, self-repair and integra-
tion on multiple length scales may be used as models (Roco, 1999, 2003).

Nanotechnology, being an interdisciplinary field, has three main exten-
sively overlapping areas: nanoelectronics, nanomaterials and nanobio-
technology which find applications in materials, electronics, environment, 
metrology, energy, security, robotics, healthcare, information technology, 
biomimetics, pharmaceuticals, manufacturing, agriculture, construction, 
transport, and food processing and storage (Miyazaki and Islam, 2007; 
Ochekpe et al., 2009; Shea, 2005; Tratnyek and Johnson, 2006).

1.2 DELIVERY METHOD/ROUTES OF ADMINISTRATION 
FOR NANOPARTICLES

Several methods of drug administration were employed in delivery 
nanotechnological product such as oral, injectables, transdermal, topical, 
pulmonary, and nasal and implantable drug delivery system. Each delivery 
system described in the following subsections in detail.

1.2.1 ORAL ADMINISTRATION

Oral drug delivery is the most widely used route of administration among 
all the routes that have been explored for systemic delivery of drugs via 
pharmaceutical products of different dosage form. Oral route is considered 
most natural, convenient and safe due to its ease of administration, patient 
acceptance, and cost effective manufacturing process. Pharmaceutical 
products designed for oral delivery are mainly immediate release type or 
conventional drug delivery systems, which are designed for immediate 
release of drug for rapid absorption (Ummadi et al., 2013).

Oral administration is most preferred because of the various advan-
tages over other routes of drug delivery. The advantages include patient 
convenience and compliance, which increase the therapeutic efficacy of 
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the drug. Oral formulations are also cheaper to produce because they do 
not need to be manufactured under sterile conditions (Yun et al., 2013).

An understanding of the GI tract and of drug target sites offers an 
opportunity for targeted oral delivery of proteins (Wang, 1996). The GI 
tract has various proteolytic enzymes such as trypsin, chymotrypsin, and 
elastase which are endopeptidases. Carboxypeptidase A and aminopepti-
dase are exopeptidases which are also involved as proteolytic enzymes 
(Woodley, 1994).

Oral drug delivery is the choicest route for drug administration because 
of its noninvasive nature. The oral route presents the advantage of avoiding 
pain and discomfort associated with injections as well as eliminating 
contaminations. However, administered bioactive drugs like peptides and 
proteins must resist the hostile gastric and intestinal environments. They 
must then persist in the intestinal lumen long enough to adhere to cell 
apical surface and then, be transcytosed by intestinal cells. Therefore, 
peptides and proteins remain poorly bioavailable when administrated 
orally, mainly due to their low mucosal permeability and lack of stability 
in the gastrointestinal environment, resulting in degradation of the 
compound prior to absorption. For many years, many studies have been 
focused on the improvement of oral delivery of therapeutic peptides and 
proteins; various strategies have been thus developed to enhance drug and 
vaccine oral delivery (Bai et al., 1995; Fasano, 1998; Fix, 1996; Galindo-
Rodriguez et al., 2005; Hamman et al., 2005; Kompella et al., 2001; Lee, 
2002; Lehr, 1994; Russell-Jones, 1998; Sanders, 1990; Steffansen et al., 
2004; Wang, 1996). Their association with colloidal carriers, such as 
polymeric nanoparticles, is one of several approaches proposed to improve 
their oral bioavailability.

The nature of polymers constituting the formulation significantly influ-
ences nanoparticles size and their release profile. Although natural poly-
mers generally provide a relatively quick drug release, synthetic polymers 
enable extended drug release over periods from days to several weeks. 
Profile and mechanism of drug release depend on the nature of the poly-
mer, and on all the ensuing physicochemical properties. Some polymers 
are less sensitive to processing conditions than others, which could be 
due to their chemical composition, molecular weight and crystallinity 
(Lemoine et al., 1996).
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Insulin is the most effective medicine in lowering the glucose level of 
blood for the treatment of diabetes mellitus (Daneman, 2006). Early intro-
duction of insulin can also protect islets from apoptosis and increase β-cell 
regeneration in type 2 diabetes (Sabetsky and Ekblom, 2010). Subcutaneous 
injections of insulin remain to be the preferred approach for diabetic 
patients but often result in poor patient compliance (Gowthamarajan and 
Kulkarni, 2003; Zambanini et al., 1999). Oral administration of insulin 
seems to be the most convenient way and can mimic endogenous pro-
duction of insulin (Owens et al., 2003). However, a reliable insulin for-
mulation for the oral delivery is encountered with some barriers in the 
gastrointestinal (GI) tract that include (a) enzymatic degradation in the GI 
tract and (b) poor insulin permeability through the GI system (Khafagy 
et al., 2007). The bioavailability of insulin solution delivered orally is less 
than 1% (Lowman et al., 1999).

1.2.2 INJECTABLE ROUTE

Parenteral application is a very wide field for SLN. Subcutaneous injec-
tion of drug loaded SLN can be employed for commercial aspect, e.g., 
erythropoietin (EPO), interferon-β. Other routes are intraperitoneal and 
also intraarticular. Intraperitoneal application of drug-loaded SLN will 
prolong the release because of the application area. In addition, incorpo-
ration of the drug into SLN might reduce irritancy compared to injecting 
drug micro particles (Gaumet et al., 2008).

Intravenous injection is appealing because it has the highest bioavailabil-
ity (almost 100%) among all administration routes with superior advantages 
in immediate effect, targeting effect and overcoming the first pass effect 
(Gao et al., 2008). For example, the tumor targeting effect induced by intra-
venous administration has become a long-term interest of oncology (Maeda 
et al., 2001). Theoretically, hydrophobic drugs could be administrated by 
intravenous injection if they were formulated into particles sufficiently small 
enough to circulate in human vascular systems without causing immune 
reactions and embolism. Thus, nanotechnology may open the possibility for 
intravenous administration of hydrophobic drugs. Recently, a few groups 
have tried to intravenously deliver hydrophobic drugs using nanoparticle 
suspensions (Baba et al., 2007; Gradishar, 2005; Peters et al., 2000).
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After in vivo nanoparticles administration, the systemic circulation 
can distribute them to all body organs and tissues. Precise characteriza-
tion of nanoparticles distribution and accumulation in the different body 
parts in preclinical settings is required before any nanoparticles use, 
whether for diagnosis, photothermal therapy or drug delivery in humans 
(Varna et al., 2012).

When nanoparticles are administered intravenously, they are easily recog-
nized by the body immune systems, and are then cleared by phagocytes from 
the circulation (Muller and Wallis, 1993). Apart from the size of nanopar-
ticles, their surface hydrophobicity determines the amount of adsorbed blood 
components, mainly proteins (opsonins). This in turn influences the in vivo 
fate of nanoparticles (Brigger et al., 2002; Muller and Wallis, 1993).

The zeta potential of a nanoparticle is commonly used to characterize 
the surface charge property of nanoparticles (Couvreur et al., 2002).

Solid lipid nanoparticle (SLN) has been administered intravenously to 
animals. Pharmacokinetic studies of doxorubicin incorporated into SLN 
showed higher blood levels in comparison to a commercial drug solution 
after i.v. injection in rats. Regarding distribution, SLN were found to have 
higher drug concentrations in lung, spleen and brain, while the solution led 
to more distribution into liver and kidneys (Yang et al., 1999).

SLN were introduced at the beginning of the 1990 s as a new colloidal 
drug delivery system with advantages such as nontoxicity, excellent biocom-
patibility, and large scale production facilities, which made SLN interesting 
alternatives to liposomes, microemulsions, and other polymeric nanopar-
ticles (Aji et al., 2011; Mehnert and Mader, 2012; Muller et al., 2006). Due 
to their solid matrix, solid lipid nanoparticles can protect the incorporated 
drug from chemical degradation in the gastrointestinal environment and 
have been extensively investigated as a promising drug delivery system for 
controlling the release of therapeutic agents (Gonzalez-Mira et al., 2011; 
Mehnert and Mader, 2012; Muller et al., 2000; Zur Muhlen et al., 1998).

1.2.3 TRANSDERMAL/TOPICAL ROUTE

Intracellular macromolecular matrix within the stratum corneum abounds in 
keratin, which does not contribute directly to the skin diffusive barrier but 
supports mechanical stability and thus intactness of the stratum corneum. 
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Transcellular diffusion is practically unimportant for transdermal drug 
transport (Cevc and Vier, 2010). Particle size and shape affect drug release, 
physical stability and cellular uptake of the nanoparticulate materials. 
The attachment of nanoparticles to cell membrane is affected by the sur-
face charge of the particles. Variation of the particle surface charge could 
potentially control binding to the tissue and direct nanoparticles to cellular 
compartments both in vitro and in vivo. Cellular surfaces are dominated by 
negatively charged sulfated proteoglycans molecules that play pivotal roles 
in cellular proliferation, migration and motility (Bernfild et al., 2004).

Transdermal delivery provides convenient and pain-free self-adminis-
tration for patients. It eliminates frequent dosing administration and plasma 
level peaks and valleys associated with oral dosing and injections to main-
tain constant drug concentrations and a drug with a short half-life can be 
delivered easily. All this leads to enhanced patient compliance, especially 
when long-term treatment is required, as in chronic pain treatment and 
smoking cessation therapy (Chandak and Verma, 2008; Dnyanesh and 
Vavia, 2003; Valenta and Auner, 2004). Transdermal route permits the use 
of a relatively potent drug with minimal risk of system toxicity (Mundargi 
et al., 2007; Mutalik and Udupa, 2004).

Transdermal route of drug administration have unique advantages drug 
bypass the first pass metabolism and reaches in the systemic circulation. 
Painless, noninvasive, and patient-friendly application of patches offers 
good patient compliance and patches are also easy to remove in the event 
of hyperinsulinemia (Mugumu, 2006).

Transdermal delivery involves application of a pharmacologically 
active compound on to the skin to achieve therapeutic blood levels in 
order to treat diseases remote from the site of application. Ever since the 
approval of Transderm-Scop, the first transdermal drug delivery system 
(TDDS) in 1981, there has been explosive research in the field of transder-
mal therapeutics for treatment of a variety of clinical conditions (Gordon 
and Peterson, 2003).

For topical or transdermal administration, MNPs can be classified as a 
type of microreservoir-dissolution-controlled system that can be tailored 
to deliver drugs topically (skin being the site of action) or transdermally 
(systemic availability). The physicochemical properties of MNP formula-
tions can be tailored for a given route of administration (Lee et al., 2010).
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In order to optimize the locoregional release of therapeutics, the topical 
route has been one of the most promising noninvasive delivery options, 
ameliorating patient compliance, improving the pharmacokinetics of 
degradable compounds and reducing frequently occurring side effects 
(Bolzinger et al., 2012; DeLouise, 2012; Mathias and Hussain, 2010). 
Nevertheless, drug topical administration remains a challenge in phar-
maceutics because of the difficulties to adjust the skin penetration and to 
determine and reproduce the exact amount of drug reaching the skin layers 
at the desired depth (Labouta et al., 2011; Sonavane et al., 2008).

The second generation of H1 receptor blocking agents including 
loratadine (LRT) can be used for inhibiting histamine release from the 
basophilic granulocytes and the mastocytes where histamine is stored in 
tissues (Hadzijusufovic et al., 2010). LRT displays various side effects 
including several allergic reactions including rash, hives, itching, diffi-
culty in breathing, tightness in the chest, swelling of the mouth or face and 
dizziness during systemic administration by oral route. Thus, topical prep-
arations of LRT for skin application would be advantageous for the man-
agement of skin reactions. However, LRT has a poor penetration through 
the skin. This limitation may be overcome by incorporation of LRT into 
colloidal drug carrier systems like solid lipid nanoparticles (SLN) and 
nanostructured lipid carriers (NLC) (Uner, 2006; Wissing et al., 2001).

1.2.4 PULMONARY/NASAL DELIVERY

Drug delivery through the pulmonary route offers several advantages, 
including increased local concentration of drug, improved pulmonary 
receptor occupancy, increased absorption due to vast surface area, reduced 
dose, local and systemic delivery of drug and decreased systemic adverse 
effect (Mansour et al., 2009; Pison et al., 2006). However, drug delivery 
through the pulmonary route continues to pose challenges like mucocili-
ary clearance and phagocytosis by alveolar macrophage, which can cause 
drug degradation at the site of absorption (Mansour et al., 2009; Sahib 
et al., 2011). Large molecules dissolve in the bronchoalveolar lavage 
fluid (BALF) and diffuse across the alveolar epithelium; alveolar macro-
phage presence here can cause drug degradation that will result in reduced 
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bioavailability. Alternately, small molecules are rapidly absorbed through 
lung epithelium that can be advantageous for immediate release but might 
not be useful for sustained release. Both cases will end up in increas-
ing dosing frequency which might lead to noncompliance to treatment 
(Ryan et al., 2013).

Several drugs have been successfully formulated into inhalable non-
PEGylated proliposomal dry powders (Awasthi et al., 2003), which 
include but are not limited to budesonide, beclomethasone and formoterol, 
salbutamol sulfate, ketotifen fumarate, dapsone, amiloride hydrochloride, 
tacrolimus, and cyclosporine A. Curcumin has been shown to have anti-
inflammatory and antioxidant properties that may be promising in the 
treatment of cystic fibrosis, asthma, COPD, and other pulmonary diseases 
(Egan et al., 2004; Mukhopadhyay et al., 1982; Reddy and Lokesh, 1994).

Intranasal administration has been investigated due to its accessibil-
ity and noninvasive nature. The nasal route allows for both local delivery 
to the upper respiratory tract (i.e., nasal region, nasal tissue, and nasal 
fluids), noninvasive systemic delivery, and noninvasive CNS (central ner-
vous system) delivery of drugs, due to the large surface area and highly 
vascularized nature of the nasal cavity and direct access to the olfactory 
region (Illum et al., 2007). Drug administration through the nasal route 
has shown its success throughout the years, allowing for the avoidance 
of first-pass effect, reducing systemic side effects, bypassing blood–brain 
barrier (BBB) (Zhang et al., 2014) and increasing bioavailability (Illum 
et al., 2007; Kim et al., 2012).

PEGylated drug delivery through the nasal route has considerable 
potential in regards to the transport of drugs directly to the brain through 
the olfactory region (Chekhonin et al., 2008). PEG–poly(lactic-coglycolic 
acid) PEG–PLGA () nanoparticles have demonstrated effectiveness in 
delivering basic fibroblast growth factor (bFGF) directly to the brain for 
treatment of Alzheimer’s disease.

Das and co-workers studies and reveals that pulmonary administra-
tion of nanoparticles containing voriconazole could be a better therapeutic 
choice even as compared to the i.v. route of administration of the free 
drug and/or the drug loaded nanoparticles (Das et al., 2015). Pulmonary 
and nasal routes are the other mucosal pathways that are attracting con-
siderable attention as alternative routes for peptide and protein delivery 
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since they involve very large surface areas and less intracellular and 
extracellular enzymatic degradation. Amidi et al. showed the potential of 
N-trimethylchitosan nanoparticles as a new delivery system for the trans-
port of proteins through the nasal mucosa (Amidi et al., 2006). Hybrid chi-
tosan–cyclodextrin nanoparticles have also demonstrated their potential 
for enhancing the transport of complex molecules across the nasal barrier 
(Teijeiro-Osorio et al., 2009).

1.2.5 IMPLANTABLE DELIVERY

The term implant is used for devices that replace or act as a fraction of 
or the whole biological structure. Currently, implants are being used in 
many different parts of the body for various applications such as orthope-
dics, pacemakers, cardiovascular stents, defibrillators, neural prosthetics 
or drug delivery system (Regar et al., 2001).

Implantable drug-delivery devices are often relied upon to meet these 
specialized dosing challenges and provide a means to achieve the drug 
delivery required by these novel pharmaceutical agents and their atypical 
drug regimen. Implantable drug pumps are routinely used in pharmaco-
kinetic and pharmacodynamics studies, which are now an integral pro-
cess in drug discovery and preclinical and clinical evaluation of efficacy 
(Maas et al., 2007).

Biomedical implants obviously provide a wide range of medical cures 
for many of the disorders, such as cardiovascular diseases. Vascular grafts, 
defibrillators, heart valves, pacemakers and stents are the most common 
cardiovascular implantable devices used in the medical field. However, the 
present implant technology is facing a major difficulty of being perceived 
by the human body as foreign substances. Nanotechnology provides a 
medical solution to revolutionize the biomedical implant technology 
exactly by modifying and designing their structures thereby to overcome 
these problems (Arsiwala, 2013).

Implantable and portable biosensors for drug delivery offer self-
monitoring and increased patients’ compliance (Sershen and West, 2002). 
Integrated biosensors and drug delivery devices can offer a continuous 
diagnosis, prognosis and efficient therapeutic management.
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Most of the microfabricated devices are in the form of biosensors. There 
is a time limitation to the use of microfabricated implantable biosensors 
due to their short time of functionality. Designing an implantable biosensor 
that has long-term functionality can be a critical component of the ideal 
closed-loop drug delivery or monitoring system, without considering issue 
of implant biocompatibility and biofouling which must be addressed in 
order to achieve long-term in vivo sensing (Grayson et al., 2004).

The implant at the target site mainly functions to deliver the drug dose 
from the external reservoir to the target site and may contain other functions 
such as sensing and flow control. The external reservoir contains a pump 
or a type of actuation mechanism which enables it to deliver the drug to 
the implant at the target site via a cannula/catheter connected between the 
two parts. This approach has been used to treat diabetes mellitus over the 
past few years as described by Hanaire et al. (2008), Lenhard and Reeves 
(2001) and Staples et al. (2006), where the reservoir of an insulin pump 
is located in the subcutaneous region of the patient rather than implanting 
it at the target site, allowing it to have more drug available for treatment.

A novel bioengineered corneal implant with Acyclovir (ACV) loaded 
silica nanoparticle carriers was fabricated for the controlled release of the 
drug during the corneal transplantation surgery. The drug release from 
the biosynthetic implants was sustained over 10 days, in comparison with 
free ACV incorporated directly into the hydrogel constructs. This enabled 
effective prevention of virally induced cell death, which could not be 
observed with the free drug (Bettina et al., 2010).

1.3 CONCLUSION

Nanoparticles hold tremendous potential as an effective drug delivery 
system. It appears that nanodrug delivery systems hold great potential to 
overcome some of the barriers to efficient targeting of cells and molecules 
in inflammation and cancer. These nanomaterials are capable to provide a 
high degree of biocompatibility before and after conjugation to biomole-
cules for specific function so as to translate into nanomedicines and clinical 
practice. To optimize this drug delivery system, greater understanding of 
the different mechanisms of biological interactions, and particle engineer-
ing, is still required. Nanomaterials provide for a favorable blood half-life 
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and physiologic behavior with minimal off-target effects. Furthermore, 
because nanosystems increase efficiency of drug delivery, the doses may 
need recalibration. Finally, in this chapter we discuss about the nanopar-
ticle drug delivery routes, different technology and its application.
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2.1 NANOTECHNOLOGY AND NANOMATERIALS

Since 80’s, we have spent enormous amount of money and effort to 
make everything smaller, and even in nanoscales, if possible. Smaller 
cell phones, smaller computer, smaller robots, smaller transistors. It is 
not because small things are more convenient, but it is because we are 
convinced that small is better. But why? In 1959, Richard Feynman 
described a process in which the manipulation of individual atoms was 
feasible. When this process eventually became a reality, it allowed us to 
control atoms and to expand or alter their characteristics. In other words, 
we acquired a chance to generate new materials with superior properties, 
by making everything much smaller (Peterson, 2004).

Coined by Professor Norio Taniguchi, nanotechnology is based on the 
observation that the smaller is the better. This is so because miniaturization 
yields faster, lighter, and cheaper systems using less energy and fabricating 
less amount of waste, on top of a better control of molecular architecture. 
As far as medicine and biological sciences are concerned, miniaturization 
seemed as an opportunity to govern how molecules and atoms interact 
with surrounding cells and tissues. Surely, this notion translates into 
the discovery of drugs with improved  therapeutic action with minimal 
side-effects. In conclusion, nanotechnology became  platform to design 
novel therapeutic agents and nanomaterials, whose overall properties are 
distinctly different from bulk materials (Silva, 2004).

2.2 LIPOSOMES AND POLYMERIC NANOPARTICLES

Diseases and health concerns lead to tremendous amount of work on the 
discovery of novel therapeutic agents each year. Whilst most of these 
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agents show promise under in vitro conditions, only a few of them make it 
to clinical studies and/or trials. This stems from the fact that commercial-
ization of any chemical entity is a highly challenging and demanding path 
compared to simple in vitro studies, which is often sufficient for academic 
research and publications. For the sake of commercial use, therapeutic 
agents should exhibit maximum therapeutic efficiency in a particular site, 
as simultaneously minimizing side-effects, prior to its  degradation or 
 elimination from the body. Noteworthy, this description seems to match the 
notion of “magic bullet” by Paul Ehrlich who first proposed the  concept of 
targeted drug delivery (Strebhardt and Ullrich, 2008).

In that regard, this chapter is dedicated to nanoparticles, which are 
nanomaterials frequently used for this purpose. Accordingly, the first 
 section of this chapter is devoted to liposomes and the second part covers 
polymeric nanoparticles. It is needless to say that inorganics like quantum 
dots, iron oxide nanoparticles, silver nanoparticles and so forth, are not 
to be ruled out as nanomaterials; however, we choose to focus solely on 
liposomes and polymeric nanoparticles due to constraint in space.

2.3 WHAT ARE LIPOSOMES?

Liposomes were discovered by Dr. Alec D. Bangham by serendipity, in 
1961 (Bangham and Horne, 1964). All began when Bangham was observ-
ing phospholipids under electron microscope. He noticed that phospho-
lipids form vesicular structures, once they were hydrated or in touch with 
water. As Deamer wrote in “his memoirs on Bangham,” these vesicles 
were causally called “Banghasomes” at first, because of an obvious  reason. 
However, the name “liposomes” was suggested by Gerald Weissmann, 
thereafter (Deamer, 2010).

In water, hydrophobic effect forces phospholipids to assemble in 
a non-covalent manner; thereby affording lipid leaflets (Figure 2.1). 
Nonetheless, these lipid leaflets are not thermodynamically favored inter-
mediates, since their hydrocarbon chains are considerably exposed to 
water. To overcome this thermodynamic handicap, they tend to bend into a 
curved bilayer structure, which forms a vesicle with closed edges (Balazs 
and Godbey, 2011). The ultimate vesicular structure wherein an aqueous 
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media gets trapped is what we call “liposomes,” and it is particularly 
stable due to hydrophilic interactions between polar groups on phosphate 
residues and water, as well as van der Waals interactions between hydro-
carbons moieties. The diameter of these nanoparticles varies from nm 
level (as low as 20 nm) to µm level or even greater, having a dimension 
comparable to that of living cells (Frezard, 1999). In overall, liposomes 
are best described as “vesicular architectures structures comprising one or 
multiple lipid layers (i.e., lamella) (Deamer, 2010), surrounding an equal 
numbers of aqueous compartments” (Weiner et al., 1989).

Conventionally, liposomes are classified regarding their number 
of lamellas, and size, as summarized in Table 2.1 (Pattni et al., 2015). 
However, it is quite conspicuous that these two criteria interweave to 
some extent. Regarding the number of lamella, liposomes are described 
as “ unilamellar vesicles” (UV), “oligolamellar vesicles” (OV), and 
“multilamellar vesicles” (MV) (Table 2.1). The term “UVs” refers to 
liposomes with one single lamella and has subclasses as small (SUVs), 

FIGURE 2.1 The structure of liposomes (with permission from Badri et al., 2016).

Hydrophilic head 

Hydrophobic tail 
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medium (MUVs), large (LUVs), and gigantic unilamellar vesicles 
(LUVs). In opposition to ULVs, OLVs and MLVs possess multiple 
lamellas each of which is separated by an additional aqueous milieu, 
generating an onion-like structure. As for multivesicular liposomes, this 
is an extreme case where the liposome has a multiple concentric aqueous 
chambers surrounded by a network of  colloidal membranes (Lasic and 
Papadjopoulos, 1995) (Figure 2.2).

2.4 ENCAPSULATION WITHIN LIPOSOMES

Published in 1964, Bangham’s discovery of liposomes was accompa-
nied by the finding that negative stain was entrapped within these nano-
structures. This realization quickly conduced towards the possibility 
that “the need for a carrier within which drugs could be entrapped and 
directed to target tissues may be satisfied by liposome” (Gregoriadis, 
1973). In subsequent years, this possibility was proven right by 
Gregoriadis (1971) who demonstrated that the targeted delivery of drugs 
and enzymes were achievable with liposomes in a way to eliminate or 
diminish unfortunate results of direct administration. All these efforts 
pioneered by Bangham and Gregoriadis made it markedly apparent that 
liposomes (and thus nanoparticles) offer an asset to manufacture the 
magic bullet of Ehrlich.

TABLE 2.1 Types of Vesicles-Based on Their Size, and Their Number of Lipid Layers

Vesicle type Abbreviation Diameter size No. of lipid bilayer

Small Unilamellar SUV 20–40 nm One
Medium Unilamellar MUV 40–80 nm One
Large Unilamellar LUV More than 100 nm One
Giant Unilamellar GUV More than 1 micrometer One
Oligolamellar OLV 0.1–1 micrometer 5
Multilamellar MLV More than 0.5 micrometer 5–25
Multi vesicular MV More than 1 micrometer Multi-compartmental 

structure

*Adapted with permission from Pattni, B. S.; Chupin, V. V.; Torchilin, V. P. New Developments 
in Liposomal Drug Delivery. Chem. Rev., 2015, 115, 10938−10966. Copyright 2015, American 
 Chemical Society.
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Notwithstanding that early reports on encapsulation were limited to 
dyes and small molecules, subsequent researches rapidly expanded this 
repertoire to micro-molecules (like anticancer drugs, antifungal agents, 
nutrients, and antibiotics) and macro-molecules (like peptides, hormones, 
genetic material, and proteins) (Uhumwangho and Okor, 2005). Hence, 
liposomes have taken part in numerous industrial applications, including 
adjuvant in vaccination, carriers of medical diagnostics, solubilizer for 
ingredients, signal enhancers, penetration enhancer in cosmetics, imaging, 
and pharmaceutical research, as a “bio-friendly cargo system” (Allison and 
Gregoriadis, 1974; Gregoriadis, 1976; Papahadjopoulos, 1978; Petersen 
et al., 2012; Rahimpour and Hamishehkar, 2012).

One issue that needs to be addressed is how liposomes encapsulate 
compounds with different polarities (i.e., hydrophobic and hydrophilic). 
It is conceivable because bizonal structure of liposomes allows two modes 
of encapsulation: aqueous entrapment and lipid entrapment. The factor 
that dictates the site of encapsulation is the polarity of the compounds, in 
the sense that hydrophilic compounds are entrapped in the core section of 

FIGURE 2.2 The structures of unilamellar (left) and multilamellar liposomes (right) 
(with permission from Badri et al., 2016).

Unilamellar liposome Multilamellar liposome 
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liposomes (i.e., aqueous entrapment) and the hydrophobic ones are located 
in the lamella (i.e., lipid entrapment). As for the amphipathic compounds, 
they are encapsulated in the interphase region between the core and lipid 
bilayer, where hydrophilicity and hydrophobicity coincide (Sharma and 
Sharma, 1997).

2.5 LIPOSOMAL FORMULATIONS

It is of paramount significance to elucidate that liposomes have been 
evolved or modified, in compliance with how efficiently they encapsu-
late and how they interact with surrounding environment. Hence, the net 
physiochemical properties of lipids (membrane fluidity, charge density, 
and steric hindrance, to name few) have been reshaped on numerous occa-
sions within this scope, and liposomal formulations underwent substantial 
changes since 1961 (Gabizon et al., 2001). We begin by the remark that 
the building blocks of liposomes are pure lipids or a mixture of lipids. 
These lipids may be natural like phospholipids or synthetic like dipalmi-
toylphosphatidylcholine (DPPC) or polymer bearing lipids. Phospholipids 
(such as phosphatidyl choline, phosphatidylethanolamine, phosphatidyl 
serine and so forth) are the most regularly employed lipids in liposomal 
formulations. To elaborate on the structure of phospholipids, a phos-
phate group is found on C1 of glycerol backbone and it may be further 
 esterified to a large  variety of alcohols such as choline, serine, and ino-
sitol. Due to pKa of oxygens being 3 and 7, phosphate moiety harbors 
a negative charge slightly higher than one, but not quite two. As for the 
C2 and C3 of glycerol, hydroxyl groups are esterified to long fatty acids 
of 10–24 carbons with varying degree of saturation (Weiner et al., 1989).

Another common component of lamella is cholesterol or cholesterol-
like compounds. Cholesterol is an amphipathic steroid and can be incor-
porated into lamella in very high concentrations. In nature, cholesterol is 
found in cellular membranes for three reasons: (i) to enhance the fluid-
ity or microviscosity of the bilayer, (ii) to reduce the permeability of the 
membrane towards water-soluble materials, and (iii) to stabilize the mem-
brane in biological fluids (Senior and Gregoriadis, 1982; Weiner et al., 
1989). In essence, the one and only role of cholesterol and cholesterol-like 
compounds is to better the packing of the hydrocarbon chains by filling the 
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space among phospholipids. At first glance, a better packing and reduced 
permeability may be interpreted as a protection against the uncontrolled 
flaw of materials into liposomes, but it also means to preserve what is 
inside. In fact, early reports have corroborated that encapsulated com-
pounds might actually leak from liposomes into aqueous milieu by virtue 
of the fluidity in lamella or exposure to serum proteins (e.g., albumin, 
transferrin, macroglobulin) and that the degree of this leakage could be 
lowered by incorporating cholesterol into lamella (Allen and Cleland, 
1980; Juliano and Stamp, 1978; Storm et al., 1987).

2.6 CONVENTIONAL LIPOSOMES VERSUS 2ND GENERATION 
OF LIPOSOMES

To date, liposomes made up of neutral and/or negatively charged lipids 
and cholesterol are recognized as 1st generation or “conventional” lipo-
somes. Although the conception of cholesterol was a game-changer to 
conventional liposomal, two major obstacles such as binding to serum 
components and uptake by the cells of mononuclear phagocyte system 
remained unresolved (Gregoriadis and Neerunjun, 1974). In 1975, Juliano 
and Stamp reported two critical results: (i) neutral and positively charged 
liposomes have more favorable clearance rate than negatively charged 
liposomes, and (ii) the smaller the vesicles are, the less rapidly they are 
cleared (Juliano and Stamp, 1975). As much as these results manifested 
a link from physiochemical properties to efficiency in drug target, they 
prompted researchers to reconsider and reexamine the structure or struc-
tural components of liposomes, leading to 2nd generation of liposomes. 
Consequently, several approaches like imparting a weak surface negative 
charge or using a small fraction of some glycolipids in conjunction with 
phospholipids and cholesterol have reported in the literature (Gabizon and 
Papahadjopoulos, 1992).

Whilst these approaches overcame the problems related to lipo-
somes with some success, so-called “stealth effect” has been an answer 
to our problems (Drummond et al., 1999). When hydrophilic polymers 
like polyethylene glycol (PEG, for short) or biomolecules like GM1 are 
coated around the liposomes, they tend to expel macromolecules simply 
by occupying the space in vicinity of liposomal surface. Consequently, 
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liposomes are rendered invisible to blood plasma opsonins, as a result of 
which they acquire long circulation half-lives. Soon enough, stealth effect 
was culminated with variations like grafting PEG on to surface or altering 
hydrophilic molecule (i.e., using egg phsophaditylcholine or sphingomy-
elin) (Allen and Chonn, 1987). All the results assured the superiority of 
2nd generation of liposomes over conventional liposomes, and sparked the 
inception of the clinical trials (James et al., 1994).

2.7 BENEFITS AND LIMITATIONS OF NANOPARTICULATE 
FORMULATIONS

Because liposomes and polymeric nanoparticles have similar role as 
“ nanocarriers,” they have comparable benefits and limitations. This is why 
the topic of “benefits and limitations” will not be covered for liposomes 
per se, but for nanoparticles in general. Amongst the fields of applications, 
pharmaceutical sciences, which vastly profit from nanoparticles formula-
tions, deserve a special merit. As depicted earlier, therapeutic agents have to 
meet certain criteria prior to their commercial use: they are expected to exert 
a bioactivity in minimum concentration and in a particular site with minimum 
amount of side-effects. To do so, drug of subject should reach its destination 
in an intact form and should be taken up by the tissue with a high efficiency. 
All these criteria merge under the term “therapeutic  efficiency,” which fun-
damentally define how well drugs work (Sharma and Sharma, 1997).

Suitably, one compelling example to validate the profits of liposomes 
to pharmaceutical sciences has been well documented in the context 
of AIDS (Ramana et al., 2010). Nowadays, the standard treatment for 
HIV relies on Highly Active Antiretroviral Therapy (HAART), whose 
 working principle is the use of a combination of at least three drugs to 
manage the chronic infection. Because the nature of these drugs and 
their mode of action remains beyond the scope of this chapter, we solely 
note that  numerous complications related to this therapy (such as short 
 half-life, toxic side effects of drugs and so forth) severely compromise 
both the treatment and the therapeutic efficiency of the drugs. On the other 
hand, some promising results concerning nevirapine (a non-nucleoside 
reverse transcriptase inhibitor) has proven that liposomal formulations 
seemed to drastically improve the delivery of this antiretroviral drug to 
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selected compartments and cells with minimum side-effects. In light of 
this result and some others, the advantages of nanoparticles are as follows 
(Akbarzadeh et al., 2013; Date et al., 2007; Gabizon et al., 1983; Grottkau 
et al., 2013; Rahman et al., 2007):

1. Nanoparticles are reported to be fully friendly to biosystems and 
in vivo conditions as they are nontoxic, highly biocompatible, and 
non-immunogenic.

2. With their ability of encapsulation, they serve as an essential tool 
of targeted delivery. The compounds they deliver range in size 
(i.e., drugs versus proteins) or in polarity (i.e., hydrophilic versus 
 lipophilic compounds).

3. Regardless of the nature of chemical agents, encapsulation protects 
compounds against elimination and degradation, while preserving 
their chemical stability.

4. Nanoparticles improve the cellular penetration and cellular uptake 
of molecules.

5. Delivery in nanoparticles provides solubility to molecules or 
pharmaceutical agents (like porphyrins, anthracycline) which 
otherwise display limited solubility in aqueous media. As for 
hydrophilic compounds, encapsulation may serve as an approach 
to enhance their solubility. For instance, anticancer agents 
like Doxorubicin or Acyclovir can attain concentrations well 
above their  aqueous solubility, when harbored within liposomes 
(Nassander et al., 1993).

6. Also, targeted delivery of nanoparticles evidently magnifies the 
effective concentration of the pharmaceutical agents at a specific 
organ or tissue, upon diminished interaction to some organs (such 
as like kidney, heart, brain, nervous system, in case of liposomes). 
Hence, liposome-based delivery greatly enhances the therapeutic 
efficiency of pharmaceutical agents, keeping drug-related side-
effects in minimum levels.

7. The applications of nanoparticulate formulations are feasible in 
various forms, including (colloidal) solution, aerosol, or in (semi) 
solid forms.

8. Nanoparticles can be given to the body via numerous routes, such 
as parenteral, topical and pulmonary routes of administration.



Nanoparticles: General Aspects and Applications 31

9. From standpoint of enzymes, liposomal formulation is overly sig-
nificant because it both preserves the activity the enzymes and pro-
tects the enzymes against proteolytic cleavage. Furthermore, the 
permeability of lipid layer may help to regulate enzyme activity 
by controlling the transport of materials in and out of liposomes 
(Nasseau et al., 2001).

Of course, there is always the flip side of coin, as liposomal  formulations 
are not free of some limitations (Bangham et al., 1962):

1. The phospholipids of liposomes are prone to oxidation.
2. High production cost disfavors of nanoparticles their manufacture.
3. Liposomes suffer from short half-life, less stability, and low 

solubility.
4. Leakage and fusion of molecules from liposomes have been well 

documented.
5. Allergic reactions are likely with liposomal constituents.
6. Nanoparticles experience quick uptake by R.E.S. cells.

2.8 CELLULAR UPTAKE MECHANISMS OF LIPOSOMES

So far, we had our attention on the encapsulation potential of liposomes, 
with some emphasis on targeted delivery. The missing link from encap-
sulation to targeted delivery is the cellular uptake, which is central to 
the fate of the drug and its therapeutic efficiency. Related mechanistic 
studies have indicated four pathways of cellular uptake (Pagano and 
Weinstein, 1978). Simple adsorption, whose name is self-explanatory, 
refers the adsorption of the liposomes to cell wall without any internal-
ization. The event of adsorption may be mediated by either by noncova-
lent interactions or by specific components such as receptors and ligands. 
Endocytosis is a process where the entire vesicle is taken up into endo-
cytotic vesicles and is canalized to lysosomes afterwards. However, this 
mechanism is unsought regarding the integrity of the therapeutic agents 
because the content of liposomes can escape from the lysosomes, only if 
it manages to survive the acidity and the digestive enzymes of endosomes 
and lysosomes. Fusion with cell membrane, which is much rarer, is the 
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merging of lipid bilayer with cellular membrane. Despite that cytoplasma 
is the prime location for the concomitant release of lysosomal content 
upon fusion, some of the material may subsequently leak to the other cel-
lular compartments through some secondary processes. And the last one 
is lipid transfer which concerns the transfer of lipid molecules from lipo-
some to cellular membrane.

One should not overlook the fact that cellular uptake supplements the 
targeted delivery and selectivity of liposomes to a considerable extent. 
In that regard, receptor-mediated endocytosis (also known as active 
 targeting) has been advantageous over conventional targeting (i.e., 
 passive targeting) since the former assures a point-shot delivery of drugs. 
By definition, this form of endocytosis is mediated by the interaction 
between a ligand/group on liposomes and a receptor on cells. This ligand 
or group may be a variety of biomolecules such as antibody, glycopep-
tides, oligosaccharides, viral proteins and fusogenic residues and it may 
be attached to liposomes either covalently or non-covalently (Sihorkar 
and Vyas, 2001).

An early result that antibody-targeted liposomes enhance the  selective 
toxicity of liposomal anticancer drugs of cultured cells has been quite 
promising and paved the way to development of novel methodologies to 
attach biomolecules to liposomes (Martin et al., 1981). Still, the manufac-
ture of ligand-targeted liposomes remains as a major challenge to date, as 
they are infamous for being labor-demanding, hard to control and afford-
ing systems which are readily cleared from circulation by macrophages 
(Allen and Cullis, 2013).

Despite its manageable flaws with lots of room for improvement, 
the combination of ligand-liposome gives the feeling of a golden ticket 
and yet, some literature survey openly suggests that ligand-mediated 
 liposomal delivery is far from being perfect. The whole problem 
 scientific community encountered has surfaced because of controversial 
results between non-targeted liposomes and ligand-targeted liposomal 
delivery. As Allen and Cullis beautifully summarized, (Allen and Cullis, 
2013) some results lean towards the superiority of ligand-targeted 
delivery over non-targeted delivery (Lopes de Menezes et al., 1998; 
Park et al., 2002) while some  others document no difference in between 
(Goren et al., 1996; Vingerhoeds et al., 1996). Regardless, it looks like 
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antibodies conjugated liposomes may not in reality alter or better the 
distribution of liposomes to the  target under the conditions when both 
have similar circulation half-lives. Oddly enough, the amount of par-
ticles reaching the target tissue seems to be independent of the presence 
of the ligand and the ligands or groups on liposomes explicitly affects 
the amount of liposomes taken up by the tissues (Kirpotin et al., 2006). 
Surely, there is more to this story and these overall findings are decisive 
in the fate of ligand-mediated delivery and the direction this field is 
headed.

2.9 TRIGGERED DELIVERY OF NANOPARTICULATE CONTENT

In reality, cellular uptake by active or passive targeting is not the end of the 
path. This means that as long as the drug remains stuck within liposomes 
or it is not released in cellular media effectively, both the efficiency of 
 cellular uptake and the therapeutic efficiency of the drug become com-
pletely meaningless. This is because the drug exhibits its biological activity 
only when it is released from the liposomes. Hence, the term “therapeutic 
 efficiency” is, in a way, a combined consequence of both cellular uptake 
and release of the drug into the cellular media, and hence the significance 
of unloading liposomal content by any means should not be overlooked 
(Johnston et al., 2006).

To date, triggered release from nanoparticles has been achieved by 
external (such as light, magnetic field, temperature, and heat) or envi-
ronmental stimuli (such as pH). In some instances, dual or triple combi-
nations of stimuli have been reported in the literature, as well. The way 
these stimuli functions is to alter the environment surrounding nanopar-
ticles, and hence the physicochemical properties of nanocarriers. The 
pH- mediated drug release is a well-relevant example wherein nanocar-
riers undergo destabilization upon pH-change and subsequently release 
their content. Given that different parts of body have different pH values 
(for instance, pH for tumor cells, endosomes and lysosomes are 6.5–7.2, 
5.0–6.5, 4.5–5.0, respectively), it is perceptible that the targeted delivery 
to cancer site, and endo/lysosomal sites is feasible through pH-triggered 
delivery systems (Bennet and Kim, 2014).



34 Drug Delivery Approaches and Nanosystems: Volume 1

2.10 ARE POLYMERIC NANOPARTICLES THE NEXT LIPOSOMES?

In spite of all the progress we made since 1961 and even commercializa-
tion of liposomal formulations to some extent, certain flaws concern-
ing liposomes has remained unsolved to date (vide infra). For instance, 
liposomes are not stable in harsh gastrointestinal environment, which 
prohibits their uptake through oral administration (Thanki et al., 2013). 
Consequently, we feel obligated to seek novel drug carrier systems, as 
we keep investigating on liposomes. As an outcome of this rationale, 
polymeric nanoparticles were introduced to scientific community almost 
20 years after liposomes were. The textbook definition of the term “poly-
meric nanoparticles” is submicron-sized particles made up of wide vari-
ety of polymers. Despite its generic use, this term actually refers either 
of nanocapsules or nanospheres. These nanoparticles are commonly 
acknowledged as “drug carriers in nano-dimensions,” as liposomes are 
(Thanki et al., 2013). Hence, we reasoned that it would be more benefi-
cial if certain aspects of polymeric nanoparticles were covered by com-
parison to liposomes.

Despite their similarity in size and functions, these materials diverge 
lightly from each other, regarding their structure and mode of encapsula-
tion. Nanocapsules are defined as heterogeneous reservoir systems in which 
the drug is caged in the inner cavity, which is composed of oil or aqueous 
core surrounded by a thin polymer membrane. On the other hand, nano-
spheres are homogenous matrix system wherein dispersed or  dissolved 
active compound is adsorbed on the surface or entrapped within the 
polymeric matrix structure through the solid sphere (Harush et al., 2007) 
(Figure 2.3). 

FIGURE 2.3 Schematic representations of nanospheres (left) and nanocapsules (right) 
into which drugs are encapsulated.
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2.11 BUILDING BLOCK OF POLYMERIC NANOPARTICLES

Nanospheres and nanocapsules could be prepared from a large variety 
of polymers, ranging from natural polymers (such as alginates, chitosan, 
gelatin, and so on), to synthetic ones (such as poly(ε-caprolactone) (PCL), 
poly(lactic acid) (PLA), polymethyl methacrylate (PMMA), poly(lactic-
co-glycolic) acid (PLGA), poly(glycolic acid) (PGA), to name few) 
(Kumari et al., 2010; Park et al., 2010). A large selection of ingredients 
certainly enables one to shape and to design the parameters of nanopar-
ticles like the composition of the polymer, the architecture, the backbone 
stability, the water solubility, and hence the activity of nanocarriers.

The overall polymeric architecture is critical as it affects numerous fac-
tors such as the physicochemical characteristics, the incorporation capa-
bility, the drug release rate, and the bio distribution of the delivery system 
(Qui et al., 2006). For instance, a large degree of hydrophilicity on surface 
considerably enhances the circulation time and the water- solubility of the 
nanoparticles, while it concurrently diminishes its degradation through 
enzymes. In keeping with this precedent, the impact of hydrophilicity 
illustrates how tuning one single parameter reshapes overall properties 
and biocompatibility of nanoparticles. Therefore, we sought to describe 
general properties of some of these materials and discuss the outcomes of 
their utilization in polymeric nanoparticles.

2.11.1 CHITOSAN

Chitosan is a cationic polysaccharide obtained through the deacetylation 
of chitin, which is the primary component in the cell walls of fungi and 
the exoskeleton of shrimps and crabs. It consists of linear β-(1–4)-linked 
D-glucosamine (Agnihotri et al., 2004). The primary determinants of 
its physicochemical characteristics are the extent of deacetylation and 
its molecular weight, as the latter regulates parameters like solubility, 
 viscosity and elasticity (Quasim et al., 2014). In acidic medium, it is fully 
water-soluble through the protonation of free amino groups, which grants 
a positive charge. Under this condition, chitosan can form highly viscoelas-
tic polyelectrolyte complexes with anionic polymers such as hyaluronic 
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acid. Owing to its versatile character, chitosan has what it takes to be an 
ingredient of nanoparticles and thus, it is generously used in drug formula-
tions, including tablets, gels, and films (Bansal et al., 2011; Sinko, 2011).

2.11.2 GELATIN

Similarly to chitosan and alginates, gelatin is a natural and biodegradable 
protein. The main way to manufacture gelatin is the hydrolysis of collagen 
under basic or acidic conditions. Actually, it is a nonhomogeneous single- 
or multistranded polypeptides mixture and could be further degraded to 
amino acids under in vivo conditions. Gelatin has an amphoteric struc-
ture, consisting of both anionic and cationic functional groups (Kaul and 
Amiji, 2004). Although its characteristics such biocompatibility, biode-
gradability, and nature of chemical modifications makes it an appealing 
material for drug delivery applications, we must be cautious of the con-
tamination of gelatin with transmissible spongiform  encephalopathies. 
Hence,  recombinant gelatin is more recommended for nanoparticulate 
formulations.

2.11.3 ALGINATES

Alginate is another natural polymer, exhibiting water-solubility and 
 polyanionic character. It is a linear polysaccharide that mainly con-
sists of two building blocks of mannuronic and gluronic acid moieties. 
Alginate exhibits pH-dependent anionic character, which enables it to 
interact with cationic proteoglycans and polyelectrolytes (Sinko, 2011). 
One important feature of alginates is that the molecular weight of alginates 
affects its mechanical properties, as well as the degradation rate of alginate-
based nanoparticles. For instance, higher molecular weight minimizes the 
reactive position numbers existing for hydrolytic degradation, whereby to 
lower degradation rate (George and Abraham, 2006; Sun and Tan, 2013).

2.11.4 POLY(LACTIC ACID) (PLA)

PLA is biodegradable polyester which is of synthetic, thermoplastic and 
nontoxic aliphatic nature. It is retrieved from renewable facilities, such as 
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corn starch, sugarcane or chips. Cyclic di-ester, lactide, and lactic acid are 
the main monomers of the structure. Ring opening polymerization of lactide 
is a conventional route to PLA in the presence of various metals. However, 
metal catalyzed reaction notoriously causes the racemization of the PLA, 
reducing its stereoregularity, in comparison to the starting material (Martin 
and Avérous, 2001). Its chirality yields to forms of PLA polymers – poly(L-
lactide) (PLLA) and poly(D-lactide) (PDLA) (Lassalle and Ferreira, 2007). 
PLA is spontaneously degraded by simple hydrolysis through ester bonds 
without any need for a catalyst. However, the hydrolysis rate (or degrada-
tion rate) depends on numerous factors such as the size, the shape of the 
drug carriers, the isomer ratio of PLA, and the temperature of hydrolysis. 
The performance of PLA nanoparticles in the controlled delivery of various 
bioactive molecules such as conventional and antitumor drugs, peptides and 
genes for the treatment of a variety of illnesses have been extensively stud-
ied (Lassalle and Ferreira, 2007; Garlotta, 2001).

2.11.5 POLY(LACTIC-CO-GLYCOLIC) ACID (PLGA)

PLGA is a copolymer of PGA and PLA and is widely preferred in 
drug  delivery systems thanks to its biocompatibility, biodegradabil-
ity and ease of production. Regarding its design and performance, it 
is  commonly known as one of the best biomaterials available for drug 
delivery (Jain et al., 1998). In fact, PLGA is currently used in some thera-
peutic devices, approved by Food and Drug Administration (FDA). Ring-
opening  copolymerization of lactic acid and glycolic acid constitutes the 
main  synthesis of the polymer. Diverse forms of PLGA could be acquired 
in course of polymerization process depending on the ratio of lactide to 
glycolide, and by that, polymer is generally defined in terms of the molar 
ratio of monomers.

PLGA degrades through the hydrolysis reaction of the ester moieties. 
The time required for full degradation depends on the ratio of mono-
mers. It has been reported that with the higher content of glycolide units 
cause, degradation process tends to proceeds the faster (Gentile et al., 
2014; Samadi et al., 2013). PLGA is indeed quite advantageous as a biode-
gradable polymeric material, because the hydrolysis products are starting 
materials, lactic acid and glycolic acid. Since these two components are 
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by-products of several pathways of metabolic process in the body, there 
is limited systemic toxicity related to the usage of PLGA for biomaterial 
applications or drug delivery systems (Pavot et al., 2014).

2.11.6 POLY(ε-CAPROLACTONE) (PCL)

PCL is another biodegradable, biocompatible and nontoxic synthetic poly-
ester with excellent mechanical strength. It has been currently used for 
the production of implantable drug delivery systems (Lemarchand et al., 
2003). Ring opening polymerization of ε-caprolactone with a catalyst 
such as stannous octoate is the main production method for PCL synthe-
sis (Labet and Thielemans, 2009). The main reason of the PCL’s great 
 interest as an implantable biomaterial is the degradation process which 
occurs by the hydrolysis of its ester linkages under physiological condi-
tions. Due to its degradation, which is even slower than that of PLA, PGA 
and PLGA, PCL is a very suitable polymer for the design of long-term 
implantable devices. The lipophilic nature of PCL is also supported the 
passive uptake processes (Bhavsar and Amiji, 2008; Haas et al., 2005).

2.11.7 POLYMETHYL METHACRYLATE (PMMA)

PMMA is a non-biodegradable synthetic copolymer of methyl methacry-
late. It has rigid, hard but brittle structure. Interestingly, contact with water 
renders hydrophobic PMMA, rather partially hydrophilic. This polymer is 
routinely synthesized by emulsion, solution, and bulk polymerization tech-
niques. Biomedical community considers PMMA as a nontoxic polymer with 
confidential toxicological data for various applications. Potential biomedi-
cal  applications of PMMA-based nanoparticles include the carrier of several 
active molecules as antioxidants and antibiotics, and also adjuvant for vaccines 
through different administration routes (Bettencourt and Almeida, 2012).

2.12 CELLULAR UPTAKE MECHANISM OF POLYMERIC 
NANOPARTICLES

It appears that the immune system of the body consistently causes some trou-
ble to nanomaterials (whether it’s liposomes or polymeric nanoparticles). 
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Like liposomes, polymeric nanoparticles (especially hydrophobic ones) are 
regarded as aliens by immune system. Hence, they are eliminated from the 
blood stream by reticulo-endothelial system (RES) and are taken up through 
the spleen or the liver. This process constitutes the main biological barrier 
against the delivery role/function of polymeric nanoparticles (Kumari et al., 
2010). Another notable obstacle is the opsonin proteins, as always. The 
opsonin proteins which locate in the blood stream immediately bind to the 
surface of the nanoparticles when the nano-sized drug carriers get into to 
the blood upon administration. Opsonized particles have attached to macro-
phages at once and their internalization has been occurred by phagocytosis 
(Hans and Lowman, 2002; Qwens III and Peppas, 2006).

To surpass the immune system, several approaches of surface modifi-
cation have been formulated to guarantee that nanoparticles are not rec-
ognized by the carriers of RES macrophages. With that in mind, the trick 
is simply to coat a hydrophilic polymer (like PEG; chitosan, poloxamers, 
and poloxamines) over the surface of the particle to conceal its hydro-
phobicity. PEGylation of nanoparticles has some other benefits, as well: 
(i) it blocks the hydrophobic and electrostatic interactions that promote 
the binding of opsonins to the surface of the particles, and (ii) it elevates 
the blood circulation half-life of the nanoparticles through the size of the 
 carrier (Danhier et al., 2012; Kumari et al., 2010). Hence, it is conclusive 
that “stealth effect” of PEGylation, which we have examined in the con-
text of  liposomes (vide supra), is vital to polymeric nanoparticles, as well.

Surface charge of polymeric nanoparticles also is the key factor that 
shapes interactions between nano-sized particles and cell membrane, 
along with cellular uptake. Positive surface charge gives nanoparti-
cles higher extent of internalization, in consequence of favorable ionic 
interactions between negatively charged cell membranes and positively 
charged nanoparticles (Foget et al., 2005; Vasir and Labhasetwar, 2008). 
Besides, positive surface charge gives nanoparticles the ability to easily 
escape form lysosomes upon internalization. Nanoparticles can localize 
perinuclear section whereas negatively and neutrally charged nanopar-
ticles are retained in lysosomes. Clearly, this issue is reflected as a sub-
stantial increase in the uptake capacity of the nanoparticles, as it favors 
positively charged particles over the others (Yue et al., 2011). However, 
this conclusion does not necessarily infer that we should give up on the 
polymeric nanoparticles with inherently negative surface charges, for that 
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matter; the cellular uptake properties of these particles could be restored or 
improved by yielding a positive or neutral charge over the surface through 
modifications by chemical agents including chitosans, PEGs, Vitamin E 
TPGS or didodecydimethyl ammonium bromide (Danhier et al., 2010; 
Sengel-Turk et al., 2014; Tahara et al., 2009).

Polymer-based nano-sized carriers are commonly internalized in cells 
by the way of endocytosis and partly via fluid phase pinocytosis. Once 
inside the cell, these nanoparticles can immediately run away from the 
endo-lysosomes and enter the cytoplasma after ca. 15 min of incuba-
tion. In comparison to liposomes, active-targeting of polymeric nanopar-
ticles through surface attached ligands is possible as well, which allows 
an interaction between vesicular membranes and nanoparticles. Distinct 
from liposomes, targeting ligands are generally linked to the surface of 
the nanoparticles through the uptake on PEG chains (Betancourt et al., 
2009). Once these ligands bind to the corresponding cellular receptors, the 
 membrane is locally destabilized, resulting in the escape of  nanoparticles 
into cytosol (Vasir and Labhasetwar, 2007). Herein, we can’t stress 
enough that the process of PEG coating of particles should be handled 
with  caution, as it may otherwise turn to a double-sided knife. While 
PEG coating is mandatory to avoid RES, it is very likely that this  coating 
may shield the ligands, whereby to firmly damage the active transport 
(Wang and Thanou, 2010).

2.13 MANUFACTURING OF POLYMERIC NANOPARTICLES

The techniques to manufacture nanoparticles are segmented into two cat-
egories: (i) those taking advantage of preformed polymers, and (ii) those-
based on polymerization. The choice of the method depends on various 
factors, such as (1) the aqueous solubility and the stability of the nanopar-
ticles, (2) desired diameter of the particles, (3) the degree of biocom-
patibility, toxicity and biodegradability, (4) surface properties such as 
permeability and charge, and lastly (5) targeted drug release profiles and 
rates (Quintanar et al., 1998).

Today, there exist many approaches, including nanoprecipitation, dou-
ble emulsion, emulsion/diffusion, emulsion coacervation, and layer-by-
layer method to manufacture the nanocapsule type polymeric nanoparticles 
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(Danhier et al., 2012; Naahidi et al., 2013). Herein, our purpose is to briefly 
describe some of these approaches to give the readers a feel for how these 
materials are synthesized.

2.13.1 NANOPRECIPITATION

Nanocapsule production needs both a solvent phase (such as dioxane, 
acetone, ethanol, methylene chloride, or hexane) and non-solvent (usually 
aqueous phase) phase. As the name implies, nanoparticles are obtained 
through precipitation from a mixture of aqueous and organic phase. 
In this procedure, a water-miscible solvent is used to solve the polymer 
substance with intermediate polarity. Once the organic medium is added 
gradually onto an aqueous surfactant solution under gentle stirring, the 
polarity of the final medium forces the product to precipitate. The particle 
formation process occurs in three stages with this preparation technique: 
nucleation, growth, and aggregation. The particle size is dependent to the 
rate of each step and supersaturation is the impetus of this manufacturing 
process. During nanoprecipitation, the growth and the nucleation phase of 
the polymerization reaction are two stages, playing role in the uniformity 
of the particles. The critical parameters of this production process are the 
agitation rate of the aqueous phase, the injection rate of the organic phase, 
the ratio of organic to aqueous phase, and the method of organic phase 
addition (Quasim et al., 2014; Thanki et al., 2013).

2.13.2 DOUBLE EMULSION

Double emulsions are heterodisperse complex formations, referred to as 
“emulsions of emulsions.” Double emulsions are categorized into two 
basic types: oil-water-oil emulsion (o/w/o), and water-oil-water emulsion 
(w/o/w). These two procedures are similar in the sense that both emul-
sions are formed by ultrasonication process to produce nanocapsules by 
this preparation process. However, they differ in the step of stabilization; 
in w/o/w procedure, w/o surfactant serves to stabilize the interface of the 
w/o internal emulsion, whereas the stabilization of nanoparticle disper-
sion is achieved by the supplementation of the surfactant molecules in 
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the latter procedure. When the solvents are eventually removed through 
extraction or evaporation process by vacuum, hardened nanocapsules 
are obtained from the aqueous medium (Naahidi et al., 2013; Quintanar 
et al., 1998).

2.13.3 EMULSION–DIFFUSION

This production technology allows the encapsulation of active molecules 
of both lipophilic and hydrophilic nature into nanocapsules. A typical of 
emulsion–diffusion procedure involves three steps: organic, aqueous and 
dilution. Polymer, drug, and oil are initially dissolved into a partially water-
miscible organic solvent. The subsequent step involves the emulsification of 
the organic phase in the aqueous phase under vigorous agitation. Afterwards, 
the addition of water causes the diffusion of the dissolver into the aqueous 
phase, resulting in the formation of nanocapsules. The diameter of the nano-
capsules depends on the polymer concentration, shear rate used in the emul-
sification step, the chemical contents of the organic phase, and the  primary 
emulsion’s droplet size (Quasim et al., 2014; Quintanar et al., 1998).

2.13.4 LAYER-BY-LAYER

This production method relies on the alternate adsorption of  oppositely 
charged materials, such as polyelectrolytes through electrostatic 
 interactions. In accordance with this mechanism, nanocapsules are syn-
thesized through attractiveness of irreversible electrostatic interaction. 
The adsorption of polyelectrolyte is thought to take place through this inter-
action at supersaturating bulk concentrations of polyelectrolytes. However, 
the need for a colloidal template, which is compatible with the active 
 substance, renders this technology rather difficult (Quasim et al., 2014).

The production technologies of the nanosphere-type polymeric 
nanoparticles are generally divided to seven groups, as bellows: solvent 
displacement, solvent evaporation, emulsion-diffusion-evaporation, salt-
ing out, solvent diffusion, ionic gelation, and spray drying. Among them, 
solvent evaporation and solvent displacement are the most frequently 
 preferred ones (Birnbaum et al., 2000; Mudgil et al., 2012; Li et al., 2011).
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2.13.5 SOLVENT DISPLACEMENT

Polymer precipitation from an organic solution and the diffusion of this 
organic solution into the aqueous phase in the absence or presence of a 
suitable stabilizing agent constitute the mechanism of this methodology 
(Danhier et al., 2012). To precipitate the nanoparticles, a water-miscible 
solvent is used to dissolve the polymer. Dichloromethane, acetone are 
used to dissolve the polymers, and the active molecules. This organic 
medium is added into an aqueous surfactant solution under gentle stirring. 
When two phases are brought together, the organic  solvent  diffuses from 
the organic phase into the aqueous one. During diffusion process, organic 
solvent carries polymer chains concomitantly to the water phase, whereby 
they tend to aggregate, forming nanoparticles. The rapid diffusion of the 
solvent facilitates the instantaneous formation of the  colloidal dispersion 
due to the deposition of the polymer on the interface between the organic 
solvent and water (Birnbaum et al., 2000; Li et al., 2011).

2.13.6 SOLVENT EVAPORATION

This method enables the incorporation of lipophilic drugs with high 
loading efficiencies through controlling the mixing speed and the mix-
ing conditions. Volatile solvents such as ethyl acetate, chloroform or 
dichloromethane are typically used to dissolve the polymeric materi-
als and an emulsion (either water in oil in water or oil in water) is 
generated high-speed mixing of the organic phase and aqueous phase. 
To reduce the particle size during evaporation process of the organic 
solvent, ultrasonication or high speed homogenization techniques are 
preferred. The organic solvent is removed from the system through 
gentle stirring at room temperature or by rotary evaporator. The desired 
nanoparticle dispersion is formed eventually, when the organic sol-
vent is exactly moved away from the emulsion. Afterwards, solidified 
nanoparticles are collected with ultracentrifugation, and a final wash-
ing step is required with distilled water to remove additives such as 
residual polymers and the stabilizing agents. The final nanoparticle 
dispersion is lyophilized to yield dried  powder (Birnbaum et al., 2000; 
Quintanar et al., 1998).
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2.14 CHARACTERIZATIONS OF NANOPARTICLES

It has been well established that manufacturing methods have influence 
on the physicochemical properties of nanoparticles, such as size, charge, 
lamellarity (for liposomes) and so forth. Because these properties govern 
in vitro (shelf-life and sterilization) and in vivo performances of nanopar-
ticles, these physicochemical properties need to be fully characterized in 
order to predict and in vitro and in vivo performances of the liposomes 
and fully understand their chemistry (Bennet and Kim, 2014). Hence, 
quality control tests to rapidly and accurately evaluate these properties 
are largely needed. In this section, we will briefly mention the methods, 
frequently employed in the literature to assess some of these parameters 
(Thanki et al., 2013).

The drug loading potency is defined as the ratio of drug to the total 
weight of the carrier. Because a lower loading capacity directly points out 
the inability of the system to serve as a carrier, the drug loading potency 
appears to be the central parameter that needs to be evaluated the first. 
The most commonly preferred approaches to evaluate the loading amount 
of encapsulated drug are high-performance liquid chromatography 
(HPLC), ultraviolet spectrophotometry (UV), and capillary electrophore-
sis (CP). Of them, HPLC and CP are documented to be more sensitive and 
precise to identify the active molecules and the excipients in the nanopar-
ticle structure (Gumustas et al., 2013).

The size of the nanoparticles allows a control on the bioavailability 
of the particles in the body, especially in tumor tissues and penetration 
through biological barriers. In regard to the impact of the size, the common 
consensus is that small particles can pass through previously specified bio-
logical barriers, even when they are intact. Therefore, the size of nanopar-
ticles is one of the most critical properties of the nano-sized drug delivery 
systems and is the key to design and fabricate efficient nanoparticulate 
drug delivery systems. The main technology to estimate both the aver-
age particle diameter and the PDI of the nano-sized particles is dynamic 
light scattering technique (also called “photon correlation spectroscopy”). 
This technique relies on the dispersion of the light caused by the parti-
cles’ Brownian motion (Gaumet et al., 2008). Atomic force microscopy 
(AFM), scanning electron microscopy (SEM) and transmission electron 
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microscopy (TEM) are some other approaches used for the same purpose. 
However, these visualization-based  technologies are more informative on 
the account that the morphology and shape of the nanoparticles could be 
imparted too (Sengel-Turk et al., 2012).

Another parameter we will discuss is the surface charge that affects 
cellular uptake capacity, possible interaction with other biological envi-
ronments and biodistribution profiles of the nanoparticles. On that account, 
we have elaborately examined how each charge influence the uptake 
behavior of nanoparticles. All of this means that attention should be paid to 
the charge of nanocarriers, in order to maximize the therapeutic efficiency 
of the active molecule. The technique to determine the charge involves the 
quantification of its zeta potential (ζ), where the charge of nanoparticles is 
correlated through their mobility monitored by an electrical potential. The 
values of surface charge of the systems can be varied in positive, neutral 
or negative, depending on the surface modification agents and the polymer 
(Soppimath et al., 2001). Chung et al. investigated the effects of heparin 
and chitosan over the surface functions of the PEG-PLGA nanoparticles 
through tumor targeting efficacy (Chung et al., 2010). The surface charge 
of unmodified PEG-PLGA nanoparticles was determined to be −20±1 mV, 
whereas the surface charges were found to be −50±2 mV and +38±0 mV 
for heparin-conjugated and chitosan-conjugated PEG-PLGA nanopar-
ticles, respectively. A tumor model research has revealed that chitosan-
functionalized PEG-PLGA nanoparticles accumulate into the tumor region 
on SCC7 tumor-bearing athymic mice 2.4 folds more than PEG-PLGA 
nanoparticles do. The accumulation profile of chitosan-functionalized 
PEG-PLGA nanoparticles in liver was found less than the control group. 
When heparin was functionalized to the nanoparticle surface, the accumu-
lation was found to be 2.2 folds more than that of the PEG-PLGA nanopar-
ticles, but the accumulation in liver was similar to that of the control. 
For this reason, the surface modification through the heparin or chitosan-
functionalized PEG-PLGA will be a promising approach for the delivery 
of hydrophobic agents to better cancer treatment.

In order to examine the interior structure of the nanoparticles and 
analyze the elements; thermal analysis [thermal gravimetric analysis 
(TGA), differential scanning calorimetry (DSC)], and XRD can be used. 
XRD analysis gives to researchers some information for characterization 
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of the composition and the physical structures (amorphous and/or crys-
talline) of the nano-sized particles. XRD is the main analysis technique 
for the analysis of solid-state active molecules, which comes handy on 
all drug development stages, production process and testing procedures 
(Chen et al., 2007). However, this technique can be time consuming and 
requires a large volume of sample. DSC and TGA, on the other hand, 
characterize the thermal properties of nanostructured particles (Chen 
et al., 2007; Darvishi et al., 2015). Thermal properties of nanoparticles 
essentially focuses on melting degrees, thermodynamics and kinet-
ics for transition from nanocrystal to liquid and nanocrystal to glass. 
Nevertheless, the specific heat of nanoparticles and surface enthalpies 
are investigated via these methods (Gill et al., 2010; Wang et al., 2002). 
As for the thermoanalytical techniques, DSC is a popular one. It usu-
ally used in the characterization of drug delivery systems: (i) to quan-
tify amorphous or crystalline phases in pharmaceutical nanoparticulate 
solids, (ii) to detect the presence of possible active molecule-excipients 
interactions, (iii) to identify thermal properties of nano-sized particles, 
(iv) to measure stability the of colloidal nanoparticles, and (iv) to deter-
mine the mechanism of the sorption for ion chelating nano carriers like 
chitosan (Gill et al., 2010).

2.15 COMMERCIALIZATION OF NANOPARTICULATE PRODUCTS

At the beginning of twentieth century, together with the importance of 
the pioneering research of synthetic polymer chemistry, the concept of 
nanomedicine gained importance. Indubitably, the superior performance 
of nanoparticulate formulation over free drugs initiated the era of com-
mercialization and to date, there are a massive amount of nanoparticle-
based commercial products employed in imaging and personalized 
medicine and some of these nanomedicines were even entered to routine 
clinical use/trials, too. At this point, we should remark that more com-
mercial  products clearly  indicate a better chance to cure more diseases 
and to resolve  circumstances wherein the nature of nanoparticles limits us. 
A list of some approved nanoparticle-based marketed products is tabulated 
below (Table 2.2).
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2.16 CONCLUDING REMARKS

Ever since Bangham saw liposomes under the electron microscope for 
the first time, we came a long way, without a doubt. Yet, we can’t pre-
sume that this is it. Some of the complications related to the manufacture 
of liposomes are not fully resolved. These include stability issues, batch-
to-batch reproducibility, particle size control, the production of large 
batch size and so forth (Sharma and Sharma, 1997). From the clinical 
perspective, the essential problem is that the success under in vitro condi-
tions does not always stand for a similar success under in vivo conditions 

TABLE 2.2 Nanoparticulate-Based Products Approved For Commercial Use

Drug Product Indication

Polymer Abraxane® Paclitaxel Metastatic Breast Cancer
SandostatinLAR® Octreotide acetate Carcinoid Tumors, Vasoactive 

Intestinal Peptide Tumors
Lupron Depot® Leuprolide acetate Prostate Cancer, Endometriosis
Bydureon® Exenatide Diabetes Mellitus Type 2
Zevalin® Ibritumomabtiuxetan Non-Hodgkin Lymphoma
Bexxar® Tositumomab Follicular Cancer
Mylotarg® Gemtuzumab Acute myeloid Leukemia

Liposome Ambisome™ Amphoteracin B Fungal infection
DaounoXome™ Daunorubicin Kaposi’s sarcoma
Doxil™ Doxorubicin Refractory Kaposi’s sarcoma, 

recurrent breast cancer and 
ovarian cancer

Visudyne® Verteporfin Age-related macular 
degeneration, pathologic 
myopia and ocular 
Histoplasmosis

Myocet® Doxorubicin Recurrent breast cancer
DepoCyt® Cytarabine Neoplastic meningitis and 

lymphomatous meningitis
DepoDur Morphine sulfate Pain

*Adapted with permission from Pattni, B. S.; Chupin, V. V.; Torchilin, V. P. New Developments 
in Liposomal Drug Delivery. Chem. Rev., 2015, 115, 10938−10966. Copyright 2015, American 
Chemical Society. 
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(Bennet and Kim, 2014). With the discovery of scanning tunneling 
microscope, Feynman’s vision became a reality. We sincerely hope that 
by inventing much more effective nanosystems free of these aforemen-
tioned problems, we can make Ehrlich’s dream of “magic bullet” come 
true soon.
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3.1 INTRODUCTION TO NANOTECHNOLOGY

Nanotechnology is considered as a “new technological revolution” and 
has been largely explored over the last two decades. This field has poten-
tial applications in many research areas, such as physics, chemistry, engi-
neering, biotechnology, and especially in health sciences and biomedicine 
(Navalakhe et al., 2007; Sahoo et al., 2007; Sanchez, 2010; Shrivastava 
et al., 2009). In this sense, it is expected that this extremely powerful tech-
nology has a substantial impact on tissue engineering and drug delivery.
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Essentially, nanotechnology has been described as the development 
of engineered devices or materials at the molecular level in the nanome-
ter range. The Greek prefix ‘Nano’ indicates the one-billionth part of a 
measure (10–9 = 0.000,000,001). To get an idea, typical carbon-carbon 
bond, or the space between these atoms in a molecule, is around 0.12 to 
0.15 nanometers (nm) and a DNA double helix has a diameter of about 
2 nm. Moreover, the smallest cellular life, a bacteria belonging to the 
Mycoplasma genus, is about 200 nm long (Allhoff et al., 2010).

More generally, nanotechnology includes many structures such as 
 carbon nanotubes, nanocrystals, quantum dots, nanofibers, nanoporous 
filters, nanowires, metal oxide nanoparticles, dispersion of nanoparticles, 
polymer nanocomposites, etc. (Bawarski et al., 2008).

Scientists are currently debating the future of the implications of 
 nanotechnology. Although this technology can lead to the production of 
new materials and systems with application in many fields, such as medi-
cine, physics, chemistry and/or food industry, among others; nanotech-
nology also raises some concerns about the toxicity and environmental 
impact of nanomaterials (Buzea et al., 2007).

3.1.1 FROM THE BEGINNING TO THE FUTURE

Richard Feynman, Nobel Prize (Physics) in 1965, was the first to refer 
to the possibilities of nanoscience and nanotechnology in a speech at 
the Congress of the American Physical Society in 1959. He titled it as: 
“There’s Plenty of Room at the Bottom,” and he describes the idea of 
direct manipulation of individual atoms and molecules by using precision 
tools in order to build and operate them with tools of smaller proportions, 
and therefore at the nanoscale (Feynman, 1960).

Afterwards, the invention of the scanning tunneling microscope by 
Gerd Binnig and Heinrich Rohrer in 1981 provided an unprecedented dis-
play of atoms and individual bonds and, some years after, it was success-
fully used to manipulate individual atoms.

Despite the term “nanotechnology” was first used in 1974 refer to the 
ability to generate materials precisely at the nanometer level, it was not until 
1986 when the term started to acquire relevancy because of the publication 
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of the book Engines of Creation: The Coming Era of Nanotechnology, in 
which K. Eric Drexler proposed the idea of an “assembler” in the nanoscale 
level that would be able to build a copy of itself and other elements of 
 arbitrary complexity with atomic level control (Drexler, 1986).

Also in 1986, Drexler cofounded The Foresight Institute to help increase 
public awareness and understanding of the concepts of nanotechnology and 
its implications.

In the early 2000’s, the marketing of products-based on advances in 
nanoscale technologies began to emerge. In this sense, silver nanoparticles 
were studied as an antibacterial agent (Sondi et al., 2004) and solid lipid 
nanoparticles were used in sunscreens formulation (Wissing and Müller, 
2003), to cite some examples. Therefore, it can be considered a very recent 
and still developing technology.

When applying nanotechnology to the different disciplines, some fea-
tures triggered by the manipulation of materials at this very small scale 
must be taken into account. These materials can show different proper-
ties when they are reduced to the nanoscale, leading, in many cases, to 
important applications. For example, the copper is an opaque substance 
that becomes transparent when it is reduced to nanoscale. A material such 
as gold, which is chemically inert to normal level, can serve as a powerful 
chemical catalyst when it is reduced to nanoscale. Much of the fascination 
with nanotechnology result from these phenomena that matter exhibits at 
the nanoscale level (Lubick, 2008).

As it has happened in other sciences, this new technology has also 
been applied in the field of medicine. Current problems for nanomedicine 
involve understanding the consequences of toxicity and environmental 
impact of nanoscale materials (Freitas, 2005). Despite this, nanotechnol-
ogy would have important revelations in this field. For example, it has 
been proposed to build small nano-robots (nanobots) that could be pro-
gramd in order to find and destroy the responsible cells of cancer for-
mation (Nie et al., 2007). It is envisaged that nanomedicine will provide 
new methods of diagnosis and screening of diseases, better systems for 
administering drugs and tools for monitoring certain biological param-
eters. In fact, according to a group of researchers from the University of 
Toronto, one of the most promising applications of nanotechnology is the 
creation of drug delivery systems.
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3.1.2 NANOMEDICINE

The term Nanomedicine refers to the application of the nanotechnology 
to the diagnosis and treatment of diseases. In this field, the use of nano-
structured materials, biostructures and nanodevices is studied to improve 
biomedical procedures and systems. In this context, the main areas that 
have attracted the attention of the scientific world are drug delivery, 
 nanodiagnosis and regenerative medicine.

The human body is unable to absorb the total dose of a drug admin-
istered to a patient, so the one of the aims of the modern medicine is 
the use of nanotechnology to ensure that drugs are released in specific 
areas of the body with greater accuracy and improve their bioavailability 
(Foldvari et al., 2008; Moddaresi et al., 2010). One method we can use 
to improve the action of drugs is the controlled release of them. The idea 
is to supply the drug to produce its effect only on a specific destination, 
which will be the area we want to treat. Thus, we are able to provide fewer 
drugs without influencing the effectiveness of them, to decrease toxicity 
and adverse effects on tissues and cells that do not require drug treatment, 
as the drug would only act where it is necessary, and to generate a more 
stable therapeutic concentration of the drug compared with intermittent 
concentration changes during normal dosage forms.

In this sense, nanotechnology has been applied to the production of 
new medicaments (nanodrugs) and other components that improve the 
solubility and bioavailability of poorly soluble drugs; act as drug delivery 
vehicles for developing circulatory persistence and targeted delivery to 
specific sites and/or cells; carriers to promote controlled release; adjuvants 
for vaccines; diagnostics tools and drug delivery devices (Bai et al., 2011; 
Foldvari et al., 2008; Moddaresi et al., 2010).

3.1.3 NANOTECHNOLOGY AND DRUG DELIVERY

Nanotechnology applied to medicine and pharmacokinetic has allowed the 
creation of drug delivery nanosystems by using nanoscale devices capable 
of penetrating cell membranes and pores and releasing the drug in a mini-
mally invasive manner. These nanodevices act as carriers of drugs through 
the body, contributing to increase the drug stability against degradation, 
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facilitating its diffusion through biological barriers and therefore improv-
ing the access of the drug to the target cells. Thus, the drug’s effectiveness 
is increased and the toxicity associated with the drug is diminished since 
the drug release is made in situ and does not affect organs, tissues and cells. 
These nanosystems are formed by the active substance of the medicinal 
product and a vehicle or carrier. The nanoparticles used in drug delivery are 
usually colloidal solids with a size between 2 nm and 1000 nm. Typically, 
the drug of interest is dissolved, encapsulated, adsorbed or bonded in or on 
nanocapsules (vesicular system in which the drug is located into a cavity 
surrounded by a polymer membrane) or nanospheres (matrix system where 
the drug is physically and uniformly dispersed) (Bawarski et al., 2008).

The nanoscale level size increases the rate of dissolution of these drug 
particulars, so, if the clearance rate is low, the saturation limit of the disso-
lution can be reached in situ. In other words, among the advantages of using 
nanoparticles drugs there are a better bioavailability and a rapid installation 
of the therapeutic effect in oral administration because the reduction in the 
particle size increases its rate of dissolution (Bai et al., 2011; Bawarski 
et al., 2008; Moddaresi et al., 2010). Besides, thanks to its small size, 
nanoparticles can cross the endothelium and epithelium (e.g., intestinal 
tract or the liver), the blood brain barrier (Fundaro et al., 2000) and even 
penetrate microcapillaries (Ehrenberg et al., 2008; Panyam et al., 2003). By 
having a much smaller diameter than capillaries have, aggregate  formation, 
emboli or thrombi are avoided (Goldberg et al., 2006).

Despite the size, the hydrophobicity of the nanoparticles administered 
intravenously influences there in vivo destination and their clarification 
by the mononuclear phagocyte system (Olivier, 2005). The coating of 
nanoparticles with hydrophilic polymers or surfactants or the nanoparticle 
formulation using biodegradable copolymers with hydrophilic properties, 
e.g., polyethylene glycol (PEG) prolongs the circulation of the nanopar-
ticles in the bloodstream, increasing the probability of success in freeing 
directed to specific locations (Bawarski, 2008; Olivier et al., 2005).

There are other factors that influence the rate of drug release. If the 
drug is placed into a matrix, solubility, diffusion and biodegradation of 
the matrix particles govern the release process (Moddaresi et al., 2010). 
In the case of nanospheres, in which the drug is uniformly distributed, its 
release occurs by diffusion through the degradable matrix so the speed 
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of this degradation influences the drug diffusion. The quick delivery is 
mainly attributed to weak binding or adsorption of the drug to the surface 
of the nanoparticles (Goldberg et al., 2006). In contrast, if the nanopar-
ticle is covered by a polymer, the release is controlled by diffusion of 
the drug through the polymer membrane, which acts as a barrier for drug 
release. Moreover, the release rate can also be affected by ionic interac-
tions between the drug and formulation additives. When the caged drug 
interacts with additives can form a less water-soluble complex, which can 
also delay the release (Moddaresi et al., 2010).

Selective drug delivery can be active or passive. Active delivery 
requires therapeutic agent and is achieved by conjugating this or a support 
system to a tissue or a specific cell ligand. In contrast, the passive tar-
geting is achieved by incorporating the therapeutic agent in a macromol-
ecule or nanoparticle that passively reaches the target organ (Lamprecht 
et al., 2001; Moghimi et al., 2001). Nowadays, there are various types of 
nanoparticles that have been developed as drug delivery systems, such 
as: liposomes, micelles, dendrimers, nanotubes and polymer conjugates. 
These differ in their composition and structure, as detailed below. The 
choice of system depends on the way they are joined with the drug and the 
type of drug that is used in the treatment.

3.1.3.1 Polymeric Nanoparticles

In the case of polymeric nanoparticles, the drugs are conjugated to the 
side chain of a linear polymer with a linker (Rawat et al., 2006). We can 
distinguished two groups: the first ones are synthetized with natural poly-
mers such as albumin, chitosan and heparin, the second ones are formed 
by  synthetic polymers such as N-(2-hydroxypropyl)-methacrylamide 
copolymer (HPMA), polystyrene-maleic anhydride copolymer, polyeth-
ylene glycol (PEG), and poly L-glutamic acid (PGA), which was the first 
 biodegradable polymer used for this purpose.

3.1.3.2 Liposomes

Liposomes are artificial spherical vesicles composed of a double lipid 
layer encapsulating an aqueous interior. These devices can fuse together 
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cell membranes and easily penetrate the target cell. Thus, liposomes can 
incorporate into its structure hydrophilic molecules but also very hydro-
phobic drugs that can be encapsulated within the bilayer of phospholipid 
or at their interface. Although liposomes vary greatly in size, most are less 
than 400 nm (Fahmy et al., 2007).

They have a broad spectrum of use because of its application by intra-
venous, oral or cutaneous manner. Moreover the lipid nanoparticles pro-
tect drugs against degradation caused by water and can also be used as 
a formulation for providing prolonged release of active principles slightly 
soluble in water (Bawarski et al., 2008).

Liposomes are being used to treat diseases such as HIV, in which 
drugs such as Stavudine and Zidovudine are encapsulated in nanoparticles 
between 120 and 200 nanometers in size. Since both drugs have a short 
half-life, the cover of liposome keeps them active for longer periods 
(Mamo et al., 2010).

3.1.3.3 Micelles

Micelles are generally spherical colloidal particles with a diameter less 
than 50 nm. These nanoparticles are composed of a hydrophobic interior, 
where hydrophobic drugs can be collected, and a hydrophilic exterior that 
stabilized the hydrophobic core region and allows the polymer to be water-
soluble. So, drugs can be trapped within the micelles or adhere covalently 
to the micelle surface. They can circulate for prolonged periods in the 
blood, as the hydrophilic shell limits opsonin adsorption and the small 
size allows the micelle to evade the immune system of the patient and 
the filtration of interendothelial cells in the spleen (Lu and Park, 2013). 
Therefore, they can be used for gradual drug release. The outer hydro-
philic layer of the micelle is designed to be thermodynamically stable and 
biocompatible (Gaucher et al., 2005).

They have been used in prolonged administration of drugs by func-
tionalizing the micelle surface with peptides and ligands. In this sense, 
they have resulted useful in administration of anticancer drugs in blood 
even for brain tumors, as these nanoparticles are capable of crossing the 
blood brain barrier (Orive et al., 2010). Micelles also provide a safe alter-
native for the administration of drugs poorly soluble in water because the 
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hydrophobic core allows the solubilization of drugs with poor aqueous 
solubility (Lu and Park, 2013). For example, Paclitaxel (Lee et al., 2007) 
and Amphotericin-B (Dangi et al., 1998) formulation with micelles has 
enhanced the solubilization of these hydrophobic drugs.

3.1.3.4 Dendrimers

Dendrimers are synthetic three-dimensional nanomolecules composed of 
multiple branched monomers that emerge radially from the central core. 
The drugs are carried in the free ends of the branches. Dendrimers used 
in the administration of drugs are generally 10 to 100 nm in diameter 
(Wiener, E. C. et al., 1994).

The main advantage of these polymeric nanoparticles is the capacity to 
be simultaneously conjugated with several molecules, becoming a multi-
functional drug delivery system (Cho et al., 2008; Svenson, and Tomalia, 
2005). Pharmaceutical applications of dendrimers include formulations of 
nonsteroidal antiinflammatory, antibiotic, antiviral drugs and anticancer 
agents (Cheng et al., 2008).

3.1.3.5 Carbon Nanotubes

Carbon nanotubes are cylindrical molecules composed of hexagonal units 
of carbon atoms. They are hollow cylinders formed by rolling one or 
more layers of graphene sheets (Dresselhaus et al., 2004). These have two 
cylindrical structure forms: a monolayer carbon nanotube, composed of 
a cylindrical graphene layer terminated at both ends by a hemispherical 
arrangement of the carbon network in which the cylinder closing results 
from the inclusion of pentagonal and hexagonal C-C structures during the 
growth process; and multilayer carbon nanotubes, comprising several con-
centric cylinders of graphene meshes, each one comprising a monolayer 
nanotube. Multilayer nanotubes generally have an outer diameter of 2.5 to 
100 nm, while the monolayer nanotube diameter varies from 0.6 to 2.4 nm 
(Joselevich, 2004). The sidewalls of graphene and the strong interactions 
p1,5 confer hydrophobicity to the nanotubes, decreasing their solubility 
in aqueous medium. This is an obstacle to its use as a pharmaceutical 
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excipient. To solve this problem, the surface of the nanotube may be modi-
fied by 4 different methods: with the use of surfactants; by solvents; by 
functionalization of the walls of the nanotubes; and by using biomolecules 
(Ham et al., 2005). For example, the solubility of these nanotubes and 
their dispersion in polar solvents have been improved by introducing polar 
functional groups at the surface of the nanotube to eliminate Van der Waals 
forces (Dyke and Tour, 2004) or with the use of unspecific bonds of an 
amphiphilic α-helical peptide with carbon nanotubes (Dieckmann et al., 
2003).The applications of carbon nanotubes as excipients in pharmaceu-
tical formulations are of great interest because of its ability to interact 
with macromolecules, such as proteins and DNA (Foldvari et al., 2008). 
In addition, nanotubes have shown excellent characteristics to perform the 
controlled and targeted drug administration (Heilmann, 1983). There are 
three modes of interaction between carbon nanotubes and the active com-
ponents of pharmaceutical formulations. The first one is as porous absor-
bent to catch the active components within a nanotube mesh. The second 
mode is the functionalization of carbon nanotubes by adhering the com-
pound of interest to its outer walls. Finally, the third approach involves the 
use of nanotubes as nanocatheters (Foldvari et al., 2008).

3.1.3.6 Quantum Dots

Quantum dots are colloidal semiconductor nanocrystals having a diameter 
of 2 to 10 nm. They can be synthesized from several kinds of semiconduc-
tor materials, being the most used: cadmium selenide (CdSe), cadmium 
telluride (CdTe), indium phosphide (InP), and indium arsenide (InAs). 
They are mainly used as contrast agents in images of biological tissues, 
but they have surface enough to attach therapeutic agents and therefore 
they could also be applied in the administration of drugs (Kaji et al., 2007).

However, the biocompatibility and physiological stability of quantum 
dots hinder its biomedical application: without the proper ligand, nano-
crystals can form aggregates, not have adequate circulation time in the 
body, get caught in nonspecific links and be toxic. It is also necessary 
to obtain increasingly ecological quantum dots, as current applications 
rely heavily on nanocrystals of cadmium which is considered, along with 
 mercury and lead, as highly toxic (Kaji et al., 2007).
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3.2 CURRENT APPLICATIONS OF NANOMEDICINE

The characteristics of each drug delivery system have allowed the active 
substance of the drug to stay longer in the body without undergoing 
a  premature degradation. They also let the drug be attached to a surface by 
chemical and physical interactions, be encapsulated and delivered on cor-
responding organ, tissue and cell. Nowadays, nanomedicine applies drug 
delivery systems to treat many diseases, including cancer, neurodegenera-
tive disorders, diabetes and infectious disease.

3.2.1 DRUG DELIVERY FOCUSED ON CANCER

3.2.1.1 Why Is Important Drug Delivery Therapy for Cancer?

Nowadays, cancer causes the 14.6% of all human diseases. The uncontrolled 
division cycles of tumor cells, which lends them a kind of “immortality,” is 
the main reason why cancer is especially difficult to treat. In addition, the 
specific symptoms developed in each patient and their different response 
for the main treatments have brought to find more personalized therapies 
in last years (Bernard et al., 2014).

The abnormal division of tumor cells originates several problems that 
make the disease deadly. Their limitless replication potential and their 
capacity to avoid apoptosis lead to the induction of angiogenesis and the 
invasion to other locations of the body though the invasion of capillary 
walls and basal membranes, resulting in metastasis. In addition, cancer cells 
are mostly insensitive to growth inhibitory signals (Hanahan and Weinberg, 
2011; Silva et al., 2014).

Since its discovery, chemotherapy has been considered the most effec-
tive therapy to treat every kind of cancer. Nowadays, it is used, above all, 
in advanced states of the disease. However, the poor specificity of chemo-
therapeutic agents against tumors induces toxicity in health tissues. These 
side effects are also more significant when it is necessary to increase the 
doses of the drug in order to provide a suitable concentration in the tumor 
zone (Biswas and Torchilin, 2014; Gu et al., 2007; Silva et al., 2014). For 
this reason, nanotechnology-based on delivery systems represents a poten-
tial alternative to make a significant impact in cancer therapy.
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During the last two decades, nanoparticle drug delivery systems 
have been studied for cancer therapy. Some of them have already been 
approved by US Food and Drug Administration (FDA) for their admin-
istration to patients and others are still being investigated in preclinic 
studies (Conde et al., 2012). The main advantages of using nanoparticu-
lar targeted drug delivery systems is their high specificity against tumor 
cells that reduces considerably toxic side effects of chemotherapy agents 
(e.g., nephrotoxicity, neurotoxicity, cardiotoxicity, etc.). In addition, they 
also allow reducing the amount of administered drug because its confine-
ment in the nanocarrier improves the drug stability by reducing its deg-
radation, which also contributes to reduce toxic effects in health tissues 
(Biswas and Torchilin, 2014). The drug delivery systems for anticancer 
applications are diverse: liposomes, polymeric nanoparticles, micelles, 
dendrimers, inorganic/metallic nanoparticles or bacterial nanoparticles, 
among othersm (Alexis, 2010; Biswas and Torchilin, 2014).

3.2.1.2 Passive and Active Drug Delivery Targeting in Cancer

Over the last year, several drug delivery systems have been designed for 
cancer therapy-based on passive and active approaches. The microenvi-
ronment generated by tumor tissues and cells has been used by passive 
delivery method through the enhanced permeability and retention (EPR) 
effect (Gu et al., 2007; Silva et al., 2014). It is characterized by a higher 
permeability to macromolecules, which results in an enhanced fluid 
retention in the tumor interstitial space. It leads to an increased concen-
tration of nanocarriers in tumor tissues, which could be upto 100 times 
higher than in healthy ones. Thanks to this tumor signalization, the side 
effects of chemotherapeutic agents can be diminished because of their 
low penetration in health tissues (Biswas and Torchilin, 2014; Maeda, 
1986; Maeda et al., 2000; Matsumura and Silva et al., 2014). The size 
and the superficial properties of the nanocarriers play a crucial role in 
the passive targeting. The accumulation of the vehicles in the tumor 
interstitium due to EPR, depends on the size of open gap junctions and 
channels of the inter and transendothelial, which have been reported to 
be between 400–600 nm. Thus, nanocarriers in the range of 100–300 nm 
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are the perfect candidates to cross these pathways (Gu et al., 2007). 
The surface charge and steric stabilization are also important for their 
correct operation. For example, it has been recently shown that posi-
tively charged nanoparticles with a size rage of 50–100 nm can penetrate 
throughout the large tumors (Hu-Lieskovan et al., 2005), meaning that 
surface charge could affect cellular association and penetration in the 
tumors. In addition, steric stabilization must not be forgotten because 
it is indispensable to avoid early clearance executed by the reticule-
endothelial system (RES). PEGylation (a surface functionalization with 
polyethylene glycol (PEG)) is the main technique to improve it. It can 
increase the circulation of the drug trough circulatory system, due to its 
capacity of avoiding the clearance system (Biswas and Torchilin, 2014). 
However, despite of the efforts made to reduce clearance in passive tar-
geting; the inability to achieve the necessary concentration of drug in 
the tumor zone made it a difficult approach for drug delivery. Precisely 
because of that, active targeting drug delivery has converted into the 
center of attention in last years. Active tumor targeting is-based on the 
conjugation of drug delivery nanocarriers with molecules that can rec-
ognize and bind to specific ligand that are only present in tumor cells 
or only respond to some specific stimuli (Gu et al., 2007). This strategy 
reduces even more the toxic side effects produced by cancer drugs in 
normal tissues due to its high specific region of action. However, active 
targeting cannot be applied when metastasis phase is reached, being in 
this case the passive approach more recommendable.

3.2.1.3 Active Drug Delivery Targeting in Cancer Therapy

The diversity of available treatments for cancer and the fact that nowa-
days, there is no existence of a total cure for it, resides in the complexity 
of the process that are triggered in the organism and the capacity of the 
tumor cells to avoid drug agents. Also for this reason, there are several 
ways to treat cancer. Active drug delivery targeting has been applied by 
different strategies in cancer therapy, such as nanocarriers cross-linked 
with molecules able to bind to specific molecular markers of surface tumor 
cells: nanoparticles capable of recognizing characteristics and proteins 
overexpressed in the tumor microenvironment or stimuli-response 
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nanocarriers (Biswas and Torchilin, 2014; Fleige and Quadir, 2012; Ganta 
et al., 2008; Gu et al., 2007; Silva et al., 2014). The main problem that 
active targeting has to face up is the correct selection of very specific 
molecular markers of tumor cells. A correct strategy for this is the active 
targeting-based on the microenvironment created by tumor cells, as in pas-
sive approach. In this way, nanocarriers can bind to receptors of the endo-
thelial cells or extracellular matrix that are exposed in the closeness of the 
tumor zone creating this characteristic “microenvironment.” As it was 
exposed before, tumors can expand to the rest of the body through a phe-
nomenon known as angiogenesis, consisting in the formation of new blood 
vessel thereon preexisting ones. For this reason, preventing the recruit-
ment of blood vessel can cause the tumor cell death and therefore the 
inhibition of metastasis process (Biswas and Torchilin, 2014; Gu et al., 
2007). The main targets present on the tumor endothelial cells are vascular 
 endothelial growth factor (VEGF), αvβ3 integrin, vascular cell adhesion 
 molecules (VCAM) and matrix metalloproteases (MMPs) (Biswas and 
Torchilin, 2014). All these receptors are overexpressed in tumor cells, 
lending to them their particular “immortality.” For example, VEGF is the 
key mediator of angiogenesis and is up-regulated by oncogene expression, 
different growth factors and hypoxia. VEGF binds to two VEGF receptors 
(1 and 2 receptors) and the up-regulation of these receptors in endothelial 
tumor cells result in a larger interaction of VEGF with its receptors, which 
enhances angiogenesis (Carmeliet, 2005). Drug delivery targeting against 
VEGF can decrease angiogenesis at two levels: targeting VEGF to inhibit 
ligand binding to VEGF receptors and targeting the receptors to decrease 
the binding of VEFG (Biswas and Torchilin, 2014; Carmeliet, 2005). 
Another typical process that is triggered by tumor cells in angiogenesis 
process is the inflammation promoted by VCAM which is also overex-
pressed. They are immunoglobulin-like transmembrane glycoproteins 
whose molecular signaling has not been found in normal human endothe-
lium, so their targeting allows modifying the behavior of endothelial tumor 
cells (Biswas and Torchilin, 2014). Migration of endothelial cells can be 
also inhibited by using integrins as targets. Integrins are endothelial sur-
face receptors for various extracellular matrix proteins with a specific 
amino acid sequence (arginine-glycine-aspartic acid) (Biswas and 
Torchilin, 2014; Gosk et al., 2008). αvβ3 integrin is overexpressed in some 
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tumors and their inhibition by using active targeted nanocarriers leads to 
apoptosis and regression of metastatic tumor, being a very effective ther-
apy in more advanced cancers (Gosk et al., 2008; Hood et al., 2002). 
Finally, MMPs can be also targeted for the same purposes than the 
other ones. They are zinc-dependent endopeptidases which are involved in 
angiogenesis, tumor invasion and metastasis. For example, membrane 
type 1 MMP (MT1-MMP) plays an essential role in the formation of new 
blood vessels by the recruitment of cell components and the degradation 
of extracellular matrix (Kondo et al., 2004). On the other hand, internal 
surface receptors or protein markers from tumor cells can be also suitable 
targets because of their generally overexpression in contrast to normal 
cells. In this approach, the nanocarrier confined with the drug has to cross 
vessels and interstitial spaces until the tumor cells, being possible the par-
tial loss of the drug or its clearance, and therefore a lost in the effective-
ness can take place (Biswas and Torchilin, 2014; Gu et al., 2007). 
Nowadays, several molecules are used for the specific surface functional-
ization, as for example: transferrin receptors, folate receptors, the epider-
mal growth factor receptor (EGFR), different monoclonal antibodies and 
aptamer targeting molecules. Transferrins, for example, are serum glyco-
proteins involved in iron homeostasis and cell growth regulation, which 
are overexpressed until 100-fold higher in tumor cells than in normal ones 
(Biswas and Torchilin, 2014). Folate receptors have been wider used in 
ovarian cancer therapy. Folic acid is a vitamin that plays a crucial role 
in the synthesis of nucleotide bases and their receptors are overexpressed 
in many tumors, especially in ovarian cancer (Biswas and Torchilin, 2014; 
Gu et al., 2007). The last performed study-based on folate receptors 
consisted in a folate conjugated ternary polymer for the dual delivery of 
drug and siRNA. Various attempts have been also developed with folate-
polymer coated liposomes, which were loaded with doxorubicin (the most 
used drug in cancer therapy) and the results were well promising, increas-
ing the up taking and the effectiveness of the drug (Biswas and Torchilin, 
2014; Gu et al., 2007; Watanabe et al., 2012). The epidermal growth factor 
receptor has been also used as target for the same reason as the others: its 
overexpression and its role in cell proliferation of the tumors, angiogene-
sis and metastasis (Biswas and Torchilin, 2014). In this case, monoclonal 
antibody against this receptor has been used to surface functionalization of 
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nanocarriers, as for example liposomes grafted with the Fab’ portion of 
anti-HER2, a human epidermal receptor up-regulated in breast cancer 
(Park et al., 2002). Since the beginning of drug delivery and nanotechnol-
ogy science, monoclonal antibodies (mAb) have been widely used for tar-
geting molecules. This is clearly shown in the fact that the main drugs, 
which are already approved for clinical used, are-based on them. In the last 
years, many studies have been focused on the improvements of these tar-
gets, by using human mAb or adaptations from them that can reduce 
immunological response during their application. As a result, several drugs 
have been obtained like rituximab (Rituxan®), trastuzumab (Herceptin®), 
cetuximab (Erbitux®), and bevacizumab (Avastin®). However, in most 
cases symptoms and evolution of cancer are different in each patient, 
being necessary a particular treatment in each kind of tumor even in each 
person depending on their age, gender or metabolism. In order to improve 
this therapy, mAb has been conjugated with chemotherapeutic agents to 
increase the response in several patients. Nevertheless, although this last 
approach has overcome some downsides of mAb (like drug loading capac-
ity and early excretion) there are still many challenges and limitations. For 
example, monoclonal antibodies require many engineering efforts at 
molecular level, which is expensive and complex. In addition, they can 
increase the size of the nanocarrier depending on the number of mAb 
grafted (Gu et al., 2007). Aptamer targeting molecules are a novel class of 
molecule which present several advantages over antibodies. They are 
DNA or RNA oligonucleotides that can interact with different ligands and 
fold by intramolecular interaction into unique confirmations. The main 
advantage over mAb is its simple method of synthesis, denominated 
systemic evolution of ligands by exponential enrichment (SELEX) which 
is easy to scale up. The synthetized aptamers are small and present low 
inmunotoxicity. They also are expected to present better tumor penetration 
and distribution than mAb and many of them are already being studied in 
preclinical trials (Biswas and Torchilin, 2014; Cho et al., 2008; Gu et al., 
2007). The last drug delivery approach for cancer therapy that will be 
exposed in this chapter is-based on stimuli-response. In this case, the 
nanocarrier plays an active role in the drug delivery, being able to respond 
to a specific stimulus that will trigger the release of the active compound. 
The main advantage of this approach is the capacity of control, temporary 
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and spatially, the release of the drug. In addition, the stimuli are specific 
for each disease, which present different biochemical characteristics 
(overexpressed enzymes and proteins, pH, temperature, redox potential, 
etc.) (Ganta et al., 2008; Fleige and Quadir, 2012). The intracellular and 
extracellular pH is really affected in cancer disease. In solid tumors, the 
pH is considerable more acidic (6.5) than in blood (7.4). Consequently, the 
use of nanocarriers functionalized with ionizable groups that respond to 
pH gradients found in cell pathways has been proposed as good vehicles 
for the transport of the drug at the specific zone of action. In addition, 
Glutathione (GSH) levels are also higher in tumor cells until 100–1000 fold 
which makes the intracellular space strongly reductive. This concentration 
gradient has been also used as a stimulus to the release of the drug in tumor 
cells by using disulfide cross-linked nanocarriers (Ganta et al., 2008; 
Fleige and Quadir, 2012). External stimuli are also another approach for 
drug delivery. In this case, magnetic field, ultrasound, light and heat have 
been used to guide nanocarriers to certain zone of application. Magnetic 
fields have been applied in targeted delivery of iron oxide nanoparticles in 
order to accumulate the loaded drug in the tumor cells. Recently, ultra-
sounds are the center of attention because of the uniform distribution that 
can be achieved with local sonication after the injection of targeted encap-
sulated drugs. The temperature is another variable that can be exploited by 
using hyperthermic stimuli in the tumor area, keeping the drug encapsu-
lated in the nanocarrier until the application of the temperature, thus pre-
venting the contact with the health tissues (Ganta et al., 2008; Fleige 
and Quadir, 2012). Photo-responsive nanocarriers are-based on the cleav-
age of a linker by light irradiation of a certain wavelength from outside the 
body. In this method, the main downside is the necessity that the patient 
stay in darkness during a period in order to limit the release of the drug to 
a particular time and space (Ganta et al., 2008; Fleige and Quadir, 2012).

3.2.1.4 Drug Delivery Systems Used in Cancer Therapy

The drug delivery systems used in cancer therapy are able to carry their 
loaded active drugs to cancer cells by using the EPR effect, the tumor micro-
environment and the overexpressed receptors in tumor cells. Nanocarriers 
can be synthetized using multiple materials such as polymers, lipids, 
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viruses and organometallic compounds (Cho et al., 2008). The structures 
of polymeric-based-nanocarriers are assorted. Depending on the method of 
preparation it can be distinguished: structure of capsule (polymeric nanopar-
ticles), amphiphilic core/shell (polymeric micelles) or hyperbranched mac-
romolecules (dendrimers). Besides, lipid-based-nanocarriers (liposomes) 
have been widely used over the years as drug containers and drug delivery 
systems because of its easy method of preparation (Cho et al., 2008). On 
the other hand, metallic nanoparticles have been used in medicine since 
XVI century, due to its high biocompatibility and low toxicity. The versatil-
ity of the method of synthesis permits to control many different properties 
like size, shape, structure, composition, assembly, encapsulation and tun-
able optical properties. Thanks to this, unique nanoparticles for a specific 
tumor can be obtained (Silva et al., 2014). Moreover, these nanoparticles 
can be functionalized with a wider range of ligands that make them even 
more specific for active targeting (Biswas and Torchilin, 2014; Gu et al., 
2007; Sanna et al., 2014; Silva et al., 2014).

Gold NPs are de most interesting metallic nanoparticles. This is due to 
their tunable optical properties that can be controlled and modulated for 
the treatment and also for the diagnosis of this disease (Cho et al., 2008). 
Gold nanoparticles have multiple applications in cancer therapy, not only 
for drug delivery but also in photothermal therapy and radiotherapy, whose 
clinical trials are being developed. Concerning drug delivery, the main 
reasons why gold nanoparticles have been selected as good candidates 
have been already exposed: biocompatibility, low toxicity and versatility. 
However, these advantages could turn into disadvantages if the method 
of synthesis is not enough controlled and the nanoparticle does not present 
the appropriated characteristic to avoid immunologic response and renal 
clearance. The main toxic problems could derive from size, shape, sur-
face charge and chemistry. It is known that Gold NP with smaller size in 
the range of biomolecules can evade cellular barriers achieving its medi-
cal function. However, if the nanoparticle presents a bigger size (in range 
of 10 nm more), the effectiveness of the therapy may be considerably 
reduced and not affect the tumor cells. In addition, surface modification 
can activate oxidative stress pathways and cause damage in DNA, as it has 
been shown in some studies. This toxicity can be partially reduced with 
PEGlycation of gold NPs (Brigger et al., 2002; Cobley et al., 2011; Knop 
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et al., 2010). Despite of these toxicity problems, gold NPs are generally 
considered as safe systems for therapeutic use, being necessary a case-
by-case study for each application in cancer therapy due to the specific-
ity of the disease (Cho et al., 2008). Over the last years, several viruses 
and bacteriophages have been developed for biomedical and nanotechnol-
ogy applications, which include tissue targeting and drug delivery using 
the capsid surface to bind multiple ligands or antibodies. Besides, some 
natural viruses as canine parvovirus present the affinity for receptors (e.g., 
transferrins, as it will be exposed above (Biswas and Torchilin, P. 2014; 
Silva et al., 2014) that are up-regulated on tumor cells (Cho et al., 2008). 
Other nanoparticles used in cancer therapy are the carbon nanotubes. They 
induced some toxicity due to its insolubility characteristics, but its func-
tionalization with chemical agents has solved practically this problem and 
now they can be bind to several bioactive molecules. This advanced has 
supposed a fundamental advantage in the treatment of cancer and some 
drugs bound to carbon nanotubes are currently being studied in clinical 
trials (Cho et al., 2008).

3.2.1.5 Nanocarriers in Clinical Development for Cancer Therapy

Nowadays, there are several examples of nanocarriers designed for 
drug delivery which have already been approved for their used, while 
many of them are still in preclinical phases. Amongst all the bioactive 
compounds used to load these nanoparticulars, Doxorubicin has been 
widely used in passive and active drug delivery systems. In fact, the first 
encapsulated liposome, known as Doxil, approved by US Food and Drug 
Administration (FDA) in 1995 for clinical used contained Doxorubicin 
(Biswas and Torchilin et al., 2014; Sanna et al., 2014; Silva et al., 
2014). Doxil has been used to treat many cancers, loaded in a variety of 
nanocarriers.

Paclitaxel is another bioactive compound which has been incorpo-
rated to different nanocarriers. Abraxane is an albumin-based nanosystem 
loaded with Paclitaxel that also was approved for clinical used in 2005. 
This nanocarrier has shown to be very effective in metastatic breast cancer 
(Biswas and Torchilin, 2014; Sanna et al., 2014).
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3.2.2 DRUG DELIVERY FOCUS ON ALZHEIMER DISEASE

3.2.2.1 Why Is Important Drug Delivery for Alzheimer?

Alzheimer is, with Parkinson, one of the two most common neurode-
generative diseases that nowadays affect millions of people over the 
world. The symptoms of the disease are characterized by the progres-
sive loss of memory, abilities and skills in patients, combined with other 
neurological alterations that are developed with the advanced of the 
disease like violent behaviors, depression, or delirium (Banks, 2012; 
John et al., 2015; Yan et al., 2014). Although, the origin of Alzheimer 
disease (AD) is still unknown, it is though that the 70% of the cases 
have a genetic base. In addition, several risk factors can contribute to 
its apparition, such as obesity, diabetes mellitus, hypertension, renal 
disease, smoking, traumatic brain injury or depression (Banks, 2012; 
John et al., 2015). The accumulation of extracellular amyloid plaques 
that are composed of unusually folded amyloid beta (Aβ) peptides and 
tau proteins is the main hallmark of AD that leads to neurodegenera-
tion. Aβ peptides are a part of one larger precursor protein that is pro-
duced by neurons, astrocytes and other glial cells (especially under 
stress) and penetrates trough membrane of the neurons, being a crucial 
growth factor for them. Different proteins, enzymes and transporters 
participate in the production of Aβ, thus they can play a crucial role in 
the treatment of AD (Banks, 2012; John et al., 2015; Yan et al., 2014). 
The most daunting challenge that Alzheimer therapy has to confront 
is to cross the blood-brain barrier (BBB), which confers to the cen-
tral nervous system (CNS) an immune-privileged space (Banks, 2012; 
John et al., 2015; Yan et al., 2014). The BBB is not only a physical 
barrier that control the molecules and elements that cross to the CNS, 
but also it can play a role of communication, nutrition and homeosta-
sis. It is composed of different receptors and transporter proteins that 
can change its answer depending on the requests of the brain. For this 
reason, the BBB has to be understood as a regulatory interface (Banks, 
2012). At this point, drug delivery therapy in Alzheimer disease has to 
overcome the BBB in order to reach a suitable concentration of drug 
into the CNS.
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3.2.2.2 Drug Delivery Strategies in Alzheimer Disease

Several approaches have been developed in order to deal with AD. 
The significance of BBB in neurological diseases, converts itself into 
a therapeutic target trough to different strategies: (i) its disruption and 
(ii) the targeting against the several transporter elements and proteins 
present therein. The inhibition of Aβ could be also a good approach for 
Alzheimer treatment (Banks, 2012; John et al., 2015; Mourtas et al., 2014; 
Sarvaiya et al., 2015; Timbie et al., 2015; Yan et al., 2014). On the other 
hand, genetic therapy cannot be forgotten due to the inevitable genetic con-
tribution of the disease (Banks, 2012; Sarvaiya et al., 2015; Timbie et al., 
2015). Finally, the use of novel materials as carbon nanotubes and gra-
phene has been also suggested for drug delivery in Alzheimer treatment. 
In addition, they have also shown a very good response in neuroregenera-
tion due to their excellent physical properties and their ability to interface 
with neurons and neuronal circuits (John et al., 2015).

3.2.2.2.1 BBB Strategies to Deliver Drugs to the Brain

The main downside of intravenous Alzheimer drugs is the side effects that 
can produce to periphery organs due to its low absorption in the CNS. 
For this reason, other ways of administration, as for example intranasal 
route, have been developed in the last years. Intranasal administration is a 
noninvasive technique that can avoid side effects, but it is limited by the 
poor absorption across the nasal epithelium, which reduces its effective-
ness and localization of the drugs (Banks, 2012; Sarvaiya et al., 2015). 
The dysfunction of BBB has been suggested as a good strategy to improve 
the drug delivery to the CNS. However, it has to be carefully controlled 
due to the neurotoxicity of many external substances that would enter to 
the brain (Banks, 2012; Timbie et al., 2015). The latest approach for the 
controlled disruption of BBB is-based in focused ultrasound (FUS). FUS 
therapy is applied in combination with contrast agent microbubbles that 
can be loaded with different drugs and targeted to specific zones of the 
brain. The ultrasound is applied trough the tissue causing the local disrup-
tion of the BBB. This approach presents some advantages as the possibil-
ity to be performed on awaken patients being not necessary the general 
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anesthetic and a real-time monitoring of the treatment (Timbie et al., 2015). 
Although BBB disruption approach seems to be effective, in chronic dis-
ease as Alzheimer, the current methods are not worth due to its high cost/
benefit ratio (Banks, 2012). On the other hand, targeting approach against 
elements present in the BBB is an alternative that has resulted in one of 
the only two drugs approved for Alzheimer treatment, Donezepil, which is 
able to cross the BBB by an organic cation transporter for choline (Banks, 
2012; Kang et al., 2005; Kim et al., 2010). The main advantage of this 
strategy is the very specific localization of transporters and proteins, which 
permit to target drugs to specific zones of the brain (Banks, 2012). Surface 
functionalized nanocarriers, like antibodies, liposomes or biodegradable 
polymeric nanoparticles (chitosan or PLGA), act as “Trojan horse,” cross-
ing the BBB through endocytosis or saturated transporters, and delivering 
drugs in the desired zone of the brain (Sarvaiya et al., 2015).

3.2.2.2.2 Inhibition of Aβ

Regarding to the inhibition of Aβ, the main proposed target has been the 
β secretase, referred to as β-site amyloid precursor protein (APP) cleaving 
enzyme 1 (BACE1), which initiates the Aβ production. BACE1 is a key 
therapeutic target for Alzheimer treatment and several BACE1 inhibitors 
have entered in clinical trials (Yan et al., 2014). The inhibition can be car-
ried out by gene suppression or with targeted nanocarriers, as for example 
antibodies used as therapeutic agents. In addition, another proposal is that 
antibodies recruit Aβ in the circulation (Banks, 2012; DeMattos et al., 
2002), preventing its accumulation in the blood and crossing to the CNS.

3.2.2.2.3 Gene Delivery

As it was exposed below, the genetic character of Alzheimer disease has 
led to a gene treatment delivery that has been focus on the mutations 
related to Aβ production. More than 200 autosomal dominant muta-
tions have been identified in APP and all these mutations increase the 
production of Aβ, and therefore, its accumulation as amyloid plaques 
(Yan et al., 2014).
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Chitosan and other biodegradable polymeric nanocarriers have been 
proposed as good candidates for SiRNA (small interfering RNA) gene 
therapy for AD by using strands with 20–25 base pairlenght. It consists in 
the suppression of disease-linked genes (BACE1, APP, PS1 (presenilin 1), 
PS2) which are overexpressed due to mutations in DNA or epigenetic 
modifications as methylation (Sarvaiya et al., 2015).

3.2.3 DRUG DELIVERY FOCUSED ON DIABETES

Diabetes Mellitus (DM) is one of the most common metabolic disorders 
in the world. According to recent estimation, 382 million people world-
wide have diabetes and this number is expected to rise to 592 million by 
2035 (Guariguata et al., 2014). DM is a chronic disease characterized 
by decreased glucose tolerance due to a relative deficiency of the human 
body to produce insulin (INS) or a lack of sensitivity to the endog-
enous hormone (Reynolds and Hunt, 1981). INS is a 51-amino-acid 
protein secreted by the β-cells of the islets of Langerhans in the pan-
creas. This hormone regulates blood glucose levels by the stimulation 
of the glucose uptake from the systemic circulation (Dabelea, 2009) and 
the suppression of hepatic gluconeogenesis. If the disease is untreated, 
insufficient INS or decreased INS sensitivity results in hyperglycemia 
and long-term exposure of tissues to elevated ambient glucose concen-
trations is associated with the development of complications, includ-
ing retinopathy, kidney and coronary heart disease, nerve degeneration, 
nephropathy and increased susceptibility to infection (Nathan, 1993; 
Sarwar et al., 2010; Wan et al., 2015). In contrast, INS overtreatment 
causes hypoglycaemia, which could lead to seizures, unconsciousness 
or death (Schulman et al., 2014).

The two most common forms of the disease are Insulin Dependent 
Diabetes Mellitus (or Type 1 diabetes) and Noninsulin Dependent Diabetes 
Mellitus (or Type 2 diabetes).

Type 1 diabetes accounts 10% of the patients (Dabelea, 2009) and 
results from cellular mediated autoimmune destruction of the pancreatic 
cells and subsequent hypoinsulinaemia and hyperglycaemia (Lieberman 
and Dilorenzo, 2003). The disease can affect people of all ages but usually 
occurs in children or young adults because the rate of β-cells destruction 
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has a faster deterioration in young people than in adults (Diagnosis and 
Classification of Diabetes Mellitus, 2010). Type 2 diabetes accounts for 
90–95% of all diabetes. These patients develop INS resistance, that is, their 
response to INS produced by β-cells is diminished, which leads to hyper-
glycaemia (Donath and Shoelson, 2011). Major metabolic syndromes like 
obesity, INS resistance, and dyslipidaemia have led to an epidemic of type 
2 diabetes (Moller, 2001). Type 2 is the most common form of diabetes 
and is the fourth leading cause of death in developed countries (Mckinlay 
and Marceau, 2000).

3.2.3.1 Current Treatment and Its Disadvantages

The control of glucose level in blood is essential for long-term outcomes 
for DM patients (Pickup, 2012). The goal of management for the disease 
is the maintenance of these levels within healthy ranges (70–140 mg/dl) 
(Standards of Medical Care in Diabetes, 2013). The therapeutics for 
type 1 diabetes include INS injections (long-acting insulin to provide a 
basal level of INS and bolus injections of fast-acting INS at mealtimes) 
(Berenson et al., 2011; Tamborlane et al., 2008) to compensate for b-cell 
defects, dipeptidyl peptidase-4 (DPP-4) inhibition by Sitagliptin, and 
increased islet survival (Kim et al., 2008, 2009) and islet cell regenera-
tion through islet neogenesis associated protein (INGAP) peptide therapy 
(Rafaeloff et al., 1997).

Initial recommendation for treating type 2 diabetes focuses on delaying 
disease progression through exercise and regulation of meals (Standards 
of Medical Care in Diabetes, 2013). Besides, treatment for type 2 diabetes 
includes oral hypoglycemic drugs, such as: sulfonylureas and repaglinide, 
that enhance INS secretion from the b-cells; troglitazone, that promotes the 
use of glucose by cells; metformin, that induces INS mechanism in liver 
tissue; and miglitol and acarbose that enact delayed carbohydrate absorp-
tion from food intake (Buse et al., 1999). However, in some cases other 
macromolecular diabetic such as Glucagon-like peptide (GLP) analogs like 
Exenatide and Liraglutide (Buse et al., 2009) must be injected subcutane-
ously due to the harsh environment of the gastrointestinal tract. The other 
major medications strategies constitutes combinational therapy of INS with 
sulfonylureas which reduced the daily requirement of INS (Riddle, 1996), 
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INS and metformin combination therapy (Golay, 1995), and troglitazone-
INS in combination to reduce INS requirement (Buse et al., 1998).

The drugs used for the treatment of DM poses limitations in the sense 
that they produce significant patient annoyance such as weight gain due 
to INS therapy (Golay, 1995); daily self-injecting INS and the frequent 
self-monitoring of blood glucose by finger sticks, which is unpleasant for 
patients and implies pain; water retention that can lead to edema;, etc. 
On the other hand and despite the different therapies and combinations 
available, it remains difficult to maintain ideal glucose levels in the vast 
majority of patients (Pickup, 2012). It is estimated that almost 50% of 
patients do not achieve their target glucose blood levels throughout the day 
(Resnick et al., 2006), because INS is injected into the subcutaneous space 
and not into the portal blood where INS is secreted from the pancreas and 
lack of patient compliance (American Diabetes Association: Standards of 
Medical Care in Diabetes, 2014). Besides, several hypoglycemic agents 
are reported to have adverse effects, including lactic acidosis, diarrhea and 
vomit (Type 2 Diabetes and Metformin, 2014).

To provide clinical improvements, scientists are working in enable 
alternative routes of INS administration (Owens, 2002), optimize INS 
pharmacokinetics (Berenson et al., 2011) and develop new therapeutic 
entities (Mehanna, 2013).

3.2.3.2 Nanotechnology and Insulin Delivery

One of the aims of nanomedicine applied to DM is to minimize the 
 frequency of injections by the use of long-acting nanoparticulate formula-
tions of antidiabetic drugs (Peng et al., 2012).

3.2.3.2.1 Oral Insulin Delivery

The oral route is the most preferred form of chronic drug administration. 
However, physical and biochemical barriers of the gastrointestinal tract 
decrease its effectiveness (Diab et al., 2012).

The application of nanotechnologies in drug delivery is expected to 
achieve that drugs arrive intact to the target site, to improve drug water 
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solubility, to increase the intestinal permeability of drugs and to improve 
treatment adherence by reducing dosing frequency (Diab et al., 2012). 
Focusing on this aim, different types of delivery systems and functional 
excipients have been explored.

3.2.3.2.2 Gold Nanoparticles

Gold nanoparticles (AuNPs) have been widely studied as INS delivery 
system. The surface of AuNPs can be modified in order to attach thera-
peutics onto AuNPs (Lee et al., 2011). AuNPs can be synthesized by vari-
ous methods to achieve the desired size, shape, and surface functionality 
(Yeh et al., 2012). This way, production of nanoparticles can be achieved 
through chemical, physical, and biological methods.

In the chemical synthesis, many reducing and stabilizing agents such 
as hydrogen tetrachloroaurate (HAuCl4) and citrate (Turkevich et al., 
1951) have been proposed to create AuNPs. In this sense, chondroitin 
sulfate (CS), a biocompatible polymer, has been tested to study the effec-
tiveness, stability and toxicity of CS-capped AuNPs for the oral delivery 
of INS. CS-capped AuNPs were prepared for INS delivery by dissolving 
CS in distilled water (DW) and mixing with HAuCl4·3H2O also solubi-
lized in DW. To get AuNPs dispersion, this mixture was heated at 80°C 
for 5 h and cooled to room temperature and, then, INS dissolved in PBS 
was added into the AuNPs dispersion to prepare the AuNPs/INS disper-
sion and incubated. This way, INS was embedded in the AuNPs struc-
ture, resulting in a device of 120 nm of diameter that had maintained 
stability during tested period and negligible cytotoxicity. A higher effi-
cacy of the CS-AuNPs/INS in delivering INS after oral administration 
was observed in diabetic rats when comparing to INS solution-treated 
control group, so is expected that developed CS-capped AuNPs can be 
used as efficient oral delivery systems of INS (Cho et al., 2014).

On the other hand, biological methods for nanoparticle synthesis using 
plants have also been suggested as possible ecological alternatives to 
chemical and physical methods (Daisy et al., 2012).

In this sense, gold nanoparticles synthesized from the extracts 
of Cassia fistula have been evaluated (Lee et al., 2011) as the stem 
barks of hexane extracts from this plant possess hypoglycemic and 
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hypocholesterolemic effects (Nirmala et al., 2008). The extract was 
obtained in distilled water at 60°C for 15 min and filtered (Daisy et al., 
2012). Gold nanoparticles were previously bioreduced to HAuCl4-
chloroaurate using an ultraviolet-visible spectrophotometer to moni-
tor the process and a Fourier transform infrared spectroscopy was 
performed to check if functional groups were present in the sample. 
Aqueous HAuCl4 was added to double distilled water containing the 
bark powder of the plant to perform the phytochemical mediated syn-
thesis of the gold nanoparticles. The color change into ruby red indi-
cated the formation of green gold nanoparticles and these NPs were 
characterized using a scanning electron microscopy (Daisy et al., 2012). 
The NPs biosynthetized from C. fistula were tested on experimental rats 
in which diabetes had been induced by Streptozotocin. Administration 
was performed via gastric intubation. Animals treated with Gold NPs 
for 30 days achieved an average of 168.47 mg/dL blood sugar levels. 
Although the glucose-lowering function of the experimental treatment 
was no as effective as that of INS, it reduced serum blood glucose 
concentrations, induced favorable changes in body weight, improved 
transaminase activity, achieved reversed renal, indicating that phyto-
chemically synthesized gold nanoparticles are effective hypoglycaemic 
agents in the treatment of diabetes mellitus and in its associated compli-
cations (Daisy et al., 2012).

3.2.3.2.3 Polymeric Nanoparticles

On the other hand, solid lipid nanoparticles (SLNs) have resulted suc-
cessful in enhacing the absorption of some antidiabetic drugs, such as 
berberine (Xue et al., 2013) and INS (Zhang et al., 2012). These SLNs 
can be modified with lipid materials such as glycerol tripalmitate:soybean 
phospholipids (Xue et al., 2013) or stearic acid–octaarginine (Zhang et al., 
2012) in order to protect drugs from enzymes and therefore these devices 
can be used as carriers for oral administration of therapeutics. These poly-
meric NPs were effective in lowering the blood glucose level in animal 
models and improved the bioavailability of the entrapped drug (Xue et al., 
2013; Zhang et al., 2012)
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In recent years, poly(lactide-coglycolide) (PLGA) NPs have also 
widely explored. The encapsulation of insulin in folate-(FA) coupled 
polyethylene glycol (PEG)ylated polylactide-coglycolide (PLGA) 
nanoparticles (FA-PEG-PLGA NPs) enhances its the oral absorption and 
hypoglycaemic activity. A double-emulsion solvent evaporation method 
resulted in NPs of 260 nm size that presented an encapsulation efficiency 
of 87.0 ± 1.92%. The study in diabetic rats demonstrated that Insulin 
NPs maintained a continual blood glucose level for 24 h, with a two-
fold increase in the oral bioavailability as compared to subcutaneously 
administered standard insulin solution, all this suggesting that the once-
daily administration would be sufficient to control diabetes, at least 24 h 
(Jain et al., 2012).

3.2.3.2.4 Micelles

Additionally, a novel formulation of pancreatic polypeptide (PP) in steri-
cally stabilized phospholipid micelles (SSM) has demonstrated significant 
antidiabetic activity in a rodent model of pancreatogenic diabetes. This 
is a potentially fatal disease that occur secondary to pancreatic disorders. 
PP has significant antidiabetic efficacy but its therapeutic application is 
limited due to its short plasma half-life (Banerjee et al., 2013). In this 
study, empty micelles were prepared by dispersing 1,2-Distearoyl-sn-
glycero-3-phosphatidylethanolamine-N [methoxy (polyethyleneglycol), 
2000] sodium salt in PBS and allowing it to equilibrate for 1 h in the 
dark at 25°C. Afterwards, a solution of PP in PBS was added to these 
preformed micelles and the resulting dispersion became equilibrated in 
the dark for 2 h at 25°C to form PP-SSM. The intravenous administration 
of PP-SSM in rodent with PD revealed that this therapeutic significantly 
improved glucose tolerance, INS sensitivity and hepatic glycogen content 
compared to free peptide in buffer. Therefore, this study demonstrates the 
importance of micellar nanocarriers in protecting enzyme-labile peptides 
in vivo and delivering them to target site to enhance their therapeutic effi-
cacy. This novel antidiabetic nanomedicine also showed the same signifi-
cant decrease in blood glucose levels than that of metmorfin and even 
better than the decrease observed with INS therapy. Besides, PP-SSM 
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was as effective as metformin in restoring INS sensitivity to normal levels 
(Banerjee et al., 2013).

3.2.3.2.5 Liposomes

Finally, liposomes have shown promising potential in oral INS delivery 
because of their facilitated absorption and their ability to protect the drug 
they carry from the harsh gastrointestinal (GI) environment. Although 
conventional phospholipid/cholesterol liposomes can be damaged by gas-
tric acid or GI enzymes, these vesicles can be modified to elongate their 
GI survival. In this sense, the incorporation of bile salts to the liposome 
(Niu et al., 2011) coating the liposomes with polymers (Wu et al., 2004) 
and the design of multilayered carriers (Katayama et al., 2003) are some 
of the methods that have been assayed to improve oral bioavailability of 
these NPs. Biotinylation by incorporating biotin-conjugated 1,2-distear-
oyl-sn-glycero-3-phosphatidyl ethanolamine (DSPE) into the liposome 
membranes and preparation of INS-loaded biotinylated liposomes (BLPs) 
by using a reversed-phase evaporation method resulted in a particle size 
of ~150 nm that kept relatively high INS payload and stability (Zhang 
et al., 2014). This device demonstrated a significant hypoglycemic effect 
in diabetic rats and presented a bioavailability that was approximately 
double when comparing to that of conventional liposomes. This fact may 
be due to the facilitated absorption of the BLPs through receptor-mediated 
endocytosis, as biotin is a vitamin and there are many vitamins receptors 
expressed in the membranes of enterocytes (Hamman et al., 2007). The 
BLPs remained in a stable state after administration when in vitro surviv-
ability was tested in a simulated digestive media, indicating that the inser-
tion of biotin-DSPE increased the strength of the liposome bilayer. Finally, 
this studied confirmed that the hypoglycemic profiles correlated well with 
the blood INS profiles, confirming the absorption of INS in its active form. 
The mild efficacy of the BLPs lasted for a prolonged time period, which 
was superior to subcutaneous INS administration (Zhang et al., 2014).

However, and despite the studies performed to show the potential ben-
efits of all these formulations, no oral insulin formulation is commercially 
available nowadays, and there have been very few clinical trial reports 
with human data (Matteucci et al., 2015).
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3.2.3.2.6 Nasal Administration

Nanocomplexes (NCs) comprising polysaccharides such as chitosan (CS) 
and alginate (ALG) can be used as mucosal drug-delivery device as they 
provide nontoxic, organic solvent-free, homogenous NCs with efficient 
limited release of entrapped drugs (Agnihotri et al., 2004). The inhala-
tion route has the advantage of rapid absorption of the drug due to the 
large surface area and the proximity of the air and blood compartments. 
However, there are several factors to take into account when using this via 
because the efficiency of delivery for an inhaled drug depends on aerody-
namic particle size (to avoid being cleared by alveolar macrophages), the 
fraction of dose delivered from the device, the fraction deposited in the 
alveolar region, the ventilatory parameters and the bioavailable fraction 
that is absorbed (Mastrandrea, 2010; McElroy et al., 2013).

In the search of intranasally drug delivery devices, the ability of insuli-
notropic repaglinide (REP) loaded onto chitosan/alginate NCs for control-
ling blood glucose level has been tested on diabetic rats (Elmowafy et al., 
2014). In this study, spray-dried REP-loaded NCs in dry microparticles 
were prepared: NCs were made by the ionic gelation of CS with ALG; 
optimum size and entrapment efficiency (EE) REP-loaded CS/ALG NC 
dispersions were selected and mixed with Leucine and then spray-dried. 
These formulations were well tolerated according to the cytotoxicity 
and histopathological analysis and the antihyperglycemic activity of the 
nasally administered device was significantly sustained over 24 h, sug-
gesting NC mucosal uptake. Indeed, these dry powders achieved better 
glycemic control compared with the conventional oral tablets, suggesting 
the usefulness of this controlled delivery system in the management of 
diabetes (Elmowafy et al., 2014).

3.3 CONCLUSION AND FUTURE EXPECTATIONS

The administration and drug formulations have been revolutionized with 
the development of nanotechnologies. Nanomedicine promises to solve 
the problems of drug delivery to specific cells and facilitate the move-
ment of such drugs through different barriers in the body (e.g., the blood-
brain). The challenge consists on characterizing the drug delivery systems 
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to ensure that the therapeutic molecules they carry reach specific sites to 
act on the selected organ or cell exclusively.

Infectious diseases are one of the major goals of modern medicine. 
Nanoparticles have also been developed to create vaccines in the form of 
simple nasal drops. Thus, nasal administration vaccines could be used in 
poor or rural areas where there is a lack of healthcare personnel to admin-
istrate the injectable forms. In this sense, scientists are working on a vac-
cine against TB in aerosol (Stylianou et al., 2014) and a skin patch against 
West Nile virus and Chikungunya virus (Prow et al., 2010).

Several efforts have also been made in the improvement of traditional 
materials used in medicine such as prosthesis, catheters or sutures. Among 
all medical devices, sutures are one of the most used due to their crucial 
role in surgery for wounds closure. Because of the complexity of post-
surgery treatments, the application of drug delivery technology in sutures 
has been proposed recently (Catanzano et al., 2014; Lee et al., 2013; 
Obermeier et al., 2014; Serrano et al., 2015). Traditionally, the treatment, 
which consisted of a combination of antiinflammatory, pain relief and 
antibacterial drugs, have been administered via oral or injected (Lee et al., 
2013). However, thanks to the implementation of drug delivery sutures, 
the complexity and highly expense (due to long hospitalizations of the 
patients would be reduced (Obermeier et al., 2014). The first commercial-
ized drug delivery suture was a Polyglactin 910 one with triclosan-based on 
the capacity of this to inhibit the bacteria attachment. In addition, US FDA 
approved it in 2002, obtaining therefore an antimicrobial suture available 
for clinical use (Lee et al., 2013; Obermeier et al., 2014). Nevertheless, 
the increasing amount of bacteria that have developed resistance against 
triclosan and antibiotics during the last years, has led to a wider use of 
antiseptic with an amply spectrum of action (Obermeier et al., 2014). In 
addition, drug delivery sutures have been developed with well-known 
antiinflammatory or pain relief drugs, like Diclofenac or ibuprofen in 
combination with  biopolymers such as PLGA, resulting in useful advices 
with a dual function: closing the surgery wound and providing sustained 
localized delivery of these drugs (Catanzano et al., 2014; Lee et al., 2013).

For the moment, medicine will have to wait until a real application on 
nano-robots (nanobots). These molecular machines are expected to travel 
through the bloodstream and to have the ability to act on the DNA to repair 
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it (essential for the cure of genetic diseases), modify proteins or even 
destroy whole cells, in the case of tumors. However, some experts have 
dared to explore the field of nanobots. This is the case of Robert Freitas, 
a researcher at the Institute for Molecular Manufacturing in California, 
who has created a kind of artificial red blood cell named respirocyte. This 
spherical robot mimics natural hemoglobin found inside the erythrocytes, 
but with the ability to release upto 236 times more oxygen per unit of 
volume than that of a natural red blood cell. The respirocytes will incorpo-
rate chemical and pressure sensors so they will be able to receive acoustic 
signals from the doctor, who will use ultrasound transmitter apparatus to 
give orders to modify the behavior of the nanobot while it is inside the 
patient’s body.
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ABSTRACT

This chapter provides an overview of the drug delivery systems, DDS, based 
on natural and/or synthetic polymers as carriers for the active substances, 
proteins or cells. The polymers used in the DDS must possess properties that 
make them suitable for interaction with the human organism. The modified 
rate or the place of the active substances release can be achieved by addition 
of excipients and/or by special technological procedures. The matrix systems 
represent the dispersion of active ingredients in an inert matrix and they can 
be manufactured in the form of tablets, nanoparticles and microparticles. The 
DDS based on biodegradable natural polymers (proteins and polysaccharides) 
and synthetic polymers [poly(lactic acid), poly(D,L-lactide-coglycolide) 
and poly(ɛ-caprolactone)] have been studied. The DDS based on synthetic 
non-biodegradable  polymers [poly(methylmethacrylate), poly(2-hydroxy-
ethyl methacrylate), poly(acrylic acid), poly(N- isopropylacrylamide), 
poly(acrylamide) and poloxamer] were also considered.

4.1 INTRODUCTION

Systems for the delivery of drugs (DDS – drug delivery system) are 
defined as formulations or carriers that allow loading of therapeutic agent 
into the body, improve its efficiency and safety by controlling the rate, 
time and/or place of release in the body. DDS include the administra-
tion of a therapeutic agent; release the active ingredients (drug) from it 
and the transport of active substances through biological membranes for 
the treatment of diseases to the site of action. The pharmacokinetic and 
pharmacodynamic properties of the drug, toxicity, immunogenicity, bio-
recognition ability and thus increase efficiency are modified by using 
DDS systems.

In order to reduce the drug degradation, to prevent the side effects and 
increase bioavailability, different systems for the targeted drugs delivery, 
such as hydrogels, polymers, microparticles, microcapsules, lipoproteins, 
liposomes, nanoparticles, micelles and dendrimers were examined (Shaik 
et al., 2012). The pharmaceutical technology aims a development of pro-
cess for active ingredients incorporation in drug dosage forms, which is 
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acceptable for the application and allows the active ingredient to release 
following application in accordance with the aims of therapy (Milić and 
Petrović, 2003).

4.1.1 THE PHARMACEUTICAL FORMS OF MODIFIED 
RELEASE OF THE ACTIVE SUBSTANCE

The pharmaceutical forms with modified release were the drug dosage 
forms that are prepared with the addition of special auxiliary substances 
(excipients) and/or special technological procedures, where rate or place 
of active substance release from the drug dosage forms is modified 
(Milić and Petrović, 2003). The modified release formulations have been 
designed to achieve one of following criteria’s:

• reduction of drug fluctuations in the plasma, 
• a decrease in frequently giving and better acceptability for the 

patient, 
• improving the pharmacological activity of drug.

Based on mechanism of drug release, they are divided on:

• preparations in which the control mechanism is the dissolution 
(encapsulated and matrix systems) and

• preparations in which the control mechanism is the diffusion 
( membrane-reservoir and matrix systems with dispersed drug).

Based on the release rate of active substances, preparations with 
 modified release were divided into (Milić and Petrović, 2003):

• preparations with the rapid release of the active ingredient (fast action);
• preparations with slow/controlled release of active ingredient (with 

delayed and/or extended action, depot-preparations, retard prepa-
rations, preparations with prolonged action), which can be further 
divided into the preparations with:

• a time-controlled release of active ingredients, 
• with active substance release kinetics at approximately zero order, 
• two- or multiphase release of the active ingredient (extended 

release tablets which possess an initial rapid release, and extended 
release tablet exhibiting a fast final release).
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4.1.1.1  The Influence of Different Factors on the Release Rate 
of the Active Ingredient

Factors that affect the release rate of active ingredients are related to the 
structure, chemical and physical characteristics of the matrix and the active 
substance. In most formulations, drug release is controlled by diffusion, 
but also factors such as the polymer molecular weights, type of polymer, 
the crystallinity and method of drug incorporation also significantly influ-
ence release of drugs (Freiberg and Zhu, 2004). One of the objectives to be 
achieved by advanced pharmaceutical forms is drug release at a constant 
rate. The release of active substance from the modern pharmaceutical form 
is mainly composed of two processes:

• an initial release of the active substance from the carrier surface;
• release of the active substance at a constant rate which is depen-

dent on diffusion or the biodegradation of the matrix (Ghaderi et al., 
1996; Mogi et al., 2000).

In some formulations relatively constant release of the active ingredi-
ent after the initial release is achieved. In certain formulations, the release 
follows zero order kinetics with no significant effects of the initial release 
of the active ingredient. In many modern pharmaceutical forms are rep-
resented considerably more complex release of the active ingredient, 
depending on the desired application (Berkland et al., 2002; Kakish et al., 
2002; Makino et al., 2000; Narayani and Rao, 1996; Yang et al., 2000).

4.1.2 THE MATRIX SYSTEMS FOR THE DELIVERY OF ACTIVE 
INGREDIENT

The matrix systems represent a dispersion of the active ingredient in an 
inert matrix, obtained by various techniques, and can be prepared in the 
forms of tablets, microparticles and others (Milić and Petrović, 2003). The 
homogeneous matrix system is a dispersion of an active ingredient and 
matrix in which it is the physically or chemically bonded. The heteroge-
neous matrix system constitutes an active ingredient and a matrix which 
does not have a high degree of microhomogeneity, and may also contain 
additives (fillers, plasticizers, etc.) in order to increase the porosity.
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DDS can be obtained from natural or synthetic polymers, which can be 
biodegradable or non-biodegradable, and they are designed for the release 
of pharmacologically active substances, proteins, or cells. The polymers 
used in the drug delivery systems have possess the properties that make 
them suitable for interaction with the human organism. The properties of 
synthetic polymers can be adjusted in the synthesis process, changing the 
composition or manufacture method. Biodegradable polymers are espe-
cially interesting for use in DDS, because when they used, do not require 
removal from the body or any additional intervention, due to their degra-
dation on non-toxic components. Their degradation products or metabo-
lites are the usual products which can be easily metabolized and excreted 
from the body (Coelho et al., 2010). Another possible method of mak-
ing DDS with satisfactory characteristic is the combination of natural and 
synthetic polymers. The ultimate goal is to obtain a polymeric material 
which exhibits the best properties of natural polymers (biodegradability 
and compatibility) and synthetic polymers (mechanical characteristics). 
The production technologies of modern pharmaceutical forms are highly 
specialized and provide modified release of the active ingredient, which 
significantly contributes to the quality and safety of the therapy (Rizkalla 
et al., 2006). DDS may maintain therapeutic effect over an extended period 
of time, reducing side effects (Orive et al., 2005) and providing a higher 
efficiency of the active ingredient (Steffens et al., 2002). The applied dose 
of the active ingredient passes through more physiological barrier before it 
reaches the place of action. Unstable drugs, usually peptides, proteins and 
enzymes, may lose their activity under the influence of environmental fac-
tors in the body (Brannon-Peppas, 1997). Polymeric carriers can protect 
the active ingredient from degradation on its path to the target site (Gander 
et al., 1996). Traditional systems for the drug delivery were characterized 
by short time effects, which requires frequently drug taking and resulting 
in large fluctuations of drug concentrations in plasma (Dong et al., 2005).

4.1.2.1 Advanced Systems for the Delivery of Drugs

Design and development of modern drug delivery system are the main 
goal of the research in pharmacy, which are mostly focused on advanced 
and intelligent systems for the drug transfer compared to the simple 
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conventional drug formulations. The main specificity of intelligent 
polymers are their extreme response to minor changes in environmen-
tal conditions, such as temperature, pH, UV radiation, magnetic fields 
and/or light intensity. These external stimuli cause changes in the struc-
tural characteristics of intelligent polymers, which possess significant 
potential for different types of applications in the biotechnology and 
biomedicine.

Hydrogels are polymeric materials that contain a large number of 
hydrophobic groups that are able to absorb large quantities of water in 
their three-dimensional network, wherein its structure remains intact. In 
the swollen state, hydrogels are soft and rubbery, show good biocom-
patibility, thermal and mechanical stability, allowing a wide application 
in chemistry, medicine and pharmacy (Chen et al., 2013). Hydrogels 
resemble living tissue more than any other type of synthetic biomaterials. 
The high water content and soft consistency of the hydrogel in the swol-
len state reduces irritation and friction with the surrounding tissue and the 
like living tissue, allowing the diffusion of metabolism products. The pH-
sensitive hydrogels are mostly used for controlled drug release. Cationic 
gels achieve maximum swelling capacity in acidic media, which allows 
the drug release in the stomach. Anionic hydrogels achieve maximum 
swelling capacity in neutral and weakly alkaline media and release drugs 
in the intestines. The hydrogels may be used as a solid form in which they 
are synthesized (contact lenses, cylinders, plates), compressed powders, 
microparticles (bioadhesive wound treatment), coating (for implants and 
catheters), membranes (for transdermal administration) and fluid (which 
pass into gel at the place of application).

Nanogels enabling the controlled release of active ingredients due to 
the slow degradation, biocompatibility, ability to respond to external stim-
uli and the ability for target drug delivery. Nanogels possess properties of 
gels and colloids, so in recent times are very actual. The structure of these 
systems in their complexity could greatly mimic the structure of living 
cells, where different parts of the nanoparticles interact with each other, 
exchanging matter, receive energy, perform mechanical work, changing 
the physical and mechanical properties, and all this in response to a specific 
external stimulus. These particles are composed from a hybrid structure of 
the polymer-particles type, that possess core-layer structure (Figure 4.1). 
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The core may be made of metal, metal oxides, nonmetal oxides, salts, 
polymers, liquid or gas (hollow structure). The coating is a polymer whose 
surface characteristics may be modified in different ways, so that it can 
respond to the external stimuli. The drug molecules can be bonded to 
the particle surface, or encapsulated within the core. Surface modifica-
tion, synthesis and selection of nanoparticles are dependent on the drug 
nature, release period and its stability (Hans and Lowman, 2002). The 
organism recognizes hydrophobic substances as foreign objects, absorbs 
them and eliminates via phagocytic system. If it is necessary to the drug 
long-term release, the hydrophobic surface may be modified in order to 
prevent phagocytosis and the drug became “invisible” to the immune sys-
tem due to created steric barrier (Storm et al., 1995). The particles can be 
 modified with hydrophilic coating of poly(ethylene glycol),  polysorbates, 
or poly(vinylpyrrolidone) (Torchilin and Trubetskoy, 1995).

By modifying the surface of certain polymers is also possible to 
achieve localized drug effect due to increased drug concentrations in cer-
tain tissues (Shenoy and Amiji, 2005) or allow the passage of drug through 
the blood-brain barrier (Borchard et al., 1994). Specific strategy for sur-
faces modification is the ligand binding to the nanoparticles surface that 
enables the recognition of the receptor on the specific cell surface. For this 
purpose, lectins which are involved in many aspects of cellular recogni-
tion and adhesion on the cells surface were the most examined (Rodrigues 

FIGURE 4.1 The modification of the particle surface with hydrophilic segments.
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et al., 2003). In contact with polymeric nanoparticles, it enables efficient 
transport through the intestinal mucosa.

The behavior of polymeric or hybrid nanoparticles as drug carri-
ers includes receiving external signals (physical or chemical), chemical 
reaction or the material properties change and transfer of those changes, 
resulting in the drug release at the target site. Receiving a chemical and 
biochemical signals is based on physical or chemical interactions between 
the polymer and signaling factors (Yurke et al., 2005).

The chemical structure of polymer is changing in interaction with envi-
ronment, which is followed by changes in conformation, phase transitions, 
changes in the optical, magnetic and surface properties of the polymer. 
Compared with other materials, polymeric materials exhibit the ability 
to modify various DDS properties, such as biodegradability, biocom-
patibility, reproducibility, chemical, topological and dimensional stabil-
ity. Lately, a large number of DDS in the form of microspheres, films, 
 tablets or implants, based on appropriate polymer properties are actual. 
All  polymers used for drug delivery are classified according to:

• chemical nature (polyesters, polyanhydrides, polyamino acids);
• stability of the backbone chain (biodegradable and non-

biodegradable); and
• solubility in the water (hydrophobic and hydrophilic).

The efficiency of the drug encapsulation within a given complex 
polymeric systems is one of the most important requirements for poly-
meric DDS. In addition the chemical encapsulation, which takes place 
by complex mechanisms of the polymer crosslinking, also, the physical 
encapsulation of the drug is very important. Frequently, the physical drug 
encapsulation is more attractive than the chemical. The drug distribution 
within the body is another very important parameter for polymeric DDS. 
It depends on the value of critical micelle concentration (CMC), surface 
charge and the target site of drug delivery. The small size of micelles and 
low CMC enable high stability of micelles and increase the time of cir-
culation, which leads to the accumulation of micelles at the target site 
and controlled drug release. The surface charge is an important factor 
for the micelle biodistribution. The presence of a poly(ethylene glycol) 
in the micelle coating increases the time of drug half-life in the plasma 
and reduces its interaction with blood components. A large number of 
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companies concerned with the development of multiple technologies car-
rier in order to prolong the lives of patients are achieving a competitive 
advantage and increasing participation of their products on the market 
(Milić and Petrović, 2003). A lot of the clinical drugs have been success-
fully encapsulated whereby the bioavailability, the efficiency and the con-
trolled release have been increased (Budhian et al., 2005; Cheng et al., 
2008; Gomez-Gaete et al., 2007). Nanodrugs for diseases such as tumors 
of different etiology (Mu and Feng, 2003), AIDS (Coester et al., 2000), 
diabetes (Damge et al., 2007), malaria (Date et al., 2007), prion diseases 
(Calvo et al., 2001), tuberculosis (Ahmad et al., 2006) are in various stages 
of testing, wherein some of them are commercialized (Kim and Lee, 2001). 
An overview of some commercial products of drugs with polymer carriers 
is presented in the Table 4.1.

4.2 DRUG DELIVERY SYSTEMS BASED ON BIODEGRADABLE 
POLYMERS

Polymer degradation represent the process of decomposing a polymer 
into smaller fragments, which results in a change of its characteristics, 
such as molecular weight, color, shape and resistance to stretching. These 
changes occur during processing, storage and use of polymer under the 
influence of temperature (thermodegradation), light (photolysis), water 
(hydrolysis) and enzymes (biodegradation). Polymer degradation depends 
on its characteristics (chemical composition, structure, molecular weight 
and morphology), the processing procedure, sterilization, the environmen-
tal conditions (pH, ionic strength, temperature, light) and the degradation 
method (Shaik et al., 2012).

Biodegradable polymers are often used as matrices for active sub-
stances, primarily due to their low toxicity. They also provide con-
trolled release of the drug at the site of action during a certain period 
of time. Drug nanoencapsulation increases the efficiency and toler-
ance to the drug and represents better alternative to conventional drugs 
(Fassas et al., 2003; Kreutera et al., 1997; Raghuvanshi et al., 2002; 
Safra et al., 2000; Schroeder et al., 1998). Important properties of poly-
meric nanoparticles as drug carriers are particle size and particle size 
distribution, surface morphology, charge and adhesion, surface erosion, 
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diffusion, encapsulation efficiency, stability, drug release kinetics and 
hemodynamics (Feng, 2004). In order to meet increasing number of 
requests and achieve better therapeutic efficiency of the drugs, signifi-
cant efforts in developing new and improving existing biodegradable 
polymers are invested (Ristić et al., 2011, 2013a). Biodegradable poly-
mers used in medicine and pharmacy should be  biocompatible and their 
degradation products should be nontoxic.

Ideal biodegradable polymer for use in medicine and pharmacy should 
have the following properties:

• does not cause inflammation/toxic reaction, 
• can be easily sterilized, 
• after completes its action, it should be degraded by appropriate 

 metabolic pathway and eliminated from the organism (Ristić, 2011).

In this chapter, DDS based on proteins (collagen, gelatin and albumin) 
and polysaccharides (chitosan, dextran and alginate) as natural polymers, as 
well as DDS based on polyester (poly(lactic acid), PLA, poly(D,L-lactide-
coglicolide), PLGA, and poly(ε-caprolactone), PCL, as synthetic polymers, 
were studied.

4.2.1 DRUG DELIVERY SYSTEMS BASED ON NATURAL POLYMERS

4.2.1.1 Proteins

Proteins are high molecular weight compounds composed of amino acids 
linked by peptide bonds. As the main structural components of the human 
organism proteins are suitable for DDS development and collagen, gelatin 
and albumin are commonly used.

Collagen is the most abundant protein in the human organism as a 
major component of skin, bone and cartilage. This natural polymer is non-
toxic, biodegradable and poorly immunogenic. The collagen microspheres 
are studied as carriers for glucocorticoids (hydrocortisone). For delivery 
of high molecular weight drugs, collagen is used in the form of pellets. 
It has been shown that the release profile of such drugs from the collagen 
carriers is two-step process which depends on the molecular weight of the 
drug and the size of pellet. The collagen matrices were used for sustained 
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release of growth factors (Coelho et al., 2010). Prabhakaran et al. (2009) 
shown that collagen matrix could be used for realizing of hydroxyapatite. 
The collagen matrix degrades over time, while hydroxyapatite fills the 
remaining space without changing the characteristics and morphology of 
injured tissue, compared to healthy tissue.

Gelatin is a polyampholyte which contains cationic and anionic groups, 
in addition to hydrophilic groups. It is obtained by partial hydrolysis of 
collagen and in aqueous solutions below 35°C, gelatin undergoes a sol-
gel transformation. Due to its high water solubility and poor mechanical 
properties, cross-linking of gelatin is preferred. It is known that swelling, 
mechanical and thermal properties depend on cross-linking degree of gelatin 
(Oppenhiem, 1981). Gelatin is widely used in the food industry and medicine 
because it is nonimmunogenic, nontoxic, biodegradable, bioactive, biocom-
patible and low cost. It is suitable for the preparation of nano formulation 
of various drugs for cancer, HIV infection and malaria treatment. It provides 
various benefits, such as modified release, localized effects of the drug and 
prevention of adverse drug effects (Lu et al., 2004). Cross-linked gelatin 
microspheres are used for delivery of colchicine in the cancer treatment. 
Gelatin microspheres loaded with doxorubicin, 5-fluorouracil, bleomycin 
and mytomicin C are also prepared (Wallace et al., 2000). The cross-linked 
hydrogels containing gelatine (as natural polymer) and synthetic polymers 
can be used for target drug delivery and, alternatively, as implants.

Albumin is the most abundant protein in human plasma, with molec-
ular weight of about 66 000 gmol–1. It is hydrosoluble, biodegradable, 
nontoxic and nonimmunogenic, which makes it suitable for pharmaceuti-
cal use. Albumin microspheres are suitable carriers for anticancer drugs, 
because albumin is a source of nitrogen and energy for cancer cells after 
taking it over by endocytosis and decomposing in lysosomes. In this way, 
the anticancer drug can be delivered in the targeted cancer cells, which 
reduces drug systematic toxicity (Coelho et al., 2010).

4.2.1.2 Polysaccharides

Polysaccharides are high molecular weight compounds composed of 
repeated monosaccharide units. They contain hydroxyl groups, which can 
react directly with carboxylic groups of active substances and form an 
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ester. The ester linkage can be easily hydrolyzed and release active sub-
stance at the site of action. The presence of reactive lateral groups allows 
modification of polysaccharides structure increasing their possible appli-
cations. In DDS development, chitosan, alginate and dextran are widely 
used polysaccharides (Vilar et al., 2012).

Chitosan is a modified natural polysaccharide obtained by partial 
N-deacetylation of chitin, which is found naturally in the shell of crusta-
ceans. It is insoluble in water and organic solvents, but it can be dissolved 
in acidic mediums. Biodegradability, low toxicity and good biocompatibil-
ity make chitosan suitable for pharmaceutical applications (Coelho et al., 
2010). Chitosan is a suitable carrier for glycyrrhizin because, in the system 
with PEG and tripolyphosphate anions as surface modifiers, it optimizes the 
process of drug release in human organism (Wu, 2005). Also, it is possible 
to successfully encapsulate insulin and cyclosporin A in chitosan matrix, 
whose selectivity is significantly changed and allows direct  localized effect 
of the drug in target tissues (De Campos et al., 2001; Sarmento et al., 2007). 
Microspheres and nanoparticles of chitosan are widely used as drug car-
riers (Tiyaboonchai, 2003) for proteins, anticancer and ophthalmic drugs, 
as well as carriers for genes in gene therapy (Coelho et al., 2010).

Alginic acid is a cationic polysaccharide extracted from brown 
algae. It is a block copolymer composed of two uronic acid units: β-D-
mannuronic acid and α-L-glucuronic acid, with molecular weight higher 
than 500,000 gmol–1. It is usually used in the form of sodium salt (Coelho 
et al., 2010). Sodium alginate readily forms gel in contact with divalent 
cations (Ca2+) at room temperature. In addition, alginic gel is biocom-
patible and nonimmunogenic, but cannot be degraded by the mammals’ 
enzymes (Coelho et al., 2010). Hydrogels of sodium alginate can be used 
for sustained localized release of low molecular weight drugs and macro-
molecules. The release of active substance can be adjusted by the cova-
lent cross-linking of alginate. In the case of alginate microspheres loaded 
with growth factors, the problem of immediate release is solved by cross- 
linking of alginate with ethylenediamine (Coelho et al., 2010).

Dextran is a polysaccharide composed of D-glucopyranose units 
linked by α-1,6-glycosidic bond. The side branches can be linked by 
α-1,2-, α-1,3- and α-1,4-glycosidic bonds. Dextran is a suitable material 
for application in biomedicine due to its biodegradability, biocompatibility, 
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nonimmunogenicity and nonantigenicity. It is used as a carrier for delivery 
of proteins, lipophilic drugs, genes, as well as for preparation of self-nano-
emulsifying systems for delivery of ibuprofen and naproxen. These sys-
tems are stable over a wide pH range (4–11) and enable sustained release 
of hydrophobic drugs (Coelho et al., 2010).

4.2.2 DRUG DELIVERY SYSTEMS BASED ON SYNTHETIC 
POLYMERS

4.2.2.1 Poly(lactic acid)

Lactide is the common name for a cyclic ester of lactic acid, which occurs 
in the form of two optically active and one optically nonactive stereoiso-
mer (Figure 4.2a and 4.2b).

Thus, three different lactides can be formed: L(-)-lactide (S,S), D(+)-
lactide (R,R) and optically inactive meso-lactide (R,S). A racemic mix-
ture of L- and D-lactide is generally known as D,L-lactide. For polymer 
synthesis, L- and D,L-lactide are used (Figure 4.2c). Poly(lactic acid) 
and poly(lactide) are mainly referred by name formed of prefix poly and 
the name of monomer from which they derived. Thus, poly(lactic acid) 
is a polymer obtained from lactic acid and poly(lactide) is obtained 
from lactide. Sometimes, poly(lactide) is referred as poly(lactic acid), 
because both forms have the same constitutional repeated units, 
H-[OCH(CH3)CO]n-OH. These polymers are biodegradable (aliphatic 

FIGURE 4.2 (a) R-configuration, (b) S-configuration of lactic acid, (c) configurations of 
L,D-lactide and meso-lactide.

a) 

rae-lac tide 

b) 
c) 
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polyester base is particularly sensitive to hydrolysis under the water 
and heat influence) and biocompatible, because their hydrolysis in 
physiological mediums gives lactic acid, nontoxic component, which 
can be eliminated from the body through the Krebs cycle as H2O and 
CO2 (Amecke et al., 1995). Lactic acid can be obtained by fermentation 
from renewable sources, such as corn, sugar, whey and potato starch 
(Mobley, 1994). The lactide monomer can be obtained by fermenta-
tion of carbohydrates using microorganisms, such as species of the 
Lactobacillus genus. A number of studies has confirmed that synthe-
sis of poly(lactide) catalyzed by specific enzymes (Reeve et al., 1994), 
such as protease K, is possible.

Polymers synthesized from lactic acid have found numerous appli-
cations in medicine as fixators for fractures, surgical suture, implants, 
 systems for controlled release of drugs (Gilding and Reed, 1979; Leenslag 
et al., 1987) and in tissue engineering (Lunt, 1998).

For the application as drug carrier, poly(lactide) should be defined 
molecular weight. Thus, catalyst, which can reduce the polymer chain 
length, and small molecular weight compounds, that can significantly 
change the properties of PLA, are used in poly(lactide) synthesis (Ristić 
et al., 2013b). Pyridine, in the form of 4-(dimethylamino) pyridine 
(DMAP), is used as a catalyst for the regulation of poly(D,L-lactide) 
chains lengths. The high molecular weight poly(lactide) depolymer-
ize with primary alcohols at 38°C in the solution and at 185°C in the 
mass. Poly(lactide) with desired molecular weight can be obtained by 
transesterification.

The traditional method of poly(lactide) synthesis performs by ring-
opening polymerization, using Sn(II) 2-ethylhexanoate as initiator. This 
process takes over 30 h at 120°C and required high vacuum. The appli-
cation of microwaves in the PLA synthesis, by the same polymerization 
mechanism and using the same initiator, significantly reduces the time of 
polymerization (30 min at 100°C) with evident energy saving (Nikolić 
et al., 2007; 2010). The effects of the polymerization duration and the 
monomer/initiator mole ratio on the average molecular weight of poly-
mer and the polydispersity index have examined. It has been shown that 
average molecular weight and the polydispersity index increase with 
delay of reaction time and increasing of monomer/initiator mole ratio. 
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Microspheres of PLA synthesized by microwave heating are prepared and 
used as carriers for controlled release of allicin and its transforments, ajo-
ene and viniyldithiine (Ilić et al., 2012). The release of allicin transfor-
ments from PLA microspheres was examined in simulated conditions of 
digestive tract (pH = 3 and pH = 8). It has been shown that the release is 
more efficient in the acidic environment.

Oridonin is a diterpenoid compound used in the treatment of esopha-
gus and liver cancers. The therapeutic use of this drug is limited by the low 
water solubility and low therapeutic index. By oridonin incorporation into 
the PLA nanoparticles, prolonged drug retention in the blood and drug accu-
mulation in target tissues after intravenous administration, were achieved 
(Xing et al., 2007). Modification of the properties of PLA nanoparticles, 
with hydrophilic PEG, enables longer drug retention in the circulation and 
thus, sustained action. The release of progesterone from PLA-PEG-PLA 
nanoparticles depends on the PEG content, the PEG molecular weight and 
the total molecular weight of the  copolymer (Matsumoto et al., 1999).

Poly(L-lactide) (PLLA) can be used as a substitute for collagen 
fibers in the bone matrix. It has been shown that hydroxyapatite (HAp) as 
biomaterial could be applied in reparation of bone defects. HAp/PLLA 
bicomposite was tested as an artificial substitute for bone matrix. 
It  provides adequate microenvironment for the development and activity 
of bone marrow cells and hematopoiesis (Vasiljević et al., 2009).

4.2.2.2 Poly(D,L-lactide-coglycolide)

Poly(D,L-lactide-coglycolide) is one of the most commonly used  polymers 
for nanodrug development. By hydrolysis of PLGA, lactic and glycolic 
acid are produced. They are nontoxic, biodegradable and can be included 
in metabolic processes. Therefore, PLGA is one of the most important 
 biodegradable polymers for the preparation of system for controlled 
release of drugs. PLGA nanoparticles can be prepared by methods such 
as emulsification-diffusion, evaporation-extraction, interfacial polymer 
deposition and nanoprecipitation (Sah and Sah, 2015).

Microspheres and nanoparticles of PLGA have been used in the con-
trolled delivery of proteins, vaccines, genes, antigens and growth factors. 
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They are also suitable for encapsulation of anticancer drugs (Coelho 
et al., 2010), as cisplatin and carboplatin. Cisplatin is an anticancer drug, 
extremely toxic to healthy cells (Moreno et al., 2010). Encapsulation of 
cisplatin in PLGA significantly improves drug selectivity and enhanced 
the effect towards tumor cells which increases efficiency and reduces side 
effects of the drug. PLGA microspheres loaded with carboplatin meet the 
requirements set for intracerebral implementation and can be used in ani-
mal studies (Chen et al., 1997). PLGA nanoparticles are suitable for encap-
sulation of estradiol, which is used for the relief of menopausal symptoms, 
as a part of a replacement therapy. Estradiol is well absorbed after oral 
administration, but it has poor bioavailability due to first-pass metabolism 
through the liver. Encapsulation with PLGA can increase oral bioavailabil-
ity of estradiol, reduce dosage frequency, minimize the dose-dependent 
side effects and increase patient compliance (Mittal et al., 2007).

4.2.2.3 Poly(ε-caprolactone)

Poly(ε-caprolactone) is a semicrystalline polymer with low melting point 
(55–60°C) and glass transition temperature around −60°C. PCL is decom-
posed by hydrolysis of the ester bond under physiological conditions, 
without producing acid products. PCL alone or in combination with other 
polymers can be used for encapsulation of various active substances, 
because it is permeable for small molecules. It is especially interesting as 
material for the long-term release of active substances, due to its slower 
degradation compared to PLA.

The insulin encapsulation in nanoparticles made of PCL and polycationic 
polymer Eudragit RS enables the preservation of the insulin activity after 
oral administration. Also, absorption of active substance is facilitated due to 
mucoadhesive action of Eudragit RS (Damge et al., 2007). Amphotericin B 
is a polyenoic antifungal agent and drug for treatment of leishmaniosis. 
Encapsulation of amphotericin B in the PCL nanospheres can reduce drug 
toxicity and enhance activity, by increasing the available drug concentration 
at the site of action (Espuelas et al., 2002). Gelatin-coated PCL formulation 
for sustained ibuprofen release shows enhanced adhesion properties and 
can be applied in wound healing (Coelho et al., 2010).
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4.3 DRUG DELIVERY SYSTEMS BASED ON NONBIODEGRADABLE 
POLYMERS

In the case of non-biodegradable matrix systems, the release of the ther-
apeutic agent is carried out by diffusion of water into the matrix and/or 
diffusion of therapeutic agent through the matrix channels. There is a 
risk that the therapeutic agent is decomposed or inactivated within non-
biodegradable matrix before releasing. This is particularly pronounced 
in the case of macromolecules and polypeptides, since these compounds 
are generally unstable in a buffer (Wallace et al., 2000). Most of the 
studies of synthetic non-biodegradable polymers in drug delivery sys-
tems are focused on  testing of poly(methylmethacrylate), PMMA; 
poly(2-hydroxyethyl methacrylate), PHEMA; poly(acrylic acid), 
PAA; poly(N-isopropylacrylamide), PNIPAM; poly(acrylamide), PAM 
and poloxamers (PEO-PPO-PEO  triblock copolymers) (Figure 4.3).

4.3.1 POLY(METHYLMETHACRYLATE)

Poly(methylmethacrylate) is a biocompatible and stable polymer. It is 
transparent, does not absorb water and can be processed by conven-
tional methods. PMMA is widely used in manufacturing of contact 

FIGURE 4.3 Chemical structure of non-biodegradable polymers: (a) 
poly(methylmethacrylate), (b) poly(N-isopropylacrylamide), (c) poly(acrylamide), (d) 
poly(acrylic acid), and (e) poloxamers.

CH3 
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lenses, artificial teeth and dentures, as well as bone cement in ortho-
pedic surgery (Anderson, 1997; Craig and Peyton, 1997; Liso et al., 
1997; Philips, 1991). The presence of residual monomers in polymers is 
important because it can affect the quality and application of polymers 
in medicine, pharmacy and dentistry. In papers (Kostić et al., 2009, 
2011), the effect of the residual methyl methacrylate (MMA) monomer 
reduction on the dental materials quality-based on PMMA was exam-
ined. The improvement of mechanical properties of dental materials 
was investigated by introducing itaconate in a polymerization of MMA 
(Spasojević et al., 2011). Džunuzović et al. (2010) were synthesized 
and characterized methyl methacrylate nanocomposites obtained by in 
situ polymerization via free radical, using titanium dioxide as inorganic 
filler. One of the most important materials is a copolymer of methyl 
methacrylate and methacrylic acid known as Eudragit® (Kakehi et al., 
2000; Porsch et al., 2000; Ristić et al., 2009). In in vivo tests in animals 
for the treatment of inflammatory bowel diseases, Eudragit® micro-
spheres with ellagic acid were used. They allow delivery and release of 
active substance in the caecum and ascending colon (Jeong et al., 2001).

The macroporous polymers are promising materials for different 
 purposes. Polymers with the open pores, may be used as adsorbents for the 
preparation of ion exchange resins or as the inert carriers for the catalytic 
particles, enzyme or microorganism cells. Numerous methods for the syn-
thesis of the low cross-linked polymeric material involving the initial pre-
polymerization process in the emulsion with high water phase content are 
described in the patent literature (Adamski et al., 1999; Barby and Haq, 
1985; Bass and Brownscombe, 1993; Beshouri, 1993; Brownscombe et al., 
1993; DesMarais et al., 1994; Edwards et al., 1988; Gregory et al., 1989; 
Haq, 1985; Mork et al., 2000; Young et al., 1994). Vinyl monomers with 
one double bond were used as the starting compounds for polymerization. 
During the polymerization, in case of monomers with two or more double 
bonds, one double bond is used for formation of main  polymer chains and 
other ones are used for crosslinking between the polymer chains. Using 
described method, insoluble cross-linked polymers can be obtained. The 
polymer swelling capacity, elasticity or solid properties depend on the 
crosslink density and the monomer structures. The final step is the rinsing 
of resulting polymer, the opening of the pores, and drying. Macroporous 
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copolymer-based on methyl methacrylate obtained by suspension copo-
lymerization with glycidyl methacrylate could be used for the selective 
sorption of the metal ions (Jovanović et al., 1994, 1999, 2000). The syn-
thesis by the sol-gel polymerization (in CO2 at supercritical conditions) is 
well-known, wherein the methyl methacrylate provides the hardness of the 
final copolymer (Cooper et al., 2000; Cooper, 2000). The possible applica-
tions of porous poly(methyl methacrylate) as implant in the cardiovascular 
surgery (MacGregor, 1986) and as enzyme carrier were described (Russell 
and Beckman, 1996).

The macroporous, cross-linked copolymer of methyl methacrylate and 
acrylamide, with a free volume of the open pores from 50 to 90%, which is 
insoluble and non-swellable in organic solvents were synthesized (Nikolić 
et al., 2002, 2004; Nikolić, 2003). Obtained macroporous copolymer of 
poly(methyl methacrylate-co-acrylamide), PMMA-AA, has a porous 
structure in the solid state, in contrast to the ordinary cross-linked copoly-
mers which become porous only after swelling in a solvent. The synthesis 
comprises the emulsion pre-polymerization and then the  copolymerization 
sol-gel process. The final cross-linking by methylol derivatives of 
melamine or glycoluril was carried out. If in the synthesis the pores remain 
closed, foamed material is obtained, which may be used as a light con-
struction material or as a good insulator. If the obtained copolymer has 
open pores, it could be used as the starting material for the preparation of 
ion exchange resins, as adsorbent, or the inert carrier of the catalyst par-
ticles, and particularly suitable for the immobilization of microorganisms 
or enzymes within the pores. The advantage of this method, compared 
to the existing methods for synthesis of porous cross-linked polymers 
with a low density, is the crosslinking between the polymer chains, which 
is carried out by chemical condensation of amido, amino, and hydroxyl 
groups at high temperatures. Cross-linked porous copolymer PMMA-AA 
was applied to immobilize Saccharomyces cerevisiae cells and then used 
for alcoholic fermentation in a bioreactor with vibrating stirrer. The results 
showed that the effect of axial mixing has a positive impact on the sub-
strate conversion degree and the product yields (Nikolić, 2003). Scanning 
electron micrographs of the cross-linked porous copolymer and the cross-
linked porous copolymers with immobilized cells of Saccharomyces cere-
visiae are shown in Figures 4.4a and 4.4b, respectively (Nikolić, 2003; 
Nikolić et al., 2004).
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In the paper of Todorovic et al. (2012) the synthesis of porous 
PMMA by suspension polymerization and the synthesis of porous 
PMMA-AA copolymer by the emulsion polymerization were carried 
out in the presence of inert compounds. The morphology of the formed 
pores in PMMA and PMMA-AA was determined by SEM microscopy 
(Figures 4.5a and 4.5b, respectively). It was observed that the copoly-
mer has a higher porosity. The content of residual monomers in PMMA 

FIGURE 4.4 (a) SEM micrograph of cross-linked porous copolymer PMMA-AA, 
magnified x 2000, bar = 10 µm, (b) SEM micrograph of cross-linked porous copolymer 
PMMA-AA with immobilized yeast Saccharomyces cerevisiae cells, magnified x 2000, 
bar = 10 µm (From Nikolić et al., J. Appl. Polym. Sci. 91, 387, 2004a. With permission 
from John Wiley.)

FIGURE 4.5 SEM micrographs of: (a) PMMA, magnification x750, bar = 10 μm, 
(b) PMMA-AA; magnification x 750 magnification, bar = 10 μm, (c) PMMA with the 
immobilized enzyme, magnification x 3500, bar = 5 μm, (d) PMMA-AA with the 
immobilized enzyme, magnification x 3500, bar = 5 μm (From Todorović et al., Advanced 
Technol. 1(2), 11, 2012. With permission from Advanced Technologies.)
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and PMMA-AA were minimized after boiling in the water. The poly-
mers were used for the immobilization of enzymes, and it is observed 
that on the PMMA surface was less immobilized α-amylase than on the 
PMMA-AA  surface. The morphologies of PMMA and PMMA-AA after 
immobilization of the enzyme α-amylase were shown in Figures 4.5c 
and 4.5d, respectively.

4.3.2 POLY(2-HYDROXYETHYL METHACRYLATE)

Poly(2-hydroxyethyl methacrylate) is a biostable polymer, which is able 
to form a hydrogel and with a broad potential application. Hydrogel-based 
on 2-hydroxyethyl methacrylate with ethylene dimethacrylate was first 
synthesized in 1956 and has been applied in ophthalmology (Wichterle 
and Lim, 1961). PHEMA hydrogels are important drug carriers in cancer 
and neurological disorders treatments (Coelho et al., 2010). Copolymers of 
hydroxyethyl methacrylate, styrene and N-isopropylacrylamide were used 
in the systems for the drug and enzymes delivery (Samra et al., 2003). 
Hydrogel-based on hydroxyethyl methacrylate and ethylene glycol was 
applied in rhinoplasty (Voldřich et al., 1975).

4.3.3 POLY(ACRYLIC ACID)

Poly(acrylic acid) is transparent, inexpensive, safe and easy to use anionic 
polymer. On the markets, there are a number of gels-based on PAA, 
which differ in molecular weight, types and degree of crosslinking of 
the polymer. For the preparation of gel 0.5–1% solution of PAA is used. 
PAA hydrogels are applied as biomaterials in the field of biosensors and 
activator (Kim et al., 2005). There is a possibility of use in dermatology 
such as adhesives (Onuki et al., 2008), drug carriers, protective surface 
equipment in dentistry, for the synthesis of materials used for soft con-
tact lenses producing (Craig and Tamburic, 1997). Carbopol® Ultrez 10 is 
easily dispersing acrylic acid polymer. Similar to the other Carbomers, 
it additionally  stabilizes the composition affecting the gel consistency. 
Anti-irritant potential and antimicrobial activity of the synthesized allicin 
and its transforments (ajoenes and vinyldithiins) incorporated in Carbopol® 
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Ultrez 10 were studied by Savic et al. (2011). The examined activities of 
incorporated agents were preserved, wherein transforments showed stron-
ger activity compared to allicin.

4.3.4 POLY(N-ISOPROPYLACRYLAMIDE)

Poly(N-isopropylacrylamide) is the temperature-sensitive polymer, which 
possess hydrophilic and hydrophobic groups. The lower critical solution 
temperature (LCST) at which PNIPAM passing through the phase transi-
tion is 32°C. At temperatures below the LCST, PNIPAM manifests hydro-
philic nature, establishing the hydrogen bonds between water molecules 
and hydrogel side groups, and gel swells. Above LCST, PNIPAM’s become 
more hydrophobic because hydrogen bonds with water molecules break up, 
the polymer chains eliminate water and polymer network collapse. For the 
hydrogel synthesis, the copolymerization with certain amount of anionic 
monomer – acrylic, methacrylic, maleic or itaconic acid, are performed, 
in order to obtain pH-sensitive hydrogels (Zhao et al., 2006). By varying 
the copolymer composition is possible to modify the LCST value to physi-
ological temperature (36–38°C), which is essential for pharmaceutical 
application and controlled drug release (Alexander et al., 2014; Andersson 
et al., 1997; Geever et al., 2006). Potential applications of poly(N-isopro-
pylacrylamide-co-2-hydroxypropyl methacrylate) hydrogels, p(NIPAM-
HPMet), as carriers for modified/controlled drug release depending on 
temperature change were investigated in vitro (Ilić-Stojanović et al., 
2011, 2012a, 2012b, 2013, 2014a, 2014b; Ilić-Stojanović, 2013; Nizam 
El-Din, 2011). Caffeine, paracetamol, ibuprofen, phenacetin, piroxicam 
and naproxen, as model drugs, were incorporated in p(NIPAM-HPMet) 
hydrogels and drug release from hydrogels were investigated by suitable 
analytical methods.

4.3.5 POLY(ACRYLAMIDE)

Poly(acrylamide) is obtained by polymerization of acrylamide which 
forms linear chains or cross-linked structures, usually by using N,N’-
methylenebisacrylamide as a crosslinker. PAM absorbs a large amount of 
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water creating a soft gel which is used for the manufacture of soft con-
tact lenses. In the linear form, PAM is used as a thickening or suspending 
agent. Over 20 years PAM hydrogels have been used extensively to cor-
rect defects and deformities of soft tissue as well as in posttraumatic facial 
reconstruction (Pinchuk et al., 1996). Many studies have shown that the 
PAM is nontoxic, without allergic, teratogenic, embryotoxic and muta-
genic effects, and it is practically non-biodegradable (McCollister et al., 
1964; Stephen, 1991). Implants made of poly(acrylamide) gels do not 
undergo the macroscopic structural changing after 18 months (Niechajev, 
2000). Products-based on poly(acrylamide) are new generation of fill-
ers for soft tissue with 2.5% of poly(acrylamide) and 97.5% water, and 
they are approved as a medical device for an esthetic facial correction and 
medical indications (de Cássia Novaes and Berg, 2003). The controlled-
release of drugs may be achieved by incorporation of drugs into the PAA 
microspheres, which are pH- and thermo-sensitive (Fang and Kawaguchi, 
2002; Kim et al., 1994, 2001).

4.3.6 POLOXAMERS

Poloxamers, PEO-PPO-PEO triblock copolymers, belong to the group 
of symmetrical, amphiphilic, nonionic, macromolecular surface active 
agents. They are built of hydrophobic polypropylene oxide (PPO) central 
part and external hydrophilic polyethylene oxide (PEO) part, with general 
molecular formula HO(C2H4O)a(C3H6O)b(C2H4O)a and the structure shown 
in Figure 4.3e (Pepić, 2005; Patel et al., 2009). All of poloxamers have a 
similar chemical structure, but different contents and molecular weight 
of hydrophilic PEO (a) and hydrophobic PPO (b) blocks. Poloxamers 
represent the auxiliary substances in the preparation of pharmaceutical 
products. In the poloxamers nomenclature exists simple rules, so the name 
(generic or trade) shows the main properties of molecular materials. After 
the generic name of poloxamer follows a three-digit number; the first two 
digits multiplied by 100 gives the approximate relative molecular weight 
of PPO part, while the third digit multiplied by 10 corresponds to the mass 
percentage of PEO in the molecule. The tradename includes the letters 
that indicate the aggregate state of the copolymer: L (liquid), P (paste), 
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F (flakes-solid) and two-digit or three-digit number in which the last digit 
indicates the average mass fraction PEO in percentages. The remain-
ing digit or first two provide an average molecular weight of the central 
part of the PPO expressed in Da after multiplication by 300. The ratio 
of hydrophilic and lipophilic units in the copolymer molecule represents 
a hydrophilic-lipophilic balance (HLB) (Pepić, 2005). PEO-PPO-PEO 
block copolymers with different number of hydrophilic and hydrophobic 
units possess different HLB value.

4.3.6.1 Micelles of Poloxamer

Due to the amphiphilic character, micelles of poloxamer possess surfactant 
properties, including the ability to interact with the hydrophobic surfaces 
and biological membranes. The micelle core consists of hydrophobic PPO 
blocks, which are separated from the aqueous medium by a shell of hydro-
philic PEO chains. Various therapeutic and diagnostic agents are incorpo-
rated in PPO core. The shell of PEO chain ensures that micelles remain in 
the dispersed state and reduces the undesirable interactions of drug with 
cells and proteins (Batrakova and Kabanov, 2008). The dissolved drugs 
can modify aggregation and micelle stability. A small amount of o-xylene 
increases the tendency of ambiphiles to form aggregates, which applies 
to the PEO-PPO-PEO triblock copolymers, while urea increases and the 
phenol decreases CMC value due to the interaction with the PEO chains 
(Jiang et al., 2001). Naproxen and indomethacin does not affecting CMC, 
but lead to a slight reduction in the micelles size and reduction of the 
aggregation number (Sharma and Bhatia, 2004). Short-chain alcohols, 
e.g., ethanol, prevent the formation of micelles in the water, while the 
hydrophobic aliphatic alcohols, such as butanol, favor the aggregation 
(Pandya et al., 1993; Armstrong et al., 1996). The temperature required for 
the beginning of the micelles formation reduces by increase of the polymer 
 concentration (Alexandridis and Hatton, 1995; Alexandridis et al., 1995).

In preparation of Pluronic P123 micelles in different HCl solutions, 
the value of the critical micellar temperature increases with acid addi-
tion (Yang et al., 2006). This is probably consequence of an increased 
interaction between the alkyl group and the protonated water molecules. 
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The maximum solubilization of amphiphilic molecules depends on the 
ability to form micelles (Dong et al., 2004). Generally, solubilization 
increases the diameter of the micelles core and reduces the CMC. Micelle 
diameter increases due to incorporation of molecules and increase the 
aggregation number. Physical and chemical micelles stabilization per-
forms to solve a problem of aggregates dissociation at low concentrations 
and inability to retain a hydrophobic drug in the core. Stability is critical 
when the derivative is more hydrophilic (Chiappetta and Sosnik, 2007). 
Several methods of stabilization the poloxamer micelles were examinated. 
Directly radically cross-linking of micelles core and reactive monomer 
(e.g., styrene) reduces the capacity of micelles due to a high-density 
core. A small concentration of vegetable oil added in diluted poloxamer 
micelle solution reduces degradation due to dilution, but does not affect 
the charging capacity. The increasing stability of PEO-PPO-PEO block 
copolymer micelles was achieved by adding a second nonionic surfactant. 
A new strategy for the micelles stabilization is achieved by cross-linking 
micelle layers, thereby increasing stability and permeability (Rodriguez-
Hernandez et al., 2005).

By incorporating hydrophobic drugs into micelles, their solubility 
increases, drug decomposition (hydrolytic, metabolic) in the pharmaceu-
tical form and/or in the body slows, sustained and/or controlled-release 
achieves, drug bioavailability and the pharmacokinetic properties 
improves. (Pepić, 2005). By incorporating 9-nitro-camptothecin lactone 
in the poloxamer micelles solubility was greater 13 times for P123, 8 times 
for F127, and 5 times for F68, with improved stability (Pepić, 2005; Saha 
et al., 2013). Solubility of ziprasidone increased 48 times in a 5% aque-
ous solution of poloxamer 188 at 25°C, compared to the pure drug. The 
dissolution rate of ziprasidone solid dispersion is higher than the pure 
drug, wherein the best ratio for preparation drug-carrier dispersion is 1:2 
(Prasanthi et al., 2011).

4.3.6.2 The Poloxamer Gels

PEO-PPO-PEO solutions with high concentration (~20 wt% of poloxamer 
407) reversibly increase the viscosity at room, or physiological tempera-
tures, compared to lower temperatures (~4°C), which is explained by 
 thermoreversible gellation. The phase transition of the micellar solution 
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in the gel is an important advantage of PEO-PPO-PEO copolymers in dif-
ferent applications. Aqueous solution of P407 with concentration greater 
than 20% has a lower phase transition temperature (<25°C) and becomes 
a gel at room temperature, which limited the drug delivery application. 
In order to develop thermosensitive gel with phase transition at higher 
temperature in the solution P407 has been incorporated poloxamer P188. 
Carbopol 940 (C940) was added to increase firmness of thermosensi-
tive P408/P188 gel. The obtained composite thermosensitive hydrogel-
based on P407, P188 and C940 is a convenient system for the transdermal 
 delivery of active substances (Chen et al., 2013).

Polymers used for drug delivery are considered to be biologically inert 
materials that protect the drug from degradation, extend drug exposure to 
the tissue and allow drug transport to the cell. However, today it is increas-
ingly evident that synthetic polymers may dramatically change the spe-
cific cellular response. Besides its ability to build micelle, Pluronic block 
copolymers exhibit the ability to modify cell responses which can lead to 
increased sensitivity of cancer cells to the drugs and increased drug trans-
port through the cell membrane (Batrakova and Kabanov, 2008). Poloxamer 
188 reduces inflammation and tissue damage after injury. It is believed 
that protective mechanism of this polymer includes a  surfactant effect on 
the oxidative stress and inflammatory responses (Hartikka et al., 2001). In 
vitro studies have demonstrated that poloxamer 407 increases the transfec-
tion efficiency of the adenovirus vectors in vascular smooth muscle cells 
(Gilbert et al., 1998). Poloxamer decomposition time in vitro after polym-
erization is 1–20 h, depending on the concentration. Poloxamer applica-
tions in vivo, in 22% cases, lead to complete occlusion, then a complete 
arteries cleavage after 10–90 min, without any complications (Block et al., 
1995). Poloxamer 407 is used for making intraperitoneal barrier for pre-
venting the formation of postsurgical adhesions in animal models. It is 
suitable for application in laparoscopic surgery due to reversible gelation 
properties at body temperature.

4.4 CONCLUSIONS

A large number of studies about biodegradable and non-biodegradable 
polymerss in drug delivery systems was considered. Design of drug deliv-
ery systems is essential for the development of modern pharmaceutical 
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matrix systems with new or existing commercial drugs. There were 
numerous attempts to include the new technological approaches of dif-
ferent polymer design into practice and to determine the efficiency of 
their application in drug delivery. Future applications of intelligent poly-
mers and matrix systems in drug delivery can provide the development of 
innovative materials and technologies which will enable to overcome the 
 disadvantages of conventional therapy. 
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ABSTRACT

The need for affordable and effective treatments for different diseases 
and disorders has been the motivation for researchers to develop and 
study novel drug delivery techniques. In this regards, nanomaterials 
have been widely used for the development of nano-based drug deliv-
ery and cancer therapy. The nano-based drug delivery systems (NDDSs) 
offer several advantages over the conventional drug delivery systems, 
such as multiple targeting functionalization, in vivo imaging, multiple 
drug delivery to drug resistant cells, extended circulation half-life, and 
controlled drug release. The use of NDDSs for biomedical applications 
constitutes a new research field called “nanomedicine” which involves 
a multistep process from the design to synthesis and in vitro exper-
iments. This paper reviews the basics of NDDSs and application of 
nanomaterials such as liposomes, dendrimers, nanoparticles and nano-
tubes in this field.

5.1 INTRODUCTION

Nanomaterials (NMs) size range is similar to viruses (20–450 nm), pro-
teins (5–50 nm), or genes (2-nm wide and 10–100 nm long). Unique 
characteristics of NMs, such as the possibility of manipulating them 
with an external magnetic field and being observable instrumentally, 
makes them attractive for various biomedical applications (Brigger 
et al., 2002; Gong et al., 2006). Moreover, NMs offer other advantages 
including possibility of attaching different kinds of biomolecules to 
them through chemical or physical bonds, which makes them suitable 
for medical purposes. Examples of NMs used in biomedical applications 
are nanoparticles (NPs), quantum dots (QDs), nanotubes, and nanostruc-
tures composed of these individuals (Huang et al., 2007; Osterfield et al., 
2008; Su et al., 2010).

The nanoscale size of NMs leads to having different physical and 
mechanical properties than that of the bulk materials. In order to take 
advantage of the unique properties that arise from the nanoscale dimen-
sions of NMs, it is important to control and manipulate their size, shape, 
and surface functional groups, and organize them into special structures 
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to create new products, devices, and technologies (Baranov et al., 2010; 
Carbone et al., 2006; Deka et al., 2009). Nanotechnology is the sci-
ence of engineering the properties of NMs for the purpose of build-
ing microscopic structures that serve to achieve specific purposes. Two 
different approaches are used to manipulate and control the properties 
of these nanostructures, “top-down” or “bottom-up.” In the “top-down” 
approach, nanostructures are made out of large sized materials through 
lithography or any other outside force that impose order on NMs, while 
in the “bottom-up” method, NMs are assembled into nano-sized struc-
tures (Kubik et al., 2005).

NMs are attractive for applications in medicine due to the role of 
nanoscale phenomena, such as enzyme action, cell cycle, cell signaling, 
and damage repair. NMs can be used to create tools for analyzing the 
nanoscale structures such as cells and tissues from the atomic and cellu-
lar levels and to synthesize biocompatible NMs for therapies, diagnostics, 
and replacements. NMs can be used to target drugs to specific proteins and 
nucleic acids associated with the disease and disorders. In addition, NMs 
are able to deliver several biomolecules to specific sites of action and, at 
the mean time, protect them from degradation, immune attack or other 
effects of the harsh environment inside the body (Cozzoli et al., 2005; 
Vo et al., 2006).

Nanomaterial-based drug delivery systems, NDDSs, offer extraordi-
nary properties that can be beneficial in cancer therapy by effectively 
delivering biologically active agents into living cells. “Nanomedicine” 
is the field of research that deals with biomedical applications of NDDSs 
through optimizing the design, synthesis, in vitro testing and initial 
administration to cross the tissue endothelium barrier and introduction 
into the interstitial space of tissues, through the cell membrane into 
organelles of cells and even through the pronuclear membrane into the 
nucleus of the cells.

Liposomes are one of the NMs used to encapsulate anticancer drugs. 
Magnetic nanoparticles (NPs) have been studied in the analyzes of 
blood, urine, and other body fluids to speed up separation and improve 
selectivity are ongoing (Aguilar et al., 2010; Mahmoudin et al., 2011; 
Milhelm and G. F.; 2008; Wagner et al., 2006). NMs have been shown to 
effectively deliver vaccine antigens with enhanced antibody and cellular 
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responses (Aguilar et al., 2012; Pusic et al., 2011; Yang et al., 2008). 
Chitosan, with size range of 40 nm to <1 µm is a novel nasal delivery 
system for vaccines and inorganic particles (Demers et al., 2000; Ueno 
et al., 2005; Yang et al., 2014). However, a disadvantage of using NMs 
in biomolecule delivery is that they are cleared from the body very rap-
idly (Cherukuri et al., 2004; Pusic et al., 2011). On the other hand, NMs 
larger than 10 nm will avoid single pass renal clearance and the presence 
of negative charge minimizes nonspecific interaction with proteins and 
cells to achieve pharmacokinetic (PK) manipulations. These NMs can be 
highly effective when readily taken up by antigen-presenting cells (Pusic 
et al., 2011).

NMs have been studied for their application as drug delivery systems, 
or as drug carriers. The advantages of using NMs for drug delivery include 
the possibility of controlling release of drug, preventing degradation of 
labile molecules such as proteins and peptides, and targeted delivery 
of drug to specific sites (Singh and Lillard, 2009). There are already 
a number of nano-enabled drugs sold in the market, that take advantage 
of small size of the particles, which leads to higher surface to volume 
ratio and provides enhanced bioavailability of poorly soluble drugs 
(Liversidge, 2011).

This chapter is focused on the application of NMs in drug delivery 
systems (DDSs), and is dedicated to reviewing some of the most recent 
studies on the nanocarriers used for treatment of cancer and other diseases/
disorders.

5.2 NANO DRUG DELIVERY SYSTEMS

NMs posses some unique properties that are advantageous in drug  delivery. 
The nano-sized particles allow for extravasation through the endothelium 
in inflammatory sites, tumors, epithelium (e.g., intestinal tract and liver), 
or penetrate micro capillaries (Singh and Lillard, 2009). Cell uptake of the 
drugs is increased by using NMs and also drug can be selectively delivered 
to specific targets (Dekker, 1999; Linhardt, 1989; Panyam et al., 2003). 
Since the smallest capillaries in the body have diameter of 5–6 µm, the 
size of particles entering the bloodstream should be significantly smaller 
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than 5 µm, and have no tendency to aggregate, to prevent embolism caused 
by the particles. Most of the studied NMs for drug delivery applications 
are in the range of 10 to 200 nm, while particles larger than 200 nm are not 
favorable for this purpose (Kreuter, 1994).

AS NMs distribute in the bloodstream, interactions take place with 
plasma proteins, cells, and other blood components as reviewed by Moghimi 
et al. (2001). Accumulation of liposomes and other NMs in the liver and 
spleen could be related to the nature of proteins that adsorb onto the surface 
of systemically administered NMs (Kamps and Scherpof, 1998).

In order to use NMs as drug carriers, the drug may be dissolved, 
entrapped, adsorbed, attached, or encapsulated into or onto them. The NMs 
can be engineered with different drug loading and release properties for any 
therapeutic agent (Barratt, 2000; Couvreur et al., 2002; Pitt et al., 1981). 
NMs have been used in various forms as drug delivery system. Examples 
are nanocapsules, where a polymer membrane entraps the drug in its cavity 
(Singh and Lillard, 2009); or nanosphere, where the drug is physically or 
chemically dispersed uniformly inside or outside the structure; liposomes, 
dendrimers, magnetic NPs and hydrogels.

Conventional drug carriers, modify the drug biodistribution profile as 
it is mainly delivered to the mononuclear phagocyte system (MPS), also 
called reticuloendothelial system (RES) in the liver, spleen, lungs, and 
bone marrow (Moghimi et al., 2001). This is while NMs used in drug 
delivery may be recognized by the host immune system and cleared by 
phagocytes from circulation (Muller et al., 1996). In addition to the size, 
hydrophobicity of the NMs is important in determining the level of blood 
components that bind on the particle surface that may lead to an immune 
response (Brigger et al., 2002). As a result, reducing the osponization is 
a deterministic factor in prolonging the circulation of NMs in the body. 
In order to achieve this purpose, coating the NPs with hydrophilic poly-
mers/surfactants or by formulating NPs with biodegradable copolymers 
with hydrophilic characteristics such as polyethylene glycol (PEG) and 
polyethylene oxide is used (Singh and Lillard, 2009). Studies have proved 
that presence of PEG on NP surfaces prevents osponization by complement 
and other serum factors, leading to reduced phagocytosis (Bhadra et al., 
2002). Another example is the super-paramagnetic iron oxide (SPIO) NPs 
coated with dextran that are used as magnetic resonance imaging (MRI) 
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contrast agents. The nanoscale size (less than 20 nm), surface crosslinking, 
and PEGylation of the SPIO NPs have been shown to prolong circulation 
times (Park et al., 2008). On the other hand, larger SPIO NPs (50–150 nm) 
that are not dextran coated are rapidly eliminated from circulation by the 
liver and spleen and serve to enhance the MR contrast in these organs 
(Park et al., 2008).

Using NMs in drug delivery systems offers advantages for thera-
peutics (Park et al., 2008). First, drugs and imaging agents delivered 
with nanocarriers distributed over smaller volumes, which leads to 
decrease associated side effects (Drummond et al., 1999). Second, the 
biodistribution of the drugs at specific target is enhanced and pharma-
cokinetics is improved, which results in increased efficacy (Au et al., 
2001; Moghimi and Szebeni, 2003). Third, the concentration of drug 
in healthy tissues and thus its  toxicity is minimized (Das et al., 2011). 
The nanocarriers have been engineered to target tumors and disease 
sites that have permeable vasculature allowing easy delivery of pay-
load. Specific targeting and reduced clearance increases the therapeutic 
index that consequently lowers the dose required for efficacy (Das et al., 
2011). Fourth, nanocarriers can be used to improve the solubility of 
hydrophobic therapeutics in aqueous medium. Fifth, nanocarriers can 
efficiently stabilize labile molecules and prevent them from degradation 
(Koo et al., 2005; Kristl et al., 2003).

Due to the unique properties of NMs, they offer promising improve-
ments in efficacy of conventional drugs through nano-therapeutic drug 
delivery. This promise is based on the ability of NMs to cross the  various 
obstacles between the administration of the drug and the site of drug deliv-
ery. These advantages make the nano drug delivery systems superior to the 
conventional ones.

5.3 FACTORS AFFECTING DRUG DELIVERY BY NANOMATERIALS

Using nanocarriers is beneficial due to increasing the bioavailability of the 
drug at the target site, reducing the frequency of drug administration, and 
reaching target sites that are inaccessible through conventional drug deliv-
ery systems. Biocompatibility is the most important factor to be considered 
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when using NMs as drug carriers. There are some other factors affecting 
the efficacy of nanocarriers such as the drug loading and releasing char-
acteristics of the NMs, their surface charge, and also size and distribution.

One of the most important factors that affect the loading mechanism 
of drug and modification procedure of NMs for targeted drug delivery is 
surface charge of NPs. Surface charge is measured in terms of the NPs’ 
zeta potential, which indicates the electrical potential of particles. Zeta 
potential depends on the composition of the NMs and the medium where 
they are dispersed (Couvreur et al., 2002). Studies have shown that NMs 
exhibiting a zeta potential above ± 30 mV are stable in suspension as the 
surface charge prevents aggregation of the particles (Singh and Lillard, 
2009). Drugs may be loaded through covalent conjugation, hydrophobic 
interaction (HI), charge–charge interaction, or encapsulation, which is 
decided upon by considering the characteristics of the drug and the tar-
geting molecules, and also surface charge of the NPs. Changes in zeta 
potential can also be used as an indicator of whether a drug is loaded on 
the NMs. Dynamic light scattering (DLS) results can be used to find out 
the average zeta potential of the NPs.

Size and size distribution of the particles determine the chemical and 
physical properties of NMs. Metal NMs are mostly synthesized in organic 
solvents and the core/shell size of particles are characterized before con-
verting them into water soluble particles (to make them biocompatible). 
Transmission electron microscopy (TEM) is mostly used to study core 
or core/shell size and size distribution. Once the NMs are converted into 
water-soluble forms through applying amphiphilic coatings, their size and 
size distribution can be studied using DLS or photon correlation spectros-
copy. The hydrodynamic size of the NMs (in water-soluble form) is larger 
than the core/shell size and is critical in determining the in vivo distribu-
tion, toxicity and targeting ability of NMs. It also affects the drug loading/
release characteristics of NMs.

Studies have proved the effect of nano scale size of NMs on increasing 
the cell uptake and mobility of the drug, which makes them superior to 
microparticles for drug delivery applications (Panyam and Labhasetwar, 
2003). Following the opening of the endothelium tight junction (TJ), 
NMs can cross the blood–brain barrier (BBB) by hyperosmotic  mannitol. 
This may provide a route for sustained delivery of therapeutic agents for 
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difficult-to-treat diseases like brain tumors (Kroll et al., 1998). Zauner 
et al. (2001) showed that majority of cells take up NMs but not larger 
 microparticles. CaCo2 cells showed uptake of 100 nm NPs at 2.5 fold 
greater than 1 µm microparticles and a 6 fold greater uptake than 10 µm 
microparticles. This proves that particle size plays an important role in the 
particle distribution in cells.

5.4 METHODS/TECHNIQUES FOR DRUG LOADING

Drug loading is the process of incorporation of drug on or in a NM. NM 
drug delivery system should possess high drug loading capacity to mini-
mize the need of repeating drug doses, minimize aggregation tendency and 
show dispersibility for efficient delivery of the drugs. Factors influencing 
the drug loading efficiency include drug solubility in the NMs, dispersion 
medium, size and composition of the NMs, drug molecular weight and sol-
ubility, drug–NM interaction, and the presence of surface functional groups 
(e.g., carboxyl, amine) on either the drugs or on the NMs (Aguilar et al., 
2010; Govender et al., 1999; Panyam et al., 2004).

PEG is used in synthesizing NMs as it does not affect the drug loading 
and interactions (Peracchia et al., 1997). Studies have shown that the ionic 
interaction between the drug and matrix materials can be used to increase 
drug-loading capacity. The loading capacity is generally expressed in 
 percent related to the NP. Iscan et al. (1999) reported 10–20% loading 
capacity for tetracaine and etomidate.

Drug loading method is determined considering the properties of the 
NM and the drug and can be pursued in several ways. Loading the drug 
on the NM surface can be done through charge–charge interaction, cova-
lent bonding, or hydrophobic interaction. Another method is by loading 
the drug inside the NM core through encapsulation during the synthesis of 
nanocarriers or by hydrophobic interactions. When drug loading is done 
through adsorption or absorption methods, it is done after NP formation; by 
incubating the NM with a concentrated drug solution (Muller et al., 2000).

Solid lipid NM loading is generally done through encapsulation method. 
Encapsulation may be done at high or low temperatures, depending on the 
drug’s temperature sensitivity and hydrophilicity. In hot homogenization 
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technique, the lipid is melted at 108°C above its melting point. Then the 
drug is added to the melt and the resulting mixture is stirred to disperse 
in a hot aqueous surfactant solution. After that, the resulting pre- emulsion 
is homogenized with a piston-gap homogenizer and finally the hot oil 
is cooled down to room temperature in water nanoemulsion until the lipid 
recrystallizes into solid lipid NPs. In the case of glycerides being com-
posed of short-chain fatty acids, e.g., Dynasan (Rejman et al., 2004) it 
might be necessary to cool the nanoemulsions to even lower temperatures 
to initiate recrystallization. On the other hand, in cold homogenization 
technique, after the mixing of the molten lipid and the drug, it is cooled 
to reach the solidification point. Following that, the lipid microparticles 
(~50 ± 100 mm) are ground and the resulting material is dispersed in a cold 
surfactant solution, which is then homogenized at or below room tempera-
ture to create solid lipid NPs. This procedure minimizes the loss of hydro-
philic drugs to the water phase. One way to minimize the loss of hydrophilic 
compounds to the aqueous phase of the solid lipid NP dispersion is using 
low-solubility liquids for the drug like oils or PEG 600, instead of water. 
As this dispersion can be converted into soft gelatin  capsules for oral drug 
delivery, this procedure is advantageous (Muller et al., 1993).

Cisplatin, an anticancer drug with side effects such as ototoxicity and 
nephrotoxicity, is an example of encapsulated drug in biomedical applica-
tions. In a study by Das et al., albumin-based cisplatin NPs were shown to 
be a sustained release carrier for cisplatin. Ultraviolet spectroscopy results 
indicated that the drug encapsulation varied from 30 to 80% for different 
ratios of cisplatin and protein. In vitro release kinetics results indicated 
that the NP-based formulation had biphasic release kinetics and was capa-
ble of sustained release compared with the free drug (80% release in 45 h) 
(Das et al., 2011).

In another study by Choi et al. (Choi et al., 2013), rattle structures 
NMs composed of a gold nanorod (AuNR) in a mesoporous silica (mSiO2) 
nanocapsule were prepared. Rattle-structured nanomaterials are hollow-
structured nanomaterials with a movable core. The mesoporous silica shell 
has advantageous properties such as low cytotoxicity, uniform size, high 
stability, easy functionalization, and high pore volumes (Slowing et al., 
2007). Doxorubicin hydrochloride (DOX) was used as a model drug 
encapsulated in the nanostructured carrier. The UV-vis absorption spectra 



142 Drug Delivery Approaches and Nanosystems: Volume 1

recorded before and after loading the DOX into the rattle- structured NM 
showed that the DOX loading efficiency reached upto 71.2% and the 
 loading content was 59.7 mg DOX per mg of the rattle-structured NM. 
TEM images of corresponding to all the steps of synthesis of rattle- 
structures NM can be seen in Figure 5.1.

Another method of drug loading is on the surface of a NP. For this 
purpose, NP should have functional groups on its surface that allows for-
mation of covalent or charge–charge bonding, or hydrophobic interaction 
between the drug and the NP. Common covalent coupling methods involve 
formation of a disulfide bond, cross-linking between two primary amines, 
reaction between a carboxylic acid and primary amine, reaction between 
maleimide and thiol, reaction between hydrazine and aldehyde, and 
 reaction between a primary amine and free aldehyde (Nobs et al., 2004).

FIGURE 5.1 TEM images corresponding to all the steps for the fabrication of rattle-
structured AuNR@mSiO2: (A) Au NRs, (B) AuNR@Ag core–shell (inset: STEM-EDS 
line scan analysis), (C) AuNR@Ag@mSiO2 core–shell–shell (inset: expanded image of the 
silica shell), and (D) the rattle-structured AuNR@mSiO2 core–void–shell  (Reprinted from 
Choi, E.; K.M.; Janga, B.; Piao, Y. Highly monodisperse rattle-structured nanomaterials 
with gold nanorod core–mesoporous silica shell as drug delivery vehicles and nanoreactors. 
Nanoscale. 2013,5: 151–154.)
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DOX is an effective anticancer drug that is used in many studies as 
a model drug for NP delivery. The hydrochloride form of DOX is water 
soluble, it is fluorescent, and can be monitored before and after load-
ing into the NP. Elimination of excess DOX or unloading it can be done 
through centrifugation, dialysis, or magnetization.

In a study by Adeli et al. (2011), a nanostructured-based drug delivery 
system consisting of gold nanoparticle (Au NP) cores and polyrotaxane 
(PR) shells (Au NPs@PR) was synthesized. The core-shell structure facil-
itated controlled release of drugs within targeted tissues using the photo-
thermal properties of the Au NPs. Further, it killed cancerous cells without 
damaging the surrounding healthy cells. Synthesis of polyrotaxanes was 
done through threading cyclodextrin rings onto PEG axes, and capping 
the resulting pseudopolyrotaxanes (Ps-PR) by Au NPs. Hydrophobic 
interactions between the end triazine groups of PEG and the cavity of the 
a-cyclodextrins (a-CDs) resulted in formation of Ps-PR complexes; and 
the noncovalent interactions between the citrate shell of the Au NPs and the 
end functional groups of PEG lead to formation of PRs. In order to inves-
tigate the effectiveness of this drug delivery system, cisplatin (CDDP) and 
DOX were conjugated to Au NPs PR hybrid nanomaterials. Infrared (IR) 
and nuclear magnetic resonance (NMR) spectroscopy analysis results indi-
cated that the CDDP molecules were attached to the carboxylate groups of 
the citric acid shell; on the other hand, DOX molecules were conjugated to 
the hydroxyl functional groups of the Ps-PR. DLS results showed the size 
distribution of the Au NPs was very narrow (Dmean = 17.2 nm). The size and 
morphology of the synthesized hybrid nanomaterials were investigated 
using TEM and atomic force microscopy (AFM). It was observed that 
Au NPs/PR1 and Au NPsPR2 had a necklace-like (beads 150 and 200 nm 
in size) and a core–shell structure (300 nm in size), respectively. In vitro 
test results indicated that the toxicity of DOX loaded DDS was more than 
CDDP loaded DDS. This may be because CDDP molecules can attach to 
the shell again after cleavage from it, therefore the rate of their release is 
low; which is not the case for DOX molecules.

Attachment of drugs on the NM surface can be achieved through hydro-
phobic interaction (HI) by physical association of targeting ligands to the 
nanocarriers for hydrophobic NMs and hydrophobic drugs. An advantage 
of using HI is that it eliminates the need for application of rigorous and 
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potentially destructive chemicals that weaken the efficacy of the drugs. 
On the other hand, there are some shortcomings such as low and weak 
binding, poor control of the NM–drug interactions and the ligands may not 
be in the desired orientation after binding.

Dagar et al. (2001) have used vasoactive intestinal peptide (VIP), a 
28-amino acid mammalian neuropeptide, as a targeting moiety to cancer 
and inflamed tissues because receptors for vasoactive intestinal peptide 
are overexpressed in human breast cancer. They established that VIPs that 
are HI attached to liposomes were less able to target and attach to breast 
cancer cells. They used their sterically stabilized liposomes (SSLs) with 
covalently associated VIP on the surface. This was carried out by con-
jugating the VIP to DSPE–PEG 3400–NHS [1,2-dioleoylsn-glycero-3- 
phosphoethanolamine-n-[poly(ethyleneglycol)]N-hydroxy succinamide, 
PEG Mw 3400] under mild conditions to obtain a 1:1 conjugate of VIP 
and DSPE–PEG 3400 (DSPE–PEG 3400–VIP) which was confirmed by 
sodium dodecyl sulfate– polyacrylamide gel electrophoresis. This was 
followed by the insertion of DSPE–PEG 3400–VIP into preformed fluo-
rescent cholesterol (BODIPY-Chol) labeled SSL by incubation at 37°C. 
The breast cancer targeting ability in vitro was carried out by incubat-
ing these, VIP–SSL with MNU-induced rat breast cancer tissue sections. 
Compared with fluorescent SSL without VIP or with non-covalently 
attached VIP, significantly more of the covalently formed VIP–SSL was 
attached to rat breast cancer tissues. This indicated that SSL with cova-
lently attached VIP can be used for targeted attachment to rat breast cancer 
tissues. However, in another study, HI-attached VIP is preferred for the 
delivery of a therapeutic agent to inflammatory cells in animal joints with 
rheumatoid arthritis (Sethi et al., 2003).

5.5 DRUG RELEASE AND CELLULAR UPTAKE

The drug loaded in or on the NM is released in the body through diffu-
sion or dissolution of the NMs matrix releasing the drug in solution. Drug 
release process and biodegradation of the NMs in the body are impor-
tant factors that should be considered in developing a NMs drug deliv-
ery system. The Drug release process influences the efficacy of the drug, 
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depending on its solubility and diffusion. When the particle size is small, 
the surface area-to-volume ratio is high, leading to faster drug release. 
In contrast, larger particles have large cores to encapsulate drugs, which 
results in slower release. As a result, the drug release rate can be controlled 
to an extent through controlling the particle size and size distribution.

In general, the drug release rate depends on drug solubility, desorp-
tion of the surface-bound or adsorbed drug, drug diffusion out of the NM 
matrix, and the NM matrix degradation. When drug is covalently attached 
to the NM, drug release is controlled by drug– NM diffusion (Fresta et al., 
1995). When the drug is encapsulated inside a NM, the release is con-
trolled by diffusion of the drug from the NM interior. If there is a polymer 
coating on the NM, it acts as a barrier for drug release; thus, the drug 
solubility and diffusion in or across the polymer membrane becomes a 
determining factor in drug release (Calvo et al., 1997).

The mechanisms of in vitro drug release were studied using model 
drugs tetracaine, etomidate, and prednisolone. Results indicated that lipid 
NMs exhibited burst release when incorporating tetracaine and etomidate. 
Drug release can be controlled as a function of the lipid matrix, surfactant 
concentration, and production parameters such as temperature achieving 
as long as 5–7 weeks (Muller et al., 2000).

The factors that affect the level of binding of blood components 
to the drug are the size of the NMs, surface hydrophobicity, and sur-
face coating functionalities. Prolonging the half-life of the drug in vivo 
and preventing the osponization can enhance the efficacy of the DDS. 
Precoating of the NMs with hydrophilic polymers and surfactants or 
by using NMs with biodegradable hydrophilic copolymers such as 
PEG, can help prolonging the drug circulation. Studies have shown that 
attaching PEG on NM surfaces minimizes the chances of osponization 
(Bhadra et al., 2002).

NM particles >1 µm cause a phagocytic response in the body (Koval 
et al., 1998). Moghimi et al. (2003) reported that entrapment by hepatic 
and splenic endothelial fenestrations and subsequent clearance can 
be avoided by using nanocarriers that do not exceed 200 nm. Non-
phagocytic cells such as tumor cells can uptake the drug if particles are 
<500 nm in size. Cellular uptake was not observed for particles >500 nm 
(Rejman et al., 2004).
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5.6 DRUG TARGETING

Targeting nanocarriers for site-specific drug delivery offers some advan-
tages over targeting ligand–drug conjugates (Emerich and Thanos, 2006). 
When using ligand-drug conjugates, by interactions between the ligand 
and its receptor, large payloads of drug is released at specific targeted site. 
In addition, a large number of ligand molecules can be attached to the 
nanocarrier to increase the probability of binding to target cells, which is 
beneficial especially for drugs with low binding affinities. Also, the return 
of drug back to the circulation caused by high intratumoral pressure can 
be reduced by active targeting, which enables efficient distribution of the 
carriers in the tumor (Sethi et al., 2003).

Targeting in nano drug delivery systems is achieved through label-
ing the NPs with receptors or biomolecules that specifically attach them 
to the target cells or tissues. Antibodies are the most common targeting 
molecules (Figure 5.2) against epithelial growth factor receptors, anti- 
epidermal growth factor receptor (EGFR). Because EGFR is expressed in 
all epithelial cells, this molecule is a special target when delivering drugs 
to epithelial cells. Human epithelial receptors (HERs) are commonly over-
expressed in a number of different cancer cells and, therefore, commonly 
targeted in nano-enabled targeted drug delivery (Aguilar, 2012).

Antibodies have high target selectivity and binding affinities, but are 
potentially immunogenic. Due to these drawbacks, other alternative mate-
rials such as peptides, aptamers and other small molecules are used for 

FIGURE 5.2 Schematic diagram of a NM for (A) drug delivery and (B) targeted drug 
delivery (Reprinted from Aguilar, Z. Nanomaterials for Medical Applications. Elsevier 
Science & Technology: Waltham, MA, 2012.)
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drug targeting. Peptides are targeting moieties that do not posses immuno-
genicity and have lower cost to produce. However, they offer lower target 
affinities and an increased chance of nonspecific binding (MsCarthy et al., 
2007). Aptamers are short oligonucleotides that have potential application 
as both therapeutic and targeting entities. Similar to antibodies, aptam-
ers are highly selective and have high binding affinities that are largely 
due to the ability of the molecules complex three-dimensional structures. 
However, aptamers have easy synthesis procedure and minimal immuno-
genicity compared to antibodies. On the other hand, aptamers exhibit rapid 
blood clearance that is largely due to nuclease degradation (Farokhzad 
et al., 2006).

5.7 NMS USED FOR DRUG DELIVERY

The main application of NMs in drug delivery systems is for cancer treat-
ment. Chemotherapy-based treatments are toxic to both cancer and healthy 
cells. Using NMs ad drug carriers can minimize the side effects of anti-
tumor drugs on the healthy tissues, while maximizing the efficacy of the 
drug on the targeted tumor cells. In addition to that, NMs can also be used 
in delivering vaccines and other therapeutic agents for treatment of other 
diseases and disorders, and in sites that are hard to reach through conven-
tional drug delivery systems. In this section some of the NMs that have 
been used in the studies as nanocarriers for drug delivery applications are 
briefly reviewed.

5.7.1 DENDRIMERS

Dendrimers are used in drug delivery systems for encapsulating the drug, 
but the release of drug from these NMs is difficult to control. The size of 
dendrimers is controllable; they exhibit monodispersity, and their func-
tional groups can be modified, which makes them attractive candidates 
in biomedical applications. They provide concurrent delivery of water-
soluble and insoluble drugs by adsorption to the surface through ionic 
interactions, encapsulation within their hydrophobic microcavities and 
inside branching clefts, and direct covalent conjugation to the surface 
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functional groups (Figure 5.3). The bonding between dendrimer and the 
drug can be sensitive to environmental factors such as pH and radiation to 
help with release of therapeutic agents (Aguilar, 2012).

Due to the uncontrollable release of drug using dendrimers, new NMs 
have been developed to overcome this drawback; Dendronized polymers are 
linear polymers with dendrons at each repeat unit (Figure 5.4). They offer 
advantages for drug delivery applications such as their prolonged circula-
tion time. Also, the release of the drug can be controlled through a degrad-
able link that conjugates the drug to the dendrimers (Paez et al., 2012).

Studies have shown that drug conjugation to a biodegradable den-
drimer with optimized blood circulation time can be achieved through 
the meticulous design of size and molecular architecture. The DOX– 
dendrimer drug loading was controlled through multiple attachment sites 
and its solubility was controlled through PEGylation; the drug release 
was controlled through the use of pH-sensitive hydrazonedendrimer link-
ages. In vitro studies using colon carcinoma cells showed that the DOX– 
dendrimers were more than 10 times less toxic than free DOX. In vivo 
study of this drug delivery system on mice showed that the tumor uptake 
of DOX–dendrimers was nine fold higher than free DOX and caused com-
plete treatment of the tumor with 100% survival of the mice after 60 days 
(Lee et al., 2006).

FIGURE 5.3 Various mechanisms of drug loading on a dendrimer (Reprinted from 
Jun H. Lee and Anjan Nan, “Combination Drug Delivery Approaches in Metastatic 
Breast Cancer,” Journal of Drug Delivery, vol. 2012, Article ID 915375, 17 pages, 2012. 
doi:10.1155/2012/915375. https://creativecommons.org/licenses/by/3.0/)

Encapsulated 
drug Encapsulated 

drug 

Encapsulated 
drug 

Encapsulated 
drug 

Encapsulated 
drug 

https://creativecommons.org/licenses/by/3.0/


Applications of Nanobiomaterials in Drug Delivery  149

5.7.2 CARBON NANOTUBES AND FULLERENE

Attaching many drug molecules to antibodies leads to limiting their 
targeting ability. Carbon nanotubes (CNTs) can be used to overcome 
this issue (McDevitt et al., 2007). CNTs can be loaded by multiple 
therapeutic agents both inside and on the surface. Spherical fullerenes 
(C60) are hollow spherical shells made of carbon atoms. These NMs 
can be loaded by drugs through encapsulation and also can be used 
as caps to close the open ends of CNTs for drug entrapment inside their 
hollow structure. Fullerenes can be loaded with several molecules of 
an anticancer drug such as CDDP (Mehdipoor et al., 2011). Moreover, 
distinct sites on the antibody are hydrophobic and attract the hydropho-
bic fullerenes in large numbers; therefore multiple drugs can be loaded 
into a single antibody, requiring no covalent bond. In this case the 
increased payload does not affect the targeting ability of the antibody 
significantly.

FIGURE 5.4 Methods for synthesis of Dendronized polymers (Reprinted from Paez, J.; 
M.M.; Brunetti, V.; Strumia, M. Dendronization: A useful synthetic strategy to prepare 
multifunctional materials. Polymers. 2012, 4(1), 355-395. http://www.mdpi.com/2073-
4360/4/1/355. https://creativecommons.org/licenses/by/3.0/)
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Mehdipoor et al. (2011) deposited γ-Fe2O3 nanoparticles (NP) onto the 
surface of CNTs to produce magnetic hybrid nanomaterials with potential 
applications in cancer therapy. TEM results showed that Fe2O3 nanopar-
ticles with an average size of <5 nm were distributed on the surface of 
the CNTs with a 25 nm average diameter. In vivo studies revealed that 
100 mg.ml–1 concentration of the final drug delivery system killed more 
than 95% of cancer cells in mice.

5.7.3 MAGNETIC NANOPARTICLES

In magnetic NPs that have the size of magnetic domains, spontane-
ous magnetization and demagnetization occurs that results in a magni-
fied response to an applied magnetic field called superparamagnetic 
behavior (Figure 5.6). Three elements exhibit ferromagnetic proper-
ties in physiological environment; nickel, cobalt and iron. Most studies 
have focused on Fe-based NPs due to its superior magnetic susceptibility 
(218 and 90 emu/g for elemental Fe and Fe3O4, respectively), as well as 
nontoxicity of this element inside the body (Klostergaard, 2012). Magnetic 
NPs are ideal nanocarriers of drugs and vaccines because they can also be 
useful in  diagnosing the efficacy of treatment.

Dimercaptosuccinic acid (DMSA)-coated monodisperse magnetic 
nanoparticles (MNPs) were tested as a delivery system for the antitumori-
genic cytokine interferon-gamma IFNγ in mouse models of cancer (Mejias 
et al., 2011). By applying an external magnetic field, the IFNγ -adsorbed 
DMSA-coated MNPs were targeted to the tumor site. This resulted in a 
notable reduction in tumor size indicating that IFNγ-adsorbed DMSA-
coated MNPs are efficient in vivo drug delivery system for antitumor drugs.

In another study, the DOX-loaded magnetic nanoparticles (MNPs) were 
injected in mice and their biodistribution was assessed (Mykhaylyk et al., 
2005). The results of electron spin resonance (ESR) showed that the DOX–
MNPs decreased the DOX bioavailability in the heart and kidney compared 
with the free unconjugated DOX. By using a magnetic field of 210 mT, the 
DOX–MNPs bioavailability was effectively increased at the target cells.

Dramou et al. (2013) synthesized novel anticancer “epirubicin” (EPI) 
water-compatible magnetic molecularly imprinted polymers (MMIPs) and 
used it as a carrier for tumor targeted drug delivery. Magnetic properties 
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FIGURE 5.5 Dispersion photograph of the MMIP in EPI aqueous solution (top) and 
separation of the nanomaterials by a magnet after loading the drug (bottom)  (Reprinted 
from Dramou, P.; Z.P.; He, H.; Pham, H.L.A.; Zou, W., Xiao, D.; Pham-Huyc, C.; 
Ndorbora, T. Anticancer loading and controlled release of novel water-compatible magnetic 
nanomaterials as drug delivery agents, coupled to a computational modeling approach. 
J.Mater.Chem. 2013, 1: 4099-4109.)

of the synthesized nanomaterials were tested using a vibrating sample 
magnetometer (VSM). Results indicated that MMIP has slightly inferior 
magnetic properties compared to pure iron oxide because the polymeric 
coating had effectively shielded the magnetite. Yet the polymers could be 
rapidly isolated from the sample solution using a strong magnet in the sepa-
ration step (Figure 5.5). Studies showed that in vitro release time is between 
40 and 50 h and temperature and pH were found to affect the release of drug 
from MMIPs. As it has been reported that the local pH of the solid tumor is 
lower than normal tissue (pH 7.4), the pH-sensitive release  behavior of EPI 
may be beneficial in tumor treatment (Zhang et al., 2009).

5.7.4 HYDROGELS

Hydrogel NPs encapsulate and deliver drugs, therapeutic proteins, or vac-
cine antigens by using hydrophobic polysaccharides (Singh and Lillard, 
2009). A system using cholesterol to form a self-aggregating hydrophobic 
core resulting in cholesterol NPs stabilized entrapped proteins. These par-
ticles stimulate the immune system and are readily taken up by dendritic 
cells. Larger hydrogel NMs can also be used to encapsulate and release 
monoclonal antibodies (Aguilar, 2012).
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Stimuli responsive or smart hydrogels are NMs that swell and deswell 
according to the change of environmental factors such as pH and tempera-
ture, which results in release of the entrapped drug (Figure 5.7).

5.7.5 MICELLES

Micelles are spherical supermolecules composed of an amphiphilic 
 copolymer. They are composed of a core that can accommodate hydropho-
bic drugs and a shell that is a hydrophilic brush-like corona (Figure 5.8). 
The shell makes the micelle water-soluble and provides possibility of 
delivering poorly soluble contents (Singh and Lillard, 2009).

Polymer micelles offer some advantages over other NMs used in drug 
delivery systems, such as increased drug solubility, prolonged circulation, 
selective accumulation at target sites, and lower toxicity. However, con-
trolling the release of entrapped drugs is an issue (Aguilar, 2012).

FIGURE 5.6 Schematic illustration of effect of applied external magnetic field on the 
drug carrying magnetic nanoparticles (Reprinted from Plank, C. Nanomedicine: silence the 
target. Nature Nanotechnol. 2009, 4:, 544-545.).
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FIGURE 5.7 Release of drug from a hydrogel by an external stimuli (Reprinted from 
Ferreira, P.; C.J.; Almeida, J.; Gil, M. Photocrosslinkable polymers for biomedical 
applications. In Biomedical Engineering - Frontiers and Challenges; Rezai, F.R., Ed.; 
InTech: Rijeka, Croatia, 2011. With permission.).

FIGURE 5.8 Schematic illustration of a micelle composed of a core and a shell (Reprinted 
from Center for Nanotechnology Research at Oakland University. http://www.nano-ou.net/
Edu4ImagePages/micelle.aspx. [accessed 2014].)

Camptothecin (CPT) is a topoisomerase I inhibitor that is effective 
against cancer but has poor solubility, instability, and toxicity. To solve 
these issues, targeted sterically stabilized micelles (SSMs) have been 
used as nanocarriers for CPT (CPT–SSM). SSM solubilization of CPT 
is expensive yet reproducible and it prevents drug aggregate formation. 
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In addition, SSM composed of PEGylated phospholipids are attractive 
nanocarriers for CPT delivery because of their size (14 nm) and ability to 
extravasate through the leaky microvasculature of tumors and inflamed 
tissues. This results in high drug concentration in tumors and reduced drug 
toxicity to the normal tissues (Koo et al., 2006). PEG corona can stabilize 
stealth micelle formulations to minimize opsonization of the micelles and 
maximize serum half-life.

5.7.6 LIPOSOMES

Liposomes are synthesized spherical vesicles composed of a lamellar 
phase lipid bilayer (Figure 5.9). They offer prolonged release kinetics and 
long persistence at the target site.

Liposomes have been proven to be beneficial for drug delivery appli-
cations. These systems use “contact-facilitated drug delivery,” which 
involves binding or interaction with the targeted cell membrane allowing 
for enhanced lipid– lipid exchange with the lipid monolayer of the NP, 
thereby accelerating the convective flux of lipophilic drugs (e.g., TAX) 
to dissolve through the outer lipid membrane of the NMs to targeted cells 
(Guzman et al., 1996).

Medina et al. (2011) developed positron emission tomography (PET) 
tracers, which irreversibly bound to EGFR. They used a liposomal NP 
delivery system to alter the pharmacokinetic profile and improve tumor 
targeting of highly lipophilic but otherwise promising cancer imaging 

FIGURE 5.9 Schematic illustration of liposome used for drug and DNA delivery 
(Reprinted from Andros Pharmaceuticals Co., Ltd. http://www.andros.com.tw/en/
technology_en.htm.  [accessed 2014].)
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 tracers, such as the EGFR inhibitor SKI 243. In their study, they com-
pared the pharmacokinetics and tumor targeting of the bare EGFR kinase 
targeting radiotracer SKI 212243 (SKI 243) with that of the same tracer 
embedded in liposomes. The results indicated that SKI 243 and liposomal 
SKI 243 were both taken up by tumor xenografts but liposomal SKI 243 
remained in the blood longer and consequently exhibited a three to six fold 
increase in uptake in the tumor among several other organs.

Since liposomes have been proven to be biocompatible and biodegrad-
able, the possibility of using liposomes as a drug delivery system for oral 
cavity application has been studied (Nguyen et al., 2011). Adsorption of 
charged liposomes to hydroxyapatite (HA) as a model for dental enamel 
was investigated in human parotid saliva to simulate oral-like conditions. 
The results indicated that precipitation occurred in the presence of lip-
ids dipalmitoylphosphatidylcholine (DPPC)/dipalmitoyltrimethylammo-
niumpropane or DPPC/dipalmitoylphosphatidylglycerol– liposomes in 
parotid saliva with no HA, which indicated that constituents of parotid 
saliva reacted with the liposomes (Nguyen et al., 2011). According to the 
results of these studies, the constituents of saliva may interact with lipo-
somes resulting in aggregation, which can be avoided by adding various 
ions to create ionic stability in the environment. Additional investigations 
should be pursued on the effect of liposomes in various physiological con-
ditions in the oral cavity in vitro to evaluate the safety of these NMs for 
dental drug delivery.

5.8 CONCLUSION

NM-based drug delivery systems can optimize the effect of drugs and 
reduce toxic side effects in cancer therapy and treatment of other types 
of diseases. Nanocarriers used in biomedical applications must have spe-
cific features to be able to perform functions they are designed for. These 
NMs must be small (<100 nm), nontoxic, biodegradable, and biocompat-
ible; not tend to aggregate or cause inflammatory response in the body, 
have prolonged circulation half-life and be cost effective. Physical and 
chemical characteristics of NM carrier systems that influence their effi-
cacy include size, charge, shape, surface modifications, loading method, 
and chemical properties.
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Many studies are available in literature, investigating the potential 
applications of various NMs such as liposomes, micelles and magnetic 
nanoparticles used for delivery of therapeutic agents to specifically tar-
geted sites. However, more focused studies of drug distribution in the 
body; organ accumulation, toxicity, and genetic damage are yet to be pur-
sued before entering NMs in the realm of human consumption.
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ABSTRACT

Carbon nanotubes (CNTs), an artificial allotrope of carbon recently 
 discovered in 1991, are made of graphite and constructed in cylindrical 
tubes having nanometer in diameter and several millimeters in length. 
The structures of CNTs are classified in two types: single-walled carbon 
 nanotubes (SWCNTs) and multiwalled carbon nanotubes (MWCNTs). 
Due to their small size and mass, strong mechanical potency, and high 
electrical and thermal conductivity, CNTs have been successfully applied 
in different areas of pharmacy and medicine for drug preparation and 
therapy. They have been first proven to be an excellent nano-vehicle for 
the delivery of different therapeutic agents (drugs, biomolecules, etc.) 
directly into cells without metabolism by the body. Thanks to their tiny 
structure, CNTs can effectively cross the cell membrane and directly 
deliver the transported drug into the cell. CNTs are able to maintain the 
drug intact during this transport and protect the drug against the metabo-
lism by the body. The important characteristics of this nanotechnology 
in pharmaceutics are to revolutionize the methods of drug delivery since 
traditional drug administration cannot resolve the problems of toxicity 
and/or bioavailability of numerous effective drugs, thereby limiting their 
use in  therapeutics. As CNTs are not water soluble, surface functionaliza-
tion is required before their linkage with drugs or biomolecules. CNTs 
have also been  proposed in biomolecule delivery such as DNA, proteins, 
antibodies, etc., for gene therapy, tissue regeneration, artificial implants 
and diagnosis of human diseases.

This review focuses the applications of CNTs used as nanocarriers in 
drug and biomolecule delivery for chemotherapeutic use and also studies 



Carbon Nanotubes Used as Nanocarriers 165

the pharmacokinetics, metabolism and toxicity of different forms of CNTs. 
Finally, it discusses the prospect of this promising bio-nanotechnology in 
the future clinical exploitation.

6.1 INTRODUCTION

At the beginning of the twenty-first century, the development of 
 nanomaterials in general and of carbon-based nanostructures in particu-
lar, such as carbon nanotubes (CNTs) has attracted a number of scien-
tists worldwide for their applications in different areas of  medicine 
and  pharmacy. One important application of this nanotechnology in 
 pharmaceutics is to revolutionize the ways of drug delivery because 
 traditional drug administration cannot resolve in many cases the problems 
of toxicity and/or bioavailability for numerous effective drugs, thereby 
limiting their use in therapeutics. A nanocarrier is nanomaterial being used 
as a vehicle to transport a drug or another substance to the target cell or 
organ. Main nanocarriers with sizes of diameter from 1–100 nm include 
carbon-based nanomaterials (carbon nanoparticles, carbon nanofibers, and 
CNTs), polymeric micelles, polymers, superparamagnetic Fe3O4 nanopar-
ticles, liposomes, dendrimers, etc. (Babu et al., 2014; Bamrungsap et al., 
2012; Cho et al., 2008; Rawat et al., 2006; Safari and Zarnegar, 2014; 
Surendiran et al., 2009).

Since the discovery of CNTs in 1991 by Japanese scientist Sumio 
Iijima (1991), awarded the Kavli Prize for nanoscience in 2008, an 
 explosion of their diverse applications has been sparked worldwide from 
academic research to industrial development. Artificial CNTs are built of 
graphite in the form of cylindrical tubes with nanometer-scale in diameter 
and  several millimeters in length and are classified as allotropes of carbon 
(He et al., 2013; Kumar et al., 2012; Usui et al., 2012). Structures of CNTs 
are divided in two types: single-walled carbon nanotubes (SWCNTs) and 
multiwalled carbon nanotubes (MWCNTs). Due to their unique combi-
nations of chemical and physical properties (i.e., thermal and electrical 
conductivity, high mechanical strength, and optical properties) and also to 
their small size and mass, CNTs were initially used as additives to vari-
ous structural materials for electronics, optics, plastics and other mate-
rials in the nanotechnology fields (Baughman et al., 2002). They were 
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introduced to the field of medicine only within the last decade, and have 
proven to be an excellent nano-vehicle for drug delivery because they can 
transport drug directly to the target cells without metabolism by the body. 
Thanks to its tiny structure and also to its special physicochemical prop-
erties such as rich electronic polyaromatic structure, excellent chemical 
stability, high surface area, a CNT can adsorb or conjugate with  different 
 therapeutic agents (drugs, biochemicals, biomacromolecules, etc.) and 
cross the cell membrane without being destroyed during this penetra-
tion (Liu et al., 2007; Mehra et al., 2014; Singh et al., 2012; Zhang et al., 
2010). The CNT then directly delivers the transported molecule into the 
cell  without being  recognized as an undesirable intruder. Briefly, a CNT 
can keep the drug intact during the transport and can also be used effec-
tively as a vehicle to deliver drug to the ill target cell with high accuracy 
and efficiency. Moreover, the amount of drug used for this preparation 
would be very low since it is not metabolized during transport in the body 
and is only released in the target cell, thereby avoiding drug toxicity to 
healthy tissues or organs (He et al., 2013; Liu et al., 2007; Mehra et al., 
2014; Singh et al., 2012; Zhang et al., 2010). As CNTs are not soluble in 
water, and cannot be consequently circulated in the body, surface func-
tionalization is required to solubilize CNTs before their linkage with drugs 
or  biomolecules for the delivery process (Kateb et al., 2010; Liu et al., 
2007; Mehra et al., 2014; Pastorin et al., 2005; Rosen and Elman, 2009; 
Singh et al., 2012; Zhang et al., 2010, 2011). Many comparison studies in 
drug delivery have proven that drugs are delivered more effectively and 
safely into cells by this nanotechnology using CNTs as carriers than by 
traditional methods (He et al., 2013; Kateb et al., 2010; Liu et al., 2007; 
Mehra et al., 2014; Singh et al., 2012; Zhang et al., 2010, 2011). A new 
 procedure for drug preparation that is completely different to the tradi-
tional  techniques has opened and can radically change previous concepts 
of drug pharmacology and toxicology. This original nanotechnology using 
CNTs as carriers has been applied not only to toxic drugs for cancer or 
infection therapy, but also to other biomolecules (genes, proteins, DNA, 
antibodies, vaccines, biosensors, cells, etc.) for gene therapy, immuno-
therapy, tissue regeneration, diagnosis, etc. (Digge et al., 2012; Kumar 
et al., 2014; Liao et al., 2011; Liu et al., 2009; Pastorin et al., 2005; Rosen 
and Elman, 2009; Tan et al., 2014; Zhang et al., 2011). Nevertheless, these 



medicinal findings are being in experimental stages and still not applied 
in clinical study. Besides the capacity of CNTs to act as carriers for the 
delivery of a wide range of therapeutic agents, they have also been used 
for the analysis and extraction of numerous drugs and biomolecules in 
pharmaceutical industry as well as in laboratory for their galenic or thera-
peutic controls (He et al., 2013; El-Sheikh and Sweileh et al., 2011). Our 
group has recently contributed to some applications of CNTs in the phar-
maceutical field such as the development of different novel techniques 
for the functionalization of CNTs used in drug delivery as well as for the 
study on the interactions between CNTs and albumin or drugs and also on 
the drug analysis (Chen et al., 2011; Dai et al., 2015; He et al., 2013; Jiang 
et al., 2012; Li et al., 2008, 2010, 2013; Xiao et al., 2012, 2013, 2014; Zha 
et al., 2011).

In summary, this review is focused on the applications of CNTs as 
nanocarriers in the delivery process of drugs and other biomolecules used 
in therapeutics. It describes the structure of CNTs, their surface function-
alization techniques and their linkage process with drugs or biomolecules. 
It examines some main methodologies using CNTs as vehicle for drug and 
biomolecule delivery in the treatment of different diseases as well as in 
the tissue regeneration therapy. Other aspects of CNTs such as pharmaco-
kinetics, metabolism and toxicity are also described. The perspectives and 
obstacles of this promising bio-nanotechnology using CNTs in the future 
medicine are also commented in the conclusion.

6.2 STRUCTURE, TYPE, PHYSICOCHEMICAL 
PROPERTIES OF CNTs

In the periodic table, carbon is the only element that occurs in allotropic 
forms from 0 dimensions to 3 dimensions, due to its different  hybridization 
capabilities. Carbon nanotubes (CNTs) are tiny cylindrical tubes formed 
exclusively of carbon atoms arranged in a series of condensed  benzene rings 
or graphite sheets rolled-up into a tubular structure with 1–3  nanometers 
in diameter, and hundreds to thousands of nanometers long. The  artificial 
CNTs belong to the family of fullerenes, the third  allotropic form of  carbon 
along with their two natural carbons: graphite and diamond which are 
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both sp2 (planar) and sp3 (cubic) forms,  respectively (Baughman et al., 
2002; He et al., 2013; Singh et al., 2012; Usui et al., 2012). The chemical 
 bonding of CNTs is composed entirely of sp2 bonds, similar to those of 
graphite, but stronger than the sp3 bonds found in alkanes and diamond 
(Zhang et al., 2011).

Purified CNT can exhibit metallic conductivity, chemical and ther-
mal stability and extremely high tensile strength and elasticity (Mehra 
et al., 2014; Pastorin et al., 2005). They are among the stiffest and stron-
gest fibers known, and have remarkable electronic properties and many 
other unique characteristics like high flexibility, specific surface area, low 
density, and superior optoelectronic characteristics (Kumar et al., 2014). 
CNTs are considered as the strongest and stiffest materials yet discovered 
(Zhang et al., 2011).

Depending on the number of layers in their wall, CNTs are classified 
in two types: single-walled carbon nanotubes (SWCNTs) and multiwalled 
carbon nanotubes (MWCNTs) (Figure 6.1) (He et al., 2013). When their 
wall is formed by rolling up of single sheet, CNTs obtained are called 
SWCNTs, and when their wall is constructed by more than one sheet, 

FIGURE 6.1 Schematic illustration of Single Walled Carbon Nanotube (SWCNT) (A) 
and Multiple Walled Carbon Nanotube (MWCNT) (B). (From He, H.; Pham-Huy, A. 
L.; Dramou, P.; Xiao, D-L.; Zuo, P.; Pham-Huy, C. Carbon Nanotubes: Applications in 
Pharmacy and Medicine, BioMed. Res Int. 2013, ID 578290, 1–12. Creative Commons 
Attribution License.)



they are called MWCNTs. Both SWCNTs and MWCNTs are capped 
at both ends of the tubes called tips in a hemispherical  arrangement of 
 carbon networks (Figure 6.2) (Singh et al., 2012). From a chemical reac-
tivity point of view, CNT can be differentiated in two zones: the tips and 
the sidewalls. An important factor that controls these unique properties 
comes from a variation of tubule structures that are caused by the rolling 
up of the graphene sheet into a tube. Depending on the rolling direction 
formed by three distinct ways, CNTs can be further classified as zigzag, 
chiral and armchair types (Baviskar et al., 2012; He et al., 2013). The 
first of the three structural types is called “zigzag” because the  pattern of 
hexagon moves circumferentially around the body of the tube. The sec-
ond form is named “chiral” because the tube may twist in either direction 
and that means handedness. The third form is designed as “armchair” 
because it describes one of the two conformers of cyclo-hexane, hexagon 
of carbon atoms and indicates the shape of the hexagons as one moves 
around the body of the tube (Baviskar et al., 2012; He et al., 2013; Kumar 
et al., 2012; Usui et al., 2012). Armchair nanotubes are really metallic, 
whereas zigzag and chiral forms are semiconductors (Baviskar et al., 
2012) (Figure 6.3).

SWCNTs consist of a single graphene cylinder with diameter ranging 
from 0.4 to 2 nm. Their sidewalls are usually formed as hexagonal close-
packed bundles, but their tips as pentagonal ones (Figure 6.2). MWCNTs 
consist of two to several coaxial cylinders, each made of a single gra-
phene sheet surrounding a hollow core. The interlayer separation of the 
graphene layers of MWCNTs is 0.34 nm in average, their outer diameter 

FIGURE 6.2 General representation of an open single walled carbon nanotube.
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varies between 2–100 nm, while their inner diameter ranges from 1 to 
3 nm, and their length is 0.2 to several μm (Singh et al., 2012; Zhang et al., 
2011). SWCNTs have a better-defined wall, whereas MWCNTs are more 
likely to have structural defects, resulting in a less stable nanostructure 
(Zhang et al., 2011). However, for their use as drug carriers, no conclu-
sive advantages of SWCNTs relative to MWCNTs are notified (Zhang 
et al., 2011). CNTs vary significantly in length and diameter depending 
on the chosen synthetic procedure. Individual SWCNTs and MWCNTs 
have natural tendency to bundle together into ropes by attractive Van der 
Waals forces (Mishra and Mishra, 2013; Zhang et al., 2011). Bundles 
contain many nanotubes and can be considerably longer and wider than 
the original ones from which they are formed. This phenomenon could be 
of important toxicological significance (Mishra and Mishra, 2013; Zhang 
et al., 2011). Other differences between the structures and characteriza-
tion of SWCNTs and MWCNTs are summarized in Table 6.1 according 
to the references following (He et al., 2013; Kumar et al., 2012, 2014; 
Singh et al., 2012).

For the production of CNTs, three main techniques generally used are: 
arc-discharge method, laser ablation method and chemical vapor depo-
sition. Arc-discharge is the most common and easiest way to produce 

FIGURE 6.3 Carbon nanotube structures of armchair, zigzag and chiral configurations 
(A = Armchair; B = Zigzag; C = Chiral). They differ in chiral angle and diameter: Armchair 
carbon nanotubes share electrical properties similar to metals. The zigzag and chiral carbon 
nanotubes possess electrical properties similar to semiconductors.

A B c 



CNTs. By this method, CNTs are produced through arc-vaporization of 
two carbon rods placed end to end, distanced about 1 mm, in an enclosure 
filled with inert gas at low pressure (Basu and Mehta, 2014; He et al., 
2013). In laser ablation, CNTs are obtained from graphite under laser 
vaporization pulses (Basu and Mehta, 2014; He et al., 2013). Chemical 
vapor deposition can produce large amounts of CNTs by reduction of 
hydrocarbon sources (CO, methane, ethylene, acetylene) under the action 
of a metal catalyst (cobalt, nickel, iron on magnesium) at high tempera-
ture (800–1000°C). This technique can give a very high proportion of 
SWCNTs and few MWCNTs (Basu and Mehta, 2014; He et al., 2013). 
After obtaining, CNTs are then purified by acid refluxing, or surfactant 
aided sonication or air oxidation procedure in order to eliminate impu-
rities such as amorphous carbon, fullerenes, transition metals used as 
catalysts during the synthesis (Digge et al., 2012; Kumar et al., 2012; 
Usui et al., 2012). The lengths of CNTs can vary from several hundreds 
of nanometers to several  micrometers and can be shortened chemically or 
physically for their uses as drug carriers by opening their two tips (caps) 
for intratube drug loading and chemical functionalization (Zhang et al., 
2011). The properties of CNTs may vary depending upon the types of 
methods employed in the synthesis of CNTs (Mehra et al., 2014). Pristine 
CNTs (raw material) are now synthetized by many chemical firms and 
marketed worldwide.

TABLE 6.1 Differences between Pristine SWCNT and MWCNT

SWCNT MWCNT 

1. Single cylindrical layer of graphene Multiple cylindrical layer of graphene
2. Diameter ranging from 0.4 to 2 nm Diameter ranging from 2 to 100 nm
3. Catalyst is required for synthesis Catalyst is not required for synthesis
4. Bulk synthesis is difficult Bulk synthesis is easy
5. More defection during functionalization Less defection, but difficult to improve
6. Purity is poor Purity is high
7. Less accumulation in body More accumulation in body
8. Easy characterization and evaluation Difficult characterization and evaluation
9. Highly toxic Relatively less toxic
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6.3 FUNCTIONALIZATION OF CNTS FOR DRUG 
AND BIOMOLECULE DELIVERY

Due to their highly hydrophobic surfaces, the solubility of pristine CNTs 
in water and organic solvents is extremely low therefore the use of this 
intact nanomaterial in biomedicine is limited even impossible. Moreover, 
their sediment in tissues or organs could become toxic. Several trials 
have been tested to render CNTs water soluble, mainly focusing on dif-
ferent surface functionalization (Arora et al., 2014; Bianco et al., 2005; 
He et al., 2013; Liu et al., 2009). Sidewall functionalization is required to 
solubilize CNTs, and to render biocompatibility and low toxicity for their 
medical  applications (Liu et al., 2009). Used as drug carriers, the solubil-
ity of CNTs in water or biological liquids is an essential condition for 
gastrointestinal absorption, blood transportation, biocompatibility; and 
secretion. So, before the linkage with therapeutic agent, pristine CNTs 
must be rendered hydrophilic by different techniques (He et al., 2013; 
Zhang et al., 2011). There are at least two main approaches to increase 
their solubility, depending on the nature of drug or biomolecule linked to 
carbon nanotube. The first approach corresponds to the covalent attach-
ment by chemical bond formation and the second one to the noncovalent 
attachment by physio-adsorption (Pastorin et al., 2005; Yang et al., 2007; 
Zhang et al., 2010).

6.3.1 COVALENT FUNCTIONALIZATION OF CNTs

The covalent functionalization of CNTs is generally obtained by 
 oxidation with strong acids. Oxidation of CNTs is carried out by reflex-
ing pristine CNTs in strong acidic media, e.g., HNO3/H2SO4 (He et al., 
2013; Kateb et al., 2010; Mehra et al., 2014; Liu et al., 2007; Zhang 
et al., 2010). During the process, the end caps of the CNTs are opened, 
and carboxylic groups are formed at these end caps (tips) and at some 
defect sites on the sidewalls of SWCNTs or MWCNTs. The carboxylic 
groups obtained can provide further derivatization of CNTs by esterifica-
tion or amidation reactions. For example, drugs or biomolecules contain-
ing amine groups can be directly linked to the carboxylic groups present 



on the surface of the CNTs (Tasis et al., 2006). Otherwise, the carboxyl 
moieties can be activated with thionyl chloride, then react with amine 
groups to form a covalent amide bond (Jiang et al., 2012; Naficy et al., 
2009). These reactions are widely applied for conjugation of water-solu-
ble drugs or biomolecules, hydrophilic polymers, nucleic acid (DNA or 
RNA), or  peptides to the oxidized CNTs, which result in multifunctional 
CNTs (Liu et al., 2009; Tasis et al., 2006; Yang et al., 2007). It is notified 
that this oxidation technique can only generate carboxyl groups at the 
open sides (tips) and at the defect sites on the sidewalls of SWCNTs or 
MWCNTs (He et al., 2013).

For the creation of –COOH on the side walls of CNTs, nitrene cyclo-
addition, arylation using diazonium salts or 1,3-dipolar cycloadditions are 
usually employed (Kateb et al., 2010; Yang et al., 2007; Zhang et al., 2010). 
Cycloaddition reaction is a very powerful methodology, in which the 
1,3-dipolar cycloaddition of azomethineylides can easily attach a large 
amount of pyrrolidine rings on sidewalls of nanotubes. Thus, the resulting 
functionalized CNTs are highly soluble in water. In addition, pyrrolidine 
ring can be substituted with many functional groups for different applica-
tions (He et al., 2013; Jiang et al., 2012). Because  covalent  functionalization 
of CNTs is robust and easy to control, this procedure is often used in drug 
delivery system such as drugs for  cancer therapy (epirubicin,  doxorubicin, 
cisplatin, methotrexate, paclitaxel,  quercetin), infection therapy ( antibiotics, 
vaccines), neurodegenerative diseases ( acetylcholine), etc. Moreover, cova-
lent functionalization can also  diversify CNTs’ surface properties, from 
which favorable CNTs can be selected (13).

Schematic illustration of common methods for chemical functionaliza-
tion of carbon nanotubes is summarized in Figure 6.4.

6.3.2 NONCOVALENT FUNCTIONALIZATION OF CNTS

In contrast to covalent functionalization, non-covalent functionalization 
of CNTs can be carried out by coating CNTs with amphiphilic surfac-
tant molecules or polymers (polyethyleneglycol). The large aromatic 
(π-electrons) hydrophobic surface of carbon nanotubes makes them 
ideal partners for non-covalent interactions with suitable complementary 
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molecules and macrobiomolecules (DNA) (He et al., 2013; Zhang et al., 
2010). These interactions can take place both on the inside and outside of 
CNTs. However, macromolecules cannot be linked on their inside (Digge 
et al., 2012; Liu et al., 2009; Yang et al., 2007). As the chemical struc-
ture of the π-network of CNTs is not disrupted, the physical properties of 
CNTs are essentially preserved by the non-covalent approach (Liu et al., 
2009; Zhang et al., 2011). Non-covalent functionalization is realized via 
enthalpy-driven interactions, such as π-π, CH-π, NH-π, etc., between 
the CNT surface and the dispersants and/or entropy-driven interaction, 
i.e., hydrophobic interaction using surfactants (Fujigaya and Nakashima, 
2015). Forces that govern such adsorption are the hydrophobic and π-π 
stacking interactions between the chains of the adsorbed molecules and 
the surface of CNTs (Zhang et al., 2011). As many anticancer drugs are 
hydrophobic in nature or have hydrophobic moieties, the loading of such 
drugs into or onto CNTs is due to these hydrophobic forces. The pres-
ence of charge on the nanotube surface due to chemical treatment can 

FIGURE 6.4 Schema of covalent functionalization of CNTs by: (a) Oxidation reaction 
by strong acid (HNO3/H2SO4); (b) Further attaching hydrophilic molecules by amidation 
reactions.



enable the adsorption of the charged molecules through ionic interac-
tions (Fujigaya and Nakashima, 2015; Zhang et al., 2011). Non-covalent 
functionalization of CNT is particularly attractive because it offers the 
possibility of attaching chemical handles without affecting the electronic 
network of CNTs, thereby favorable for diverse biomedical applications. 
The polyaromatic graphitic surface of a carbon nanotube is available to 
the binding of aromatic molecules via π-π stacking (Bianco et al., 2005; 
He et al., 2013). The advantage of the noncovalent methodology permits 
to preserve the aromatic structure of the nanotubes and thus their elec-
tronic characteristics. Different reagents and compounds often used in this 
technique are: organic solvents, organic polymers, amphiphilic peptides, 
detergents, nucleic acids and sugars. Generally, this functionalization 
is often used to associate CNTs with several molecules and to produce 
nanotube biosensors in particular for potential medical diagnostic and 
biological applications. However, the major problem of aggregation and 
 precipitation of CNTs after the release of the bioactive molecule from its 
CNT complex, and the related undesirable effects, remain to be solved 
(Bianco et al., 2005).

Many biomolecules (proteins, metallothionein proteins, DNA, amy-
lose, polysaccharides) can interact with CNTs without producing of 
covalent conjugates because they possess high affinity with the graphitic 
network and are capable to be adsorbed strongly on the external sides of 
CNTs; thus, the products obtained can be visualized clearly by microscopy 
techniques (Zhang et al., 2011). Schemes of different noncovalent func-
tionalization of CNTs are illustrated in Figure 6.5.

Generally speaking, the covalent modifications are superior to the 
noncovalent modification in terms of the stability of the functionaliza-
tion (Fujigaya and Nakashima, 2015). However, the covalent modifica-
tion changes the intrinsic properties of the CNTs, such as conductivity 
and mechanical toughness, and often cuts the CNTs into shorter tubes; 
thus, the noncovalent modification is superior in most cases in order 
to use the inherent properties of the CNTs (Fujigaya and Nakashima, 
2015). In addition, noncovalent modifications are characterized as their 
simple procedure, typically just by the mixing of CNTs with biomol-
ecules under a shear force treatment such as sonication (Fujigaya and 
Nakashima, 2015).
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Briefly, the choice between covalent or noncovalent functionalization 
for CNTs depends on the physicochemical nature of the therapeutic agent 
used, its quantity loaded as well as its quantity released. Detailed tech-
niques for different functionalization of CNTs can be found in the litera-
ture and in our recent publications cited herein (Chen et al., 2011; Jiang 
et al., 2012; Kateb et al., 2010; Liu et al., 2007, 2009; Mehra et al., 2014; 
Zhang et al., 2010).

After suitable modifications, CNTs become hydrophilic and less toxic 
and are ready to be linked with drugs or biomolecules (genes, DNA,  proteins, 
enzymes, biosensors, etc.) for their delivery into the target cells or organs.

6.3.3 MULTIFUNCTIONAL CNTs COMPOSITES

Another emerging issue of CNTs for use in biomedical areas is to  provide 
multifunctionality. Carbon nanotubes present remarkable  opportunities to 
meet the future drug delivery challenges because they are stable  chemically 
and mechanically. The material incorporation into their inner hollow 
space is convenient, and their outside wall can be  chemically modified 
 according to the desired purpose (Singh et al., 2014). These strategies allow 
the  generation of novel versatile systems that can be employed in many 

FIGURE 6.5 Schema of noncovalent functionalization of CNTs by: (a) Surfactants such 
as protein adsorption; (b) Polymers such as DNA wrapping.
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biotechnological or biomedical fields. One example of this is to endow 
magnetic properties, which have been implemented through the combina-
tion of magnetic nanoparticles (MNPs) with CNTs (Singh et al., 2014). The 
 preparation of magnetic CNTs (Mag-CNTs) opens new  avenues in nanobio-
technology and biomedical applications as a  consequence of their  multiple 
properties embedded within the same moiety (Masotti and Caporali, 2013). 
Several preparation techniques have been developed during the last few 
years to obtain magnetic CNTs: grafting or  filling  nanotubes with mag-
netic ferrofluids or attachment of magnetic nanoparticles to CNTs or their 
polymeric coating (Masotti and Caporali, 2013). Therefore, multifunc-
tional CNTs composites, especially Mag-CNTs, have attracted consider-
able researcher attention over the past decades for  different biomedical 
applications (Eatemadi et al., 2014; Gao et al., 2006; Masotti and Caporali, 
2013; Singh et al., 2014; Xiao et al., 2012, 2013, 2014). Indeed, magnetic 
nanomaterials including Fe, Co, Ni and their alloys have been used as mag-
netic carriers for drug targeting. The magnetic delivery of CNTs through 
an external magnetic field is considered a promising approach to achieve 
specific delivery of drugs when directing these nanosystems to diseased 
organs. However, these nano-sized materials are easy to gather together 
due to their small size and their unstable active surface. In order to improve 
the stability and to expand the application of magnetic nanostructures, 
effective combining or surface coating is efficient strategy. Several prepa-
ration techniques for magnetic CNTs have been developed by our group or 
by the others during the last few years (Gao et al., 2006; Lee et al., 2010; 
Masotti and Caporali, 2013; Singh et al., 2014; Xiao et al., 2013, 2014) 
and their applications in biomedical fields will be described in different 
paragraphs below.

6.4 MECHANISMS OF DRUG OR BIOMOLECULE DELIVERY 
BY FUNCTIONALIZED CNTs

Functionalized CNTs have been assayed by different in vitro and/or in 
vivo experiments for studying the transport of various therapeutic agents, 
ranging from small drug molecules to bio-macromolecules, such as pro-
tein and DNA/RNA, into different types of cells. Many reports of these 
investigations could be resumed as the following.
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Generally, the conjugate of functionalized CNTs with targeted thera-
peutic agent is able to cross the cytoplasmic membrane and nuclear mem-
brane without destruction during this penetration and also without obvious 
toxic effect (Liu et al., 2009; Tripathi et al., 2015). After reaching the tar-
geted cell, two possibilities to deliver drug: either the drug enters the cells 
without internalization of the CNT carrier or both the drug and the CNT 
carrier enters the cells. The latter internalization method is more efficacy 
than the first one, because after entering the cells, the intracellular environ-
ment degrades the drug-carrier conjugate releasing drug molecules in situ, 
i.e., inside the cells. While, in the non-internalization method, the extracel-
lular environment helps degrade drug-carrier conjugates and the drug then 
crosses itself the lipid membrane to enter the cells, thereby, possibility of 
drug degradation during this penetration by itself (Basu and Mehta, 2014; 
He et al., 2013; Liu et al., 2009). To date, two major mechanisms of CNT 
internalization have been widely considered: (a) the endocytosis/phagocy-
tosis pathway and (b) the insertion and diffusion pathway, i.e., via the endo-
cytosis-independent pathway. However, the mechanism of the last pathway 
is still not well-known (Basu and Mehta, 2014; He et al., 2013; Liu et al., 
2007; Tripathi et al., 2015). There are different interpretations about the 
drug or biomolecule delivery by functionalized CNTs into cells found in 
the literature, almost are not too divergent, here are some resumes of them.

According to Rastogi et al. (2014), the exact cellular uptake pathway 
of CNTs is complex and to resume there are two possible pathways to 
cross the cellular membrane (Figures 6.6A–6.6C). The first is endocytosis 
dependent pathway which may be either receptor mediated or nonreceptor 
mediated and the second is-based on endocytosis independent pathway 
which includes diffusion, membrane fusion, or direct pore transport of the 
extracellular material into the cell (Rastogi et al., 2014). The process of 
internalization of CNTs depends on several parameters such as the size, 
length, nature of functional groups, hydrophobicity, and surface chemistry 
of CNTs (Lacerda et al., 2012; Lee and Geckeler et al., 2010). Endocytosis 
dependent pathway is an energy and temperature dependent transport pro-
cess (Rastogi et al., 2014). Once taken up by cells via endocytosis, CNTs 
are able to exit cells through exocytosis (Liu et al., 2009).

The understanding of the mechanisms involved in the interaction 
of biological systems with CNTs is of interest to both fundamental and 



applied researches. Data demonstrates that shorter nanotubes have a 
stronger propensity to passively penetrate the cell membrane and reach 
the cytoplasm (Tripathi et al., 2015). Although much progress has been 
made in this domain, the details of different mechanisms about the pen-
etration of functionalized CNTs through cell membrane are still debated. 
Cellular internalization has always been a preferred mechanism of drug 
delivery. Hydrophobicity and membrane asymmetry are the key factors 
responsible for the insertion and complete translocation (Tripathi et al., 
2015). Different studies illustrated the significant contribution of plasma 
membrane translocation in the cellular uptake of CNTs. Multiple inter-
nalization pathways may simultaneously operate and determine CNT cel-
lular uptake and trafficking (Tripathi et al., 2015). In addition, the last 
one will be strongly dependent on the type of CNT functionalization, the 
physicochemical nature of CNT dispersions and the type of target cells. In 
general, it could be concluded that there was no single, unique mechanism 

FIGURE 6.6-A By endocytosis independent pathway or direct penetration of drug-CNTs 
into the cell. In this passive process, drug-CNTs diffuse across the cellular membrane, 
then, release drugs in situ. This penetration looks like a tiny needle crossing the cellular 
membrane (Tripathi et al., 2015).
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responsible for CNT cellular uptake, and that chemical functionalization 
could represent a way to tailor the ulterior fate of CNTs such as internal-
ization, cellular processing and elimination/degradation depending upon 
the desired application (Lacerda et al., 2012).

According to some other authors (He et al., 2013; Madani et al., 2011), 
the exact mechanism of CNT uptake is determined by various factors, 
such as size, shape, degree of dispersion, and the formation of supramo-
lecular CNT complexes. They have reported that small CNTs with a length 
of upto 400 nm are internalized by a diffusion mechanism and that CNTs 
larger than 400 nm in length are internalized by endocytosis. It has also 
been suggested that CNTs attached to large proteins, such as streptavi-
din, staphylococcal protein A, or bovine serum albumin, are taken up via 
endocytosis, whereas CNTs attached to small molecules, such as ammo-
nium, methotrexate, or amphotericin B, enter cells by a diffusion process 
(Madani et al., 2011).

FIGURE 6.6-B By receptor mediated endocytosis, i.e., by ligand-receptor interactions. 
CNT surface is linked with drug and a ligand which is attracted by its surface cell receptor 
such as folate and cell folate receptor. After penetration into the cell by forming endosomes 
followed by internalization, drug is released in situ and cell receptor is regenerated (Rastogi 
et al., 2014). (Adapted from Rastogi, V.; Yadav, P.; Bhattacharya, S. S.; Mishra, A. K.; 
Verma, N.; Verma, A.; Pandit, J. K. Carbon Nanotubes: An Emerging Drug Carrier for 
Targeting Cancer Cells. J. Drug Deliv., 2014, ID 670815, 23 pp. https://creativecommons.
org/licenses/by/3.0/)
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Briefly, the conjugate of drug or biomolecule attached to functional-
ized CNTs by covalent or noncovalent bonding, including hydrophobic 
interaction, π–π stacking interaction, and electrostatic adsorption is ready 
to cross cell membranes to deliver its active compound into the cytoplasm 
(He et al., 2013; Jiang et al., 2012). Besides, CNTs have capacity to keep 
drug or biomolecule intact during transportation and cellular penetration. 
The last property permits to decrease the dosages of drugs used, and con-
sequently their toxicity, especially for anticancer drugs. Therefore, the 
drug-CNT conjugate proves to be safer and more effective than drug used 
alone by traditional preparation.

For the delivery of a drug to a specific target cell, such as cancer 
cell, chemotherapeutic agent can be bound to a complex formed by CNT 
and a marker that is able to recognize the cancer cell or to be directly 
driven to this tumor. These techniques will be developed in the following 
paragraph.

FIGURE 6.6-C By non receptor mediated endocytosis, i.e., without ligand-receptor 
interactions. In this case, the penetration of drug-CNTs is mediated by endocytosis, with 
formation of endosomes, but without the intervention of ligand-receptor process (Rastogi 
et al., 2014). (Adapted from Rastogi, V.; Yadav, P.; Bhattacharya, S. S.; Mishra, A. K.; 
Verma, N.; Verma, A.; Pandit, J. K. Carbon Nanotubes: An Emerging Drug Carrier for 
Targeting Cancer Cells. J. Drug Deliv., 2014, ID 670815, 23 pp. https://creativecommons.
org/licenses/by/3.0/)
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6.5 APPLICATIONS OF FUNCTIONALIZED CNTs 
IN DRUG DELIVERY

The functionalized CNTs are mainly applied in drug delivery. Drug 
 delivery system is designed to improve the pharmacological, bioavail-
able and therapeutic profiles of a drug molecule. Most drugs chosen in these 
applications are potent drugs with high efficacy, but also with high toxic-
ity and/or low bioavailability because traditional techniques cannot resolve 
these problems, thereby limiting their therapeutic activities. Furthermore, 
the large inner volume of CNTs allows encapsulation of drugs (Fujigaya 
and Nakashima, 2015). CNTs can also be used for multidrug therapy by 
loading the tubes with more than one drug. Moreover, CNTs can also 
control the release system by delivering drugs over a long period of time 
(Kantamneni and Gollakota et al., 2013). Several drugs tested in vitro and/
or in vivo experiments using CNTs as drug carriers include antineoplastic 
agents for cancer treatment, antibiotics or vaccines for infection therapy or 
prevention, neurotransmitters for chronic neurodegenerative diseases, etc.

6.5.1 FOR CANCER THERAPY

The most common types of cancer treatment are chemotherapy, radia-
tion therapy, surgery, hyperthermia, immunotherapy, targeted therapy and 
many others. However, the effectiveness of chemotherapy drugs is often 
limited by the toxicity to other tissues in the body such as immune sys-
tem, a vital organ for fighting cancer and infection. This is because most 
chemotherapy drugs do not specifically kill cancer cells, they act to kill all 
cells undergoing fast division.

6.5.1.1 By Drug Delivery or Chemotherapy

The efficacy of chemotherapy drugs used alone is often limited not only by 
their toxicity to other tissues in the body and narrow therapeutic window 
but also as a result of drug resistance and limited cellular penetration. The 
exploration of CNTs used as drug carrier to treat tumor has been recently 
investigated by different in vitro and in vivo studies (6, 8, 17, 55, 58, 60). 



Because CNTs can easily across the cytoplasmic membrane and nuclear 
membrane, anticancer drug transported by this vehicle will be liberated 
in situ with intact concentration and consequently, its action in the tumor 
cell will be higher than that administered alone by traditional therapy. Thus, 
the development of efficient delivery systems with the ability to enhance 
cellular uptake of existing potent drugs is needed. The high aspect ratio 
of CNTs offers great advantages over existing delivery vectors, because 
the high surface area provides multiple attachment sites for drugs (8, 30). 
Many anticancer drugs have been conjugated with functionalized CNTs 
and successfully tested in vitro and in vivo such as epirubicin, doxorubicin, 
cisplatin, methotrexate, quercetin, paclitaxel, etc. (Chen et al., 2011; Dhar 
et al., 2008; Elhissi et al., 2012; Lay et al., 2011; Liu et al., 2008; Madani 
et al., 2011; Pineda et al., 2014; Rastogi et al., 2014; Sahoo et al., 2011; 
Zhang et al., 2011).

Drugs can either attach to the outer surface of the CNTs via functional 
groups or be loaded inside the CNTs. Attachment of the anticancer drug to 
the outer surface of the CNTs can be through either covalent or noncova-
lent bonding, including hydrophobic, π–π stacking, and electrostatic inter-
actions (Elhissi et al., 2012; He et al., 2013; Pineda et al., 2014). Indeed, 
the poorly water-soluble anticancer camptothecin has been loaded into 
polyvinyl alcohol-functionalized MWCNTs and reported to be potentially 
effective in the destruction of human breast and skin cancer cells in com-
parison of the same drug used alone (Sahoo et al., 2011). Other authors 
have incorporated carboplatin, a platinum anticancer drug, into CNTs 
and obtained better results with this conjugate than drug used alone in the 
inhibition of the urinary bladder cancer cells proliferation in vitro (Dhar 
et al., 2008; Zhang et al., 2011). Liu et al. (Liu et al., 2008) demonstrated 
that the in vivo administration of SWCNT–paclitaxel (Taxol) conjugate 
in a murine breast cancer model has been observed with higher efficacy 
in suppressing tumor growth and less toxic effects to normal organs. The 
higher therapeutic efficacy and lower side effects could be attributed to 
prolonged blood circulation, higher tumor uptake and slower release of 
drug from SWCNTs (Liu et al., 2008). In another study, anticancer effects 
have been shown to be dependent on the method used to entrap the drug in 
the CNTs, which highlighted the possible effects of preparation conditions 
on the therapeutic activity of antineoplastic agents associated with CNTs 
(Elhissi et al., 2012).
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For specific delivery of a drug to targeted cancer cells, chemo agent 
can be linked to a CNT complex containing a marker or link that is either 
directly guided to the tumor or attractively recognized by the cancer cell 
surface of an organ. The first marker is Magnetic-CNTs used to drive 
linked drug to the target cell by an external magnet, while the second type 
is an antibody against antigen on cancerous cell surface by the phenom-
enon of antigen-antibody attraction.

Thus, various investigators have prepared different Magnetic-CNTs 
linked to chemotherapeutic agents for targeting lymph node cancers 
(Elhissi et al., 2012; Gao et al., 2006; He et al., 2013). Lymphatic cancer 
metastasis occurs frequently even after extended lymph node dissection. 
No efficient therapeutic methods have been so far developed to target lym-
phatic metastasis (Gao et al., 2006). Therefore, the delivery of antican-
cer drugs to the lymph nodes may be of great interest. Nanoparticles can 
be effectively taken up into lymphatics, but only few nanosystems can 
be retained in the draining lymph node. Ni et al. (Yang et al., 2008) have 
developed a technology using a magnetic carbon nanotube (MCNT) deliv-
ery system in which chemo agents were incorporated into the pores of 
functionalized MCNTs synthesized with a layer of magnetite nanoparticles 
on the inner surface of the nanotubes. To improve drug delivery to can-
cer cells in the lymph nodes, individualized MCNTs were noncovalently 
functionalized by folic acid (FA). By using an externally placed magnet to 
guide the drug matrix to the regional targeted lymph nodes, the MCNTs 
can be retained in the draining targeted lymph nodes for several days and 
continuously release anticancer drugs. In another study, Yang et al. (2009) 
have successfully prepared a hydrophilic MWCNTs decorated with mag-
netic nanoparticles as lymphatic targeted chemo drug delivery vehicles 
under the guidance of a magnetic field. Xiao et al. (2012) have presented a 
new synthesis technique of magnetic MWCNTs by a simple solvothermal 
process for tumor-specific targeting of epirubicin delivery. Panczyk et al. 
(2009) have studied a computer simulation of the behavior of a carbon 
nanotube in which both ends are connected to magnetic nanoparticles by 
a short alkane chain. Their survey results showed that the access to the 
nanotube interior can be easily controlled by switching the external mag-
netic field on or off. Such nanodevices might be very promising candidates 
for drug delivery systems or storage materials with controllable release of 
encapsulated molecules. Recently, Yang et al. (2011) have subcutaneously 



injected in mice the anticancer molecule gemcitabine loaded into magnetic 
MWCNTs; they reported that high activity against lymph node metastasis 
has been obtained, in contrast with drug injected alone.

Another procedure for the specific delivery of a drug to a target cell 
in vivo, such as cancer cell, involves using an antibody against antigen 
generally overexpressed on the cancerous cell surface. Such method con-
sists in linking a chemotherapeutic agent to a conjugate of functionalized 
CNT containing this antibody. By the attraction of antigen-antibody, this 
complex can be taken up by the tumor cell only before the anticancer drug 
is cleaved off CNTs; thus, specific targeting delivery is performed (Elhissi 
et al., 2012; He et al., 2013; Kantamneni and Gollakota et al., 2013; Lay 
et al., 2011; Madani et al., 2011). Some cancer cells express large amounts 
of p-glycoprotein (P-gp), an important protein of the cell membrane, which 
renders these cancers multidrug resistance and is a major obstacle to effec-
tive anticancer drug therapy (He et al., 2013). To resolve this problem, 
Li and co-workers (2010) have shown that SWCNTs can be functionalized 
with p-glycoprotein antibodies and loaded with the anticancer agent doxo-
rubicin. Using these antibodies, the designed conjugates first neutralize the 
obstacle, p-glycoprotein on the cell membrane, then, deliver the drug into 
the cancer cells. Compared with free doxorubicin, this formulation dem-
onstrated higher cytotoxicity by 2.4-fold against K562R leukemia cells.

6.5.1.2 By Antitumor Immunotherapy

CNTs play an important role in modulating immunological functions. Prior 
study has revealed that viral peptides conjugated to CNTs can elicit strong 
antipeptide antibody responses in mice with no detectable cross reactivity 
to the CNTs (He et al., 2013; Kantamneni and Gollakota et al., 2013; Lay 
et al., 2011; Madani et al., 2011; Meng et al., 2008). It is also reported that 
functionalized CNTs are noncytotoxic to immune cells. The significance 
of immunotherapy as an adjuvant anticancer treatment is well recognized 
(Meng et al., 2008). Recently, some in vitro and in vivo studies have found 
that CNTs used as carrier can effectively improve antitumor immunother-
apy (Digge et al., 2012; Elhissi et al., 2012; Kantamneni and Gollakota 
et al., 2013; Lay et al., 2011; Madani et al., 2011). This therapeutic consists 
of stimulating the patient’s immune system to attack the malignant tumor 
cells. This stimulation can be achieved by the administration of a cancer 
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vaccine or a therapeutic antibody as drug. Some authors have validated the 
use of CNTs as vaccine delivery tools (Meng et al., 2008). Yang’s group 
reported that the conjugate of MWCNTs and tumor lysate protein [tumor 
cell vaccine (TCV)] can considerably and specifically enhance the effi-
cacy of an antitumor immunotherapy employing TCV in a mouse model 
bearing the H22 liver cancer (Meng et al., 2008). In vitro, the conjugate of 
CNTs and tumor immunogens can act as natural antigen presenting cells 
(such as mature dendritic cells) by bringing tumor antigens to immune 
effector T cells; this action is due to the high avidity of antigen on the sur-
face and the negative charge. The complement system activation effects 
of CNTs and also their adjuvant effects may play a role in the stimulation 
of antitumor immunotherapy; however, the mechanism remains unknown 
(Meng et al., 2008).

Given the excellent features of CNTs as transporters for bioactive 
molecules, it will be of great interest to evaluate the role of CNTs in 
antitumor immunotherapy.

6.5.1.3 By Local Antitumor Hyperthermia Therapy

Thermal ablation represents a potential form of cancer therapy that is non-
invasive and harmless to normal cells, with high efficacy. Exposure to 
modalities, such as near infrared, leads to cell death by irreversible pro-
tein denaturation or plasma membrane damage as a result of temperatures 
reaching over 40°C. This form of therapy has been shown to be effica-
cious for the treatment of numerous malignancies, including those of the 
lung, liver, and prostate. It is proposed to use the novel paradigm of treat-
ing cancer with hyperthermia therapy using either MWCNTs or SWCNTs 
stimulated with near infrared (NIR) irradiation (NIR from 700–1100 nm) 
(Madani et al., 2011). These nano-materials are considered as potent can-
didate for hyperthermia therapy since they generate significant amounts of 
heat upon excitation with NIR light. It was demonstrated that addition of 
MWCNTs to Erlich ascitic carcinoma (EAC) cell suspension by in vitro 
experiment results in the photo-ablative destruction of cells exposed to 
short time NIR irradiation (Burlaka et al., 2010). In an in vivo experiment 
(Madani et al., 2011), a group of mice was injected with human epidermoid 
cancer cells. Once the size of the tumor reached 70 mm3, functionalized 



CNTs were injected into the tumors which were then exposed to near 
infrared. The results showed that the cancerous cells treated with CNTs 
and near infrared light disappeared within 20 days (Madani et al., 2011). It 
was also shown that a local rise in temperature increased the permeability 
of the tumor vasculature which may be advantageous for selective deliv-
ery of drugs to the tumor site from the systemic circulation. Other authors 
reported that the photo-thermal effect can induce the local thermal abla-
tion of in vivo tumor cells by excessive heating of SWCNTs shackled in 
tumor cells such as pancreatic cancer (Elhissi et al., 2012; Kantamneni and 
Gollakota et al., 2013; Lay et al., 2011). In addition, magnetic-CNTs can 
also be used for thermal treatment of cancer. These nanomaterials guided 
by an external magnetic field can reach the cancerous tissue of an organ, 
then, destroy this tumor by thermal ablation (Madani et al., 2011). It has 
also been recently reported that breast cancer stem cells, highly resistant 
to conventional thermal treatments, can be successfully treated with CNT-
based photothermal therapies by promoting necrotic cell death (Shao et al., 
2013). Further studies in this direction show that DNA-encased MWCNTs 
are more efficient at converting NIR irradiation into heat compared to non-
encased MWCNTs and that this method can be effectively used in vivo for 
the selective thermal ablation of cancer cells (Arora et al., 2014).

Some progress in hyperthermia technique using CNTs has been 
achieved in recent years, and it has shown feasibility in clinical application.

6.5.2 FOR INFECTION THERAPY

Due to the uncontrolled use of antibiotics as well as of other antiviral 
and antibacterial drugs, a number of infectious agents become resistant 
to these treatments. It is also observed for certain vaccine inefficacy in 
the prevention of epidemic. To resolve the problem of drug resistance as 
well as to avoid the toxicity or/and to increase the narrow therapy of cer-
tain antiinfectious agents, CNTs have been assayed by many researchers 
recently.

Functionalized CNTs have been demonstrated to be able to act as carri-
ers for antimicrobial agents such as the antifungal amphotericin B (AmB) 
(He et al., 2013; Rosen et al., 2011). Due to its lower aqueous solubility, 
the systemic toxicity of AmB restricts its application for chronic fungal 
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infections. CNTs can attach covalently to amphotericin B and transport it 
into mammalian cells. This conjugate has reduced the antifungal toxicity 
about 40% as compared to the free drug (Rosen et al., 2011). Our group 
has successfully combined an antimicrobial agent Pazufloxacin mesilate 
with amino-MWCNT with high adsorption and will be applied to experi-
mental assays for infection treatment (Jiang et al., 2012).

The antimycobacterium activity of dapsone is limited by its high lipo-
philic nature that exposes dapsone to extensive metabolism by the liver 
with the formation of diverse toxic metabolites responsible for adverse 
reactions like methemoglobinemia, hemolytic anemia, agranulocytosis 
and dapsone hypersensitivity syndrome (Kumar et al., 2014). Conjugated 
with MWCNTs, the antimycobacterium activity of dapsone is evidenced 
by delaying apoptosis of peritoneal macrophages indicating selective 
accumulation of drug in the endosomal localization. Thanks to the local 
concentration of the drug, such an approach using CNTs may reduce the 
systemic toxicity of dapsone, and thus make it more efficient in the treat-
ment of tuberculosis (Kumar et al., 2014). Isoniazid, a powerful antitu-
bercular drug shows limited action due to its lower permeability into the 
mycobacterial cell wall resulting in drug accumulation and hence aggra-
vated toxicity. The delivery of isoniazid under conjugated form with func-
tionalized CNTs has allowed the successful permeation of drug into the 
mycobacterial cell wall (Gallo et al., 2007; Kumar et al., 2014).

Functionalized CNTs can also act as vaccine delivery procedures (Liao 
et al., 2011; Rosen et al., 2011). The linkage of a bacterial or viral antigen 
with CNTs permits of keeping intact antigen conformation, thereby, induc-
ing antibody response with the right specificity (Digge et al., 2012). The 
fixation of functionalized CNTs with B and T cell peptide epitopes can 
generate a multivalent system able to induce a strong immune response, 
thereby becoming a good candidate for vaccine delivery (Usui et al., 2012; 
Yang et al., 2007). Thus, functionalized CNTs can be used as a good nano-
carrier for the delivery of vaccine antigens. Besides, CNTs themselves 
might have antimicrobial activity since bacteria may be adsorbed onto the 
surfaces of CNTs, such as the case of E. coli. The antibacterial effect was 
attributed to carbon nanotube-induced oxidation of the intracellular anti-
oxidant glutathione, resulting in increased oxidative stress on the bacte-
rial cells and eventual cell death (Digge et al., 2012). The applications of 



functionalized CNTs used either as drug carriers or as antimicrobials by 
themselves for infection therapy may play an important role in the success-
ful combat against a number of dreadful ailments due to different microbes.

6.5.3 FOR ANTIINFLAMMATORY THERAPY

Dexamethasone (DEX) is a synthetic glucocorticoid hormone commonly 
used as immunosuppressant and antiinflammatory drug to treat many 
autoimmune and inflammatory diseases. SWCNTs have been used as 
host-carrier film for the electrically stimulated delivery of DEX. An accel-
erated cellular uptake and a complete drug release of DEX were observed 
due to electrostatic repulsions between SWCNTs and DEX when −0.8 V 
potential was applied. The passive release of DEX was decreased by the 
addition of SWCNTs, due to the possible attractive interactions between 
the drug and SWCNTs. This new technique of drug delivery may improve 
the antiinflammatory therapy of dexamethasone in the future (Luo et al., 
2011; Naficy et al., 2009; Tripathi et al., 2015). Ketoprofen, a nonsteroidal 
antiinflammatory drug (NSAID), is used for the treatment of inflammatory 
diseases (arthritis, headache, etc.) by its inhibition of the prostaglandin 
production in the body. An electro-sensitive transdermal DDS, composed 
of a semiinterpenetrating polymer network (polyethylene oxide-pentae-
rythritol triacrylate) as the matrix and MWCNTs was demonstrated to 
increase the electrical sensitivity of (S)-(+)-ketoprofen. The amount of 
released drug increases with enhanced applied potentials, which can be 
attributed to higher electrical conductivity of CNTs (Tripathi et al., 2015).

6.5.4 FOR NEURODEGENERATIVE DISEASES

Because of their tiny dimensions and accessible external modifications, 
CNTs are able to cross the blood–brain barrier by various targeting mecha-
nisms for acting as effective delivery carriers for target brain. Thus, CNTs 
are promising biomedical materials for drug delivery system (DDS) in 
many dreadful neurodegenerative ailments (He et al., 2013).

Yang et al. (2010) have observed that SWCNTs were successfully used 
to deliver acetylcholine in mouse brains affected by Alzheimer’s disease 
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with high safety range. Acetylcholine is natural neurotransmitter of the 
cholinergic nervous system and related with high-level nervous activities, 
such as learning, memory, and thinking. Because of the synthesis impair-
ment, acetylcholine is decreased in the neurons in the Alzheimer disease 
brain, leading to the incapability of intellectual working. However, pro-
viding acetylcholine into brain is a problem because this neurotransmit-
ter with strong hydrophilic property cannot cross the blood-brain barrier 
(BBC). To overcome this obstacle, Yang’s group (2010) has prepared a 
conjugate by adsorption of acetylcholine on SWCNT. This system suc-
cessfully delivered acetylcholine into the neurons in the brain through 
the axoplasma transformation of neurites and significantly improved the 
learning and memory capabilities of the model animals with Alzheimer 
diseases (Yang et al., 2010). Many other functionalized SWCNTs or 
MWSCNTs have successfully been used as suitable delivery systems for 
treating neurodegenerative diseases or brain tumors (Digge et al., 2012; 
He et al., 2013; Liao et al., 2011; Zhang et al., 2010). Overall the results 
of these studies have indicated that conjugates of CNTs with therapeutic 
molecules have better effects on neuronal growth than drugs used alone. 
Another possible therapeutic application of CNT in the CNS is in the treat-
ment of glioblastoma tumors. The treatment of brain tumors remains a 
challenge despite advances in tumor therapy and the increasing under-
standing of carcinogenesis. Some antitumor drugs linked with new CNT 
modalities have been administered by systemic way to cross the blood-
brain barrier (BBB) (Tripathi et al., 2015). For example, Zhao et al. (2011) 
have recently demonstrated in vitro and in mice that the CNT delivery sys-
tem significantly enhanced CpG oligodeoxynucleotides immunotherapy; 
eradicating the glioma and protecting against tumor rechallenge (GL261 
and GL261.egfp, efgp = encoding green fluorescent protein, models). 
These findings suggest that CNTs can potentiate CpG immunopotency by 
enhancing its delivery into tumor-associated inflammatory cells.

CNT-mediated therapy is a valuable option for the treatment of neu-
rodegenerative diseases, including the treatment of stroke (Tripathi et al., 
2015). In this context, the potential use of amine-functionalized SWCNT 
was evaluated by Lee et al. (2014), using a middle cerebral artery occlu-
sion (MCAO) stroke model, to enhance the survival of neurons following 
ischemic injury. It was observed that the intracerebroventricular injections 



of SWCNT without any therapeutic molecule enhanced the motor func-
tion recovery of the animals; however, the mechanism for such activity 
remains elusive. No considerable toxicity was noticed in mice and only 
minor changes in tumor cytokine expression were observed, in spite of 
a transient increase in inflammatory cell infiltration into both normal and 
tumor-bearing brains following MWCNT injection. This study suggested 
that MWCNTs could be used as nontoxic vehicles to target tumor-associ-
ated macrophages (MP) in brain (Tripathi et al., 2015). Many other func-
tionalized CNTs have been used successfully as suitable delivery systems 
for treating neurodegenerative diseases or brain tumors (He et al., 2013). 
Overall, the results of these in vitro and in vivo studies in drug delivery 
have indicated that drugs are delivered more effectively and safely into 
cells by CNTs as nanocarriers than by traditional methods (Bamrungsap 
et al., 2012; Safari and Zarnegar, 2014; Surendiran et al., 2009).

6.6 APPLICATIONS OF FUNCTIONALIZED CNTs 
IN BIOMOLECULE DELIVERY

Biomolecules including macromolecules such as proteins, lipids, nucleic 
acids, DNA/RNA, genes, polysaccharides, as well as small molecules 
such as hormones, alkaloids, vitamins, antioxidants, etc. can be used in 
therapy and diagnosis of many human ailments. Applications of function-
alized CNTs in biomolecule delivery are recent and have been proposed 
for gene therapy, tissue regeneration, artificial implants and diagnosis of 
human diseases.

6.6.1 CARBON NANOTUBES FOR GENE THERAPY 
BY DNA DELIVERY

Gene therapy is an experimental technique that uses genes to treat or pre-
vent disease. This novel discovery could be a way to fix a genetic problem 
at its source by correcting a defective gene which is the cause of some 
chronic or hereditary diseases by introducing DNA molecule into the cell 
nucleus. However, classical delivery of nucleic acids in vivo is challeng-
ing due to the lack of stability, unwanted toxicity and their inability to 
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cross cell membranes. Some new nanocarrier systems for DNA trans-
fer including liposomes, cationic lipids and CNTs recently discovered 
have been assayed in vitro and in vivo in order to resolve these previous 
obstacles (He et al., 2013; Liao et al., 2011; Pantarotto et al., 2004; Usui 
et al., 2012). When bound to SWCNTs, DNA probes are protected from 
enzymatic cleavage and interference from nucleic acid binding proteins, 
consequently, DNA-SWCNT complex exhibits superior bio-stability and 
increases self-delivery capability of DNA in comparison to naked DNA 
(Usui et al., 2012). CNTs conjugated with DNA were found to release 
DNA before it was destroyed by cell defense system, boosting transfec-
tion significantly (Liu et al., 2009). Gene therapy by CNTs as nanocarrier 
has demonstrated that these nanostructures can effectively transport the 
genes inside mammalian cells and keep them intact because the CNT-gene 
complex has conserved the ability to express proteins (Li et al., 2008). 
CNTs can be modified with positive charges to bind DNA plasmids for 
gene transfection (Liu et al., 2009). Pantarotto et al. and Singh et al. 
(2004, 2005) used amino-SWCNTs and amino-MWCNTs functionalized 
by 1,3-dipolar cycloaddition to bind DNA plasmids, and have achieved 
reasonable transfection efficiency. In the work of Gao et al. (2006), amine 
groups were introduced to oxidized-MWCNTs for DNA binding and 
transfection, successfully expressing green fluorescence protein (GFP) in 
mammalian cells. Although the MWCNT-based method was less efficient 
than commercial gene transfection agents, such as lipofectamine 2000, the 
MWCNTs exhibited much lower toxicity. In another study carried out by 
Liu et al. (2005) polyethylenimine (PEI) grafted MWCNTs were used for 
DNA attachment and delivery, which afforded comparable efficacy to the 
standard PEI transfection method with the benefit of reduced cytotoxicity.

Unlike various small molecules (drugs, hormones, etc.) which are able 
to diffuse into cells, macrobiomolecules (proteins, DNA, and RNA) rarely 
cross cell membranes by themselves. Intracellular delivery is thus required 
in order to use these molecules for therapeutic applications. For example, 
proteins can be either covalently conjugated or noncovalently adsorbed 
on CNTs for intracellular delivery (Li et al., 2008; Pantarotto et al., 2004). 
The hydrophobic surface of partially oxidized SWCNTs allows nonspe-
cific binding of proteins. After being translocated into cells by nanotubes, 
proteins can become bioactive once they are released from endosomes 



(Li et al., 2008; Pantarotto et al., 2004). The use of functionalized CNTs 
as nanocarriers in macrobiomolecule delivery is a promising tool for the 
treatment of different dreadful ailments such as cancer in the future.

6.6.2 CARBON NANOTUBES FOR TISSUE REGENERATION 
AND ARTIFICIAL IMPLANTS

Tissue engineering recently developed is the study of the growth of new 
connective tissues, or organs, from cells and a collagenous scaffold to pro-
duce a fully functional organ for implantation back into the donor host. 
The aim of regenerative medicine is repair and regeneration of human 
body tissues and organs affected or lost because of disease, trauma, and 
the like (He et al., 2013). Whichever means are used, no tissue can be 
regenerated without a scaffold. Thus, the scaffold is of paramount impor-
tance in therapy, and research aimed at developing CNTs as scaffold mate-
rial has been increasing (Saito et al., 2014). Carbon nanotubes may be 
an important tissue engineering material for delivering of transfection 
agents, tracking of cells, sensing of microenvironments, and scaffolding 
for incorporating with the host’s body (Kumar et al., 2012; Haniu et al., 
2012). The knowledge advances of cell and organ transplantation and of 
CNT chemistry in recent years have contributed to the sustained develop-
ment of CNT-based tissue engineering and regenerative medicine. Carbon 
nanotubes may be the best tissue-engineering candidate among numerous 
other materials for tissue scaffolds since this nanomaterial is biocompat-
ible, resistant to biodegradation and can be functionalized with biomol-
ecules for enhancing the organ regeneration. In this field, CNTs can be 
used as additives to reinforce the mechanical strength of tissue scaffolding 
and conductivity by incorporating with the host’s body (Haniu et al., 2012; 
He et al., 2013; Liao et al., 2011; Saito et al., 2014).

The use of CNT composites as scaffold in regenerative medicine 
has been vigorously investigated in vitro (Saito et al., 2014). Indeed, 
MacDonald et al. (2005) have successfully combined in vitro a carbox-
ylated-SWCNTs with a polymer or type I collagen to form a composite 
nanomaterial used as scaffold for myocyte culture in tissue regeneration. 
Other in vitro studies showed that a CNT/polyurethane composite could 
be used as a scaffold for fibroblasts growth and biosynthesis and also for 
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culturing vascular endothelial cells in order to promote their prolifera-
tion and to suppress thrombus formation (Saito et al., 2014). A composite 
of MWCNTs with regenerated silk fibroin films were shown to support 
the adhesion and growth of human bone marrow stem cells. SWCNTs 
nonwoven films enhanced long-term proliferation of many cell types. 
Besides numerous in vitro studies examining the reactions between cells 
and CNT composites used as scaffolds, some in vivo animal experiments 
have recently started (Haniu et al., 2012; Paratala et al., 2011; Saito et al., 
2014). It has been reported that CNTs can effectively enhance bone tis-
sue regenerations in mice and neurogenic cell differentiation by embry-
onic stem cells in vitro (He et al., 2013). Other scientists reported for 
the first time that CNTs promote bone tissue formation in vivo by induc-
ing ectopic osteogenesis in mouse back muscle (Saito et al., 2014). For 
artificial implants, Saito et al. (2014) conjugated CNTs to polyethylene 
for use in sliding parts and rotating parts of artificial joints. Other tissue 
engineering applications of CNTs concerning cell tracking and labeling, 
sensing cellular behavior, and enhancing tissue matrices are also studied 
recently (He et al., 2013; Kumar et al., 2012; Li et al., 2008; Paratala 
et al., 2011). For nerve regeneration, some scientists enhanced and stimu-
lated the regeneration of injured nerve cells and fibers by using CNTs 
composites. Another study found that CNTs were useful in the differ-
entiation of embryonic stem cells to nerve cells. Other applications of 
CNTs are expected to develop new methods using Schwann cells (neu-
rolemmocytes of the peripheral nervous system) for nerve regeneration. 
Regenerative medicine for nerve is an interesting research field that aims 
to apply in combination the electrical and mechanical properties of CNTs 
to biomaterials.

The contribution of CNTs to bone and nerve tissue regenerations is of 
paramount interest. Other applications of CNTs in regenerative medicine 
have been found in the literature such as differentiation of mesenchymal 
stem cells to cardio-myocyte lineage cells, regeneration of cartilage, skel-
etal muscle and heart muscle (Haniu et al., 2012; Kumar et al., 2012; Li 
et al., 2008; MacDonald et al., 2005; Paratala et al., 2011; Saito et al., 
2014). In the future, CNTs will be used to stimulate the regeneration of 
many other tissues and organs, so regenerative medicine is quite an inter-
esting field of applied research.



6.7 OTHER APPLICATIONS OF CNTs IN MEDICINE 
AND PHARMACY

6.7.1 FUNCTIONALIZED CARBON NANOTUBES 
AS ANTIOXIDANTS

Recently, Galano et al. (2010) observed that carboxylated-SWCNTs  possess 
antioxidant property in nature and may have useful  biomedical applications 
for prevention of chronic ailments and aging and food preservation (Galano 
et al., 2010). Nevertheless, the potential role of CNTs as free-radical scav-
engers is still an emerging area of research. Their antioxidant property has 
been used in anti-aging cosmetics and  sunscreen creams to protect skin 
against free radicals formed by the body or by UV sunlight (He et al., 2013; 
Digge et al., 2012). More investigations of   different functionalized CNT 
forms in the future are needed, since free radicals are well known to be very 
damaging species (Galano et al., 2010; Pham-Huy et al., 2008).

6.7.2 CARBON NANOTUBES AS BIOSENSOR VEHICLES FOR 
DIAGNOSTIC AND DETECTION

Nanotechnology-based biosensors by CNTs are an analytical procedure 
designed to the detection of an analyte that combines a biological compo-
nent with a physicochemical detector. This recent application represents 
a most exciting area for therapeutic monitoring and in vitro and in vivo 
diagnostics because the accuracy and sensitivity of biosensors coupled 
with CNTs are higher than biosensors used alone (He et al., 2013; Wang, 
2005; Zhu et al., 2011).

Many CNT-enzyme biosensors such as CNT-based dehydrogenase, 
peroxidase, catalase or glucose-oxidase biosensors have been developed 
for different therapeutic monitoring and diagnostics (Digge et al., 2012; 
Usui et al., 2012; Wang, 2005). For electrical detection of DNA, the sen-
sitivity of the assay using SWCNT-DNA sensor obtained by integration 
of SWCNTs with single-strand DNAs (ssDNA) was considerably higher 
than traditional fluorescent and hybridization assays (He et al., 2013; 
Wang, 2005; Zhu et al., 2011).
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6.7.3 CARBON NANOTUBES FOR ENANTIOSEPARATION OF 
CHIRAL DRUGS AND BIOCHEMICALS

In pharmaceutical industries, 56% of the drugs currently in use are chiral 
products and 88% of the last ones are marketed as racemates consisting 
of an equimolar mixture of two enantiomers (Nguyen et al., 2006). Many 
analysts have developed new chiral selectors using either SWCNTs or 
MWCNTs alone or combined with other chiral stationary phases such as 
hydroxypropyl-β-cyclodextrin for the separation of numerous drug race-
mic drugs such as β-blockers, clenbuterol, etc. (He et al., 2013; Silva et al., 
2012; Tan et al., 2014).

6.7.4 CARBON NANOTUBES FOR SOLID-PHASE 
EXTRACTION OF DRUGS AND BIOCHEMICALS

Due to their strong interaction with other molecules, particularly with those 
containing benzene rings, CNTs surfaces possess excellent adsorption 
ability. Non-functionalized or functionalized CNTs have been investigated 
as Solid-Phase Extraction (SPE) adsorbents used alone or in conjugation 
with classical SPE sorbents for the analytical extraction of drugs, biolog-
ical compounds or pesticides in different media such as biological flu-
ids, drug preparations, environment, etc. (El-Sheikh and Sweileh et al., 
2011; He et al., 2013). Sorbents containing CNTs exhibit similar or higher 
adsorption capacity than silica-based sorbents or macroporous resins used 
alone. Many applications of CNTs in SPE can be found in our articles 
recently published or in the literature (Dai et al., 2015; El-Sheikh and 
Sweileh et al., 2011; Xiao et al., 2013, 2014).

6.8 PHARMACOKINETICS, METABOLISM AND TOXICITY OF 
CARBON NANOTUBES

6.8.1 PHARMACOKINETICS OF CARBON NANOTUBES

Studies in pharmacokinetics, metabolism and toxicity of diverse forms of 
CNTs play important role to evaluate the utilities of CNTs as a drug delivery 



vehicle. The blood circulation time and accumulation of CNTs and their 
eventual metabolites in the body affect their biomedical applications and 
toxicity (Arora et al., 2014; Yang et al., 2012). The bio-distribution and 
pharmacokinetics of CNTs mainly depend on their physicochemical char-
acteristics such as functionalization mode, solubility, shape, aggregation, 
chemical composition and also on their in vivo administration routes (He 
et al., 2013). To study the pharmacokinetics and bio-distribution of CNTs, 
various analytical techniques have been developed for measuring CNTs in 
bio-samples (Yang et al., 2012). Many reports about the bio-distribution 
and pharmacokinetics of different forms of CNTs are found in the litera-
ture (Arora et al., 2014; He et al., 2013; Singh et al., 2006; Wang et al., 
2004; Yang et al., 2012). As pristine CNTs are hydrophobic and easy to 
aggregate, they are not used as drug carriers and their pharmacokinetics 
are not discussed herein. They are only studied in toxicology.

For water-soluble CNTs, i.e., functionalized CNTs, the results of their 
pharmacokinetic and bio-distribution studies are abundant and sometimes 
divergent. In a recent review article (Yang et al., 2012), it was reported that 
the blood circulation half-life of Carboxyl-SWCNTs covalently linked to 
polyethylene-glycol (PEG1500) increased to 15.3 h. This good pharma-
cokinetics profile of PEG-SWCNTs makes them promising in biomedical 
applications. In another study (Liu et al., 2009), it was observed that when 
CNTs were dispersed in polyethylene glycol-phospholipid (PEG-PL) for 
thermal therapy and drug delivery, the blood circulation half-life of this 
complex PEG-PL/SWCNTs was prolonged, while the reticuloendothe-
lial system (RES) capture of SWCNTs was reduced in vivo. PEG chains 
were linked to PL molecules to form a hydrophilic-hydrophobic structure. 
PEG-PL suspended CNTs undergo hydrophobic interaction between PL 
and CNTs. The blood circulation half-life increased along with increasing 
the PEG density, while the RES uptake decreased accordingly (Singh et al., 
2006; Wang et al., 2004; Yang et al., 2012). The good behaviors of PEG-PL/
SWCNTs in vivo make them very useful in biomedical areas (Elhissi et al., 
2012; Kantamneni and Gollakota et al., 2013; Lay et al., 2011; Madani 
et al., 2011). By carefully choosing suspending reagents, the pharmacoki-
netics and bio-distribution of CNTs can be modified significantly.

Two other studies were performed with water soluble CNTs (SWCNT 
or/and MWCNT) for their bio-distribution in mice (He et al., 2013). None 
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of these studies report toxic side effects or mortality. Both experiments 
have used either 125Iodine or 111Indium as radio-tracers for observing their 
bio-distribution in mice (Singh et al., 2006; Wang et al., 2004). In the first 
study, the results showed that the CNT bio-distribution was not signifi-
cantly influenced by the administration route and that the 125I-SWCNT- OH 
distributed quickly throughout the whole body with 94% of the unchanged 
nanotubes excreted into the urine and 6% in the feces (Wang et al., 2004). 
The preferred organs for accumulation were the stomach, kidneys and 
bone. No tissue damage or distress was reported. Second study used two 
forms of 111Indium-functionalized SWCNT or MWCNT by IV administra-
tion only in mice. The bio-distribution profiles obtained were found very 
similar for both types of functionalized CNTs which showed an affinity for 
kidneys, muscle, skin, bone and blood 30 min after administration (Singh 
et al., 2006; Yang et al., 2012). However, all types of CNTs were rapidly 
cleared from all tissues and a maximum blood circulation half-life of 3.5 h 
was determined. Both SWCNTs and MWCNTs were found to be excreted 
through the renal route and observed intact in the excreted urine by trans-
mission electron microscopy (Yang et al., 2012).

6.8.2 METABOLISM AND TRANSFORMATION OF CNTs

CNTs employed for biomedical purposes are in forms of either dispersed 
or functionalized ones. After introducing to biosystems, it is possible that 
these CNTs are metabolized into other substances. The metabolism of 
CNTs definitely affects their biomedical applications and also might lead 
to unwanted toxicity. Therefore, the in vivo metabolism of CNTs should 
be highly concerned (Yang et al., 2012). According to Zhang et al. (2011), 
functionalized SWCNTs seem to be metabolizable in animal body. Yang 
et al. (2012) found that the skeleton of CNTs is relatively more stable 
than their functional groups. The stability of CNTs is also reflected by the 
long-term accumulation in vivo without being metabolized, where CNTs 
were visualized in mouse organs upon transmission electron microscopy 
(TEM) at several months postexposure. The stability of carbon skeleton 
also implies that CNTs are hard to be metabolized to small molecules, 
which may easily be excreted via urine and feces. In contrast to the stabil-
ity of carbon skeleton, the functional groups fixed on CNTs by both kinds 



of covalent and noncovalent functionalization are much easier to fall off 
from CNTs. Current results suggest that both kinds of functional groups 
could be detached from CNTs in vivo and this makes functionalized CNTs 
transformed into less functionalized or pristine CNTs. The metabolism of 
noncovalently functionalized CNTs is generally regarded as desorption of 
the suspending reagents. Yang et al. (2012) suggested that the metabolism 
of CNTs in vivo is organ-dependent, which requires individual evaluation 
for each accumulation organ. Because of the high stability of carbon skel-
eton, the metabolism of CNTs mainly means defunctionalization of the 
surface functional groups. Therefore, the liver is the most possible meta-
bolic organ in body for CNTs. Less functionalized CNTs are believed to be 
more toxic. Therefore, the hepatic toxicity of CNTs needs more attentions. 
Comparing the stability of noncovalently and covalently functionalized 
CNTs in vivo, the covalently functionalized CNTs seem more stable than 
noncovalently suspended ones. This phenomenon indicates that covalently 
modified CNTs are more suitable for biomedical use in vivo from the sta-
bility view. For the noncovalently suspended CNTs, PEG-PL is preferred 
among other stable suspending reagents (Yang et al., 2012; Zhang et al., 
2011). These findings imply that the biodegradation of CNTs may be a key 
determinant of the degree and severity of the inflammatory responses in 
individuals exposed to them. Nevertheless, some scientists have recently 
shown that CNTs can be broken down by myeloperoxidase (MPO), an 
enzyme found in neutrophils of mice (Kagan et al., 2010). Their discover-
ies contradict what was previously believed, that CNTs are not degraded 
in the body. This action of how MPO converts CNTs into water and car-
bon dioxide can be significant to toxicology and thus represents a major 
advance in nanomedicine, since it clearly shows that CNTs can be metabo-
lized by endogenous MPO (He et al., 2013; Singh et al., 2012). However, 
further studies are still required in order to draw an appropriate conclusion.

6.8.3 TOXICITY OF CARBON NANOTUBES

It is important to distinguish the three forms of CNT toxicity-based on 
their structures including pristine CNTs, i.e., insoluble raw SWCNTs and 
MWSCNTs, water soluble CNTs, i.e., covalent or noncovalent functional-
ized CNTs, and CNTs conjugated with drug or biomolecule.
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The safety of raw and functionalized CNTs as well as of their conjugates 
with drugs or biomolecules is still debatable due to the lack of systematic 
and complete toxicity evaluation (Liu et al., 2009). A large number of stud-
ies have been performed in the past several years to explore the potential 
toxic effects of carbon nanotubes. The conclusions of these reports varied 
drastically, showing a large dependence on the type of nanotube materials 
as well as functionalization approaches. So, toxicological studies of differ-
ent CNT types found in the literature seem still controversial.

6.8.3.1 Toxicity of Pristine CNTs

Pristine CNTs are hydrophobic and easy to aggregate, so it is difficult 
to disperse them in biosystems. Toxicological study of pristine CNTs is 
mainly focused in the professional risk assessments as well as the pure 
toxicological evaluations (Yang et al., 2012). Pristine CNTs are now pro-
duced worldwide for their use as additives in various structural materials 
of nanotechnology fields; their presence is only found in the workplace 
of CNT production or of different industries using CNT-based materials. 
Most publications found in the literature suggested that pristine CNTs 
could be the source of occupational lung diseases in workers of CNT 
industries like asbestos pathology previously observed in man (Ali-
Boucetta et al., 2013; Donaldson et al., 2006; Fisher et al., 2012; He et al., 
2013; Lacerda et al., 2006; Poland et al., 2008; Yang et al., 2012). For 
in vitro experiments, pristine, water insoluble CNTs have been found to 
be highly toxic to many different types of cells, including human kera-
tinocytes, rat brain neuronal cells, human embryonic kidney cells, and 
human lung cancer cells (Madani et al., 2013; Yang et al., 2012). For 
in vivo experiments-based on several rodent studies in which test dusts 
were administered intratracheally or intrapharyngeally to assess the pul-
monary toxicity of manufactured CNTs, a number of authors observed 
that CNTs were capable of producing inflammation, epithelioid granulo-
mas, fibrosis, and biochemical changes in the lungs (Madani et al., 2013; 
Yang et al., 2012). Folkmann et al. (2009) reported that oxidative dam-
ages to DNA was observed in the colon mucosa, liver, and lung of rats 
after intragastric administration of pristine SWCNTs or C60 fullerenes 



by measuring the level of oxidative damage to DNA as the premutagenic 
8-oxo-7,8-dihydro-2’-deoxyguanosine. Recently, Kostarelos et al. (2013) 
reported that the asbestos-like reactivity and pathogenicity reported for 
long pristine nanotubes can be completely alleviated if their surface is 
modified and their effective length is reduced as a result of chemical treat-
ment, such as with triethylene  glycol (TEG). However, opinions about the 
potential hazards of exposures to pristine CNTs and their residual metal 
impurities are still discussed (He et al., 2013). Moreover, the apparent 
similarity between multiwalled carbon nanotubes (MW-CNTs) and asbes-
tos fibers has raised many questions about their safety profile. The toxic-
ity of pristine SWCNTs is closely related to the oxidative stress in despite 
of the administration routes (Madani et al., 2013). Other scientists found 
that CNTs introduced into the abdominal cavity of mice showed asbestos-
like pathogenicity (Poland et al., 2008). Indeed, there are several parame-
ters affecting the toxicity of pristine CNTs in vivo. Metal impurities might 
contribute partially to the oxidative stress, thus, careful purification of 
CNTs is necessary (He et al., 2013; Yang et al., 2012). However, Kagan 
et al. (2010) reported that the degradation by neutrophil myeloperoxi-
dase reduced the pulmonary toxicity of CNTs significantly. Chemically 
functionalized CNTs show higher biocompatibility than pristine CNTs. 
The reports of the National Institute of Advanced Industrial Science and 
Technology (AIST) in Japan, showed that, as compared to asbestos, CNTs 
have much lower inhalation toxicity (Saito et al., 2014). The currently 
projected goal of toxicity assessment is to determine the threshold level of 
exposure triggering inflammation in the lung. In the near future, interna-
tional criteria of exposure to inhaled CNTs in industry will be established 
(Saito et al., 2014).

6.8.3.2 Toxicity of Functionalized CNTs

Functionalization of hydrophobic pristine CNTs is the process to cre-
ate hydrophilic functional groups on their surface for their ulterior 
 applications in nanomedicine. It has been established that surface func-
tionalization is critical to the behaviors of CNTs in biological systems and 
can significantly improve the dispersibility and biocompatibility, thereby 

Carbon Nanotubes Used as Nanocarriers 201



202 Drug Delivery Approaches and Nanosystems: Volume 1

reducing the  toxicity of CNTs (Madani et al., 2013). In vitro and in vivo 
toxicity studies reveal that well water soluble and serum stable nanotubes 
are biocompatible,  nontoxic and potentially useful for biomedical appli-
cations (Liu et al., 2009). In vivo bio-distributions vary with the func-
tionalization and possibly also sizes of nanotubes, with a tendency of 
accumulation in the reticuloendothelial systems including the liver and 
spleen, after intravenous administration. If well functionalized, nanotubes 
may be excreted mainly through the biliary pathway in feces (He et al., 
2013; Liu et al., 2009).

According to Yang et al. (2012), many in vivo toxicological assess-
ments have been performed by IV or SC injections and gastrointestinal 
exposure with functionalized or dispersed SWCNTs or/and MWCNTs 
in different animals (rats, mice). The available safety data collectively 
indicate that CNTs are of low toxicity via various exposure pathways 
for biomedical applications (He et al., 2013; Yang et al., 2012). Results 
from other studies have suggested that functionalization will result 
in the complete disappearance of the CNTs’ toxicity (Liu et al., 2009; 
Madani et al., 2013). Dumortier et al. (2006) observed that water soluble 
SWCNTs marked with fluorescein were nontoxic to cultures of mouse 
B- and T-lymphocytes and macrophages and preserved the function of 
these immune cells. The toxicity of MWCNTs with end defects criti-
cally depends on their density of functionalization. Jain and co-workers 
found that the pristine and acid functionalized MWCNTs were devoid of 
any obvious nephrotoxicity (Mehra et al., 2014). The CNTs with larger 
dimension and lower degrees of functionalization cleared out from the 
body through the renal excretion pathway, and also excreted via biliary 
pathway through feces (Mehra et al., 2014). It was also clear that the oxi-
dized CNTs with surface carboxyl density >3 mmol/mg were not retained 
in any RES organs (Mehra et al., 2014). Other study aimed to evaluate the 
potential toxicity and the general mechanism involved in two diameter 
kinds of water soluble multiwalled carbon nanotubes-induced cytotoxic-
ity in C6 rat glioma cell line (Han et al., 2012). Results demonstrated 
that smaller size of f-MWCNT seemed to be more toxic than larger one. 
F-MWCNT-induced cytotoxicity in C6 rat glioma cells was probably due 
to the increased oxidative stress. Notably, many published articles have 
suggested that the toxicity of CNT biomaterials is extremely low (Haniu 
et al., 2012; Saito et al., 2014).



6.8.3.3 Toxicity of CNTs Conjugated With Drugs or Biomolecules

As applications of functionalized CNTs linked with therapeutic  molecules 
are still not assayed in man for clinical trials, most publications found in 
the literature demonstrated that conjugated CNTs were safe in many 
in vitro and in vivo experiments. This finding may play an important role 
in the therapy of various dreadful ailments in the future. For example, 
when  anticancer drugs are transported by functionalized CNTs, the toxic-
ity of the conjugates is lower than that of the same drugs used alone as 
cited above in the paragraph of drug delivery. The mechanism of this phe-
nomenon is explained by the direct delivery of drug into the targeted cells 
and also by the exocytosis of free functionalized CNTs after drug release 
(He et al., 2013; Madani et al., 2013). So, no accumulation of CNTs is 
found in tissues. Almost of them are eliminated either by urine or feces. 
In other hand, when CNTs have been used as tissue engineering materials 
for cell growth by implanting subcutaneously, CNTs exhibited very good 
biocompatibility and did not arise any serious toxicity, except very limited 
inflammation (Saito et al., 2014; Yang et al., 2012). Other reports on the 
toxicity of CNTs as tissue engineering to skin suggested that CNTs were 
biocompatible to skin with good results after subcutaneously planting 
(Haniu et al., 2012). For the carcinogenicity evaluations, Takanashi et al. 
(2012) also reported that no neoplasms were developed after implant-
ing multiwalled CNTs (MWCNTs) into the subcutaneous tissue of rasH2 
mice. More toxicity evaluations are encouraged to give the safety thresh-
old value of different CNTs and clarify the toxicological mechanism.

Recently, a group of Japanese researchers (Saito et al., 2014) has envis-
aged a clinical study to evaluate the safety and application of CNTs in the 
near future and planned to proceed in four stages according to the magni-
tude of risk involved. The first stage is characterized by the use of a CNTs 
composite material for implantation in humans. In Stage 2, CNTs particles 
are used within the human body. In Stage 3, the assay will be expanded to 
include the treatment of diseases requiring higher level of safety than in 
Stage 2. Finally, Stage 4 will evaluate the treatment of diseases involving 
the injection of CNTs and their systemic circulation via the bloodstream 
for the purpose of drug delivery and whole-body imaging (Saito et al., 
2014). It is very hopeful that this clinical project would be successful in 
saving the lives of many patients affected with deadly ailments.
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6.9 CONCLUSION AND PERSPECTIVES

Thanks to the recent discovery of carbon nanotubes, the door of new and 
more effective alternatives than compared to traditional drug formulation 
has opened in different areas of pharmacy and medicine. The fantastic 
characteristics of CNTs over other existing nanomaterials are their strong 
penetration through cell membranes as well as their great capacity for car-
rying drugs, genes, biomolecules, vaccines, etc. and transporting them 
deep into the target cells or organs previously unreachable. Another novel 
approach is the fabrication of collagen-CNTs materials as scaffolds in tis-
sue generation and artificial implants because CNTs resist to biodegrada-
tion and are a powerful engineering material to repair defective organs. 
Thus, this nanotechnology has opened new therapeutic concepts in the 
future and gives a glimmer of hope for the treatment of many deadly ail-
ments such cancer, infection and so on.

Although there are numerous encouraging results of CNTs obtained 
during the beginning of this research field, much more work is still needed 
before CNTs can be applied in humans. Indeed, there are tremendous 
questions of clinical pharmacology and toxicology effects concerning 
long-term treatment by drug or biomaterial linked with CNTs in the future. 
For example, the use of CNT- anticancer drug conjugate linked to an anti-
body may raise the question about the reaction of the host immune system 
that could neutralize this complex in long-term therapy. The incorporation 
of CNTs with biological components of allogeneic or xenogeneic origin 
as well as stem cells into tissue-engineered or regenerative approaches 
may also open up a myriad of other challenges. Many different in vitro 
and in vivo assays with CNT conjugates found in the literature have only 
been performed in the short-term, more efforts are required to also con-
firm these findings in more long-term assays. Therefore, more innovations 
are needed to elaborate new multifunctional CNTs and their drug conju-
gates with high efficacy and safety for the treatment of different incur-
able diseases. For example, future preparation of drug-CNT conjugates 
should be attached with new sensitive markers or ligands so that they 
could directly reach the target cells without causing intolerance or serious 
high side-effects in the body. Moreover, the choice between SWCNTs and 
MWCNTs with their functionalization mode and their size and/or length 



also is a problem to resolve because literature reports about each option 
are still inconsistent. A standardized conjugation rule of CNTs with drugs 
or biomolecules is necessary in the future. Moreover, carefully optimiz-
ing the physicochemical parameters of CNTs to minimize their toxicity is 
highly recommended before they could be applied in men.

In summary, due to their enormous potential for therapeutic  application, 
conjugates of CNTs with drugs or biomolecules could be effectively used in 
clinical study and then be marketed worldwide as long as they have shown to 
be devoid of serious adverse effects.
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ABSTRACT

Dendrimers acclaimed its fascinating position in the nanoworld. Its unique 
polymeric architecture, it exhibits precise compositional and constitutional 
properties. The combination of a discrete number of functionalities and their 
high local densities make dendrimers as multifunctional platforms for ampli-
fied substrate binding. As a result of their unique architecture and construction, 
dendrimers possess inherently valuable physical, chemical and biological 
properties. Versatility of dendrimers, showing promise in the therapeutics 
arena, and there is a great deal of commercial activity, with a few products 
hitting the market. Together with recent progress in the design of biodegrad-
able chemistries, has enabled the application of these branched polymers as 
antiviral drugs, tissue repair scaffolds, targeted carriers of chemotherapeutics 
and optical oxygen sensors. Pattering other functional groups, will facilitate 
further development of this system for novel applications. It is beginning to 
make significant inroads into the commercial world. Several products using 
dendrimers as platform have been developed and commercialized upon the 
approval of the FDA. There are also some others applications like: for cellular 
transport, as artificial cells, for diagnostics and analysis, as protein/enzyme 
mimics or modeling, for manufacture of artificial bones, for development 
of topical microbicide creams; antimicrobial, antiviral (e.g., for use against 
HIV) and antiparasitic agents, for biomedical coatings (e.g., for artificial 
joints), as artificial antibodies and biomolecular binding agents, for carbon 
fiber coatings and ultra thin films, as polymer and plastics additives (e.g., for 
lowering  viscosity, increasing stiffness, incorporating dyes, compatibilizers, 
etc.) for creation of foams (i.e., synthetic zeolites or insulating material), as 
building blocks for nanostructured materials, as dyes and paints, as industrial 
adhesives, for manufacture of nanoscale batteries and lubricants, as decon-
tamination agents (trapping metal ions), for ultrafiltration,  molecular elec-
tronics for data storage, 3D optical materials, for light-harvesting systems, 
quantum dots, liquid crystals, printed wire boards, etc.

7.1 INTRODUCTION

Dendrimers acclaimed its most fascinating position in the nano world. By 
virtue of its unique polymeric architecture, it exhibits precise compositional 
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and constitutional properties. Multifunctional platform provides ligand 
conjugation and surface modification possibilities. Dendrimers mani-
fests various clinical applications (Tomalia et al., 1985). Versatility of 
dendrimers, showing promise in the therapeutics arena, and there is a 
great deal of commercial activity, with a few products hit the market. The 
ability to engineer and control these parameters provides an endless list 
of possibilities for using dendrimers as modules for nanodevice design 
(Figure 7.1) (Tomalia et al., 1990).

Dendrimers are hyper branched, highly ordered 3-D structure, having def-
inite molecular weight, size, shape, in which all the bonds are converging to a 
focal point. Dendrimers synthesis involves iterative fashion of reaction steps, 
in which each additional iteration leads to a higher generation dendrimer. 
Building on a central core, dendrimers are formed by the step-wise sequential 
addition of concentric shells consisting of branched molecules and connec-
tor groups (Figure 7.1). The basic structure of dendrimers enables for a lot 
of flexibility, which is leverage in the case of the application of dendrimers. 
Past several years there has been huge progress in the utilization of polymeric 
carriers for a wide variety of drugs (Smith et al., 1987). The surface proper-
ties of dendrimers may be manipulated by the use of appropriate ‘capping’ 
reagents on the outermost generation (Esfand et al., 2001; Greenwald et al., 
2003). The combination of a discrete number of functionalities and their high 
local densities make dendrimers as multifunctional platforms for amplified 

FIGURE 7.1 Core structure of dendrimers.
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substrate binding. As a result of their unique architecture and construction, 
dendrimers possess inherently valuable physical, chemical and biological 
properties (Namazi et al., 2005; Liu et al., 2000). Synthesizing mono-disperse 
 polymers demands a high level of synthetic control. Dendrimers branch out 
in a highly predictable fashion to form amplified three-dimensional structures 
with highly ordered architectures which assist in achieving monodispersity 
(Santo et al., 1999). Internal cavities of dendrimers structures can be used 
to carry and store a wide range of metals, organic, or inorganic molecules 
(Tomalia et al., 1986). The outer shell of each dendrimers can be manipu-
lated to contain a large number of reactive groups (Kallos et al., 1991). Each 
of these reactive sites has the potential to interact with a target entity, often 
resulting in poly valets interactions (Hummeln et al., 1997; Maiti et al., 2004). 
Dendrimers literature suggests that ionic interaction, hydrogen bonding and 
hydrophobic interactions are possible mechanism by which dendrimers exerts 
its solubilizing property (Duncan et al., 1996; Ihre et al., 2002; Kono et al., 
2005; Newkombe et al., 2001; Stiriba et al., 2002). Dendrimers have well 
defined globular structures with controlled surface functionality. By chemical 
linkage of ligand and surface modification, it may add to their potential as a 
new scaffold for drug delivery. High surface density and empty inner spaces 
provide a flexible option for diverse application of dendrimers in drug/gene 
delivery (Chauhan et al., 2004; Devarakonda et al., 2004; Jevprasesphant 
et al., 2003; Kojima et al., 2000; Konda et al., 2005; Malik et al., 2002; Yang 
et al., 2004; Yiyun et al., 2005;). These bioactive dendrimers open a new 
avenue in dendrimer research. By virtue of unique properties, dendrimers 
may address common problems for treatment for cancer patient’s, i.e., limited 
accessibility of drugs to the tumor tissue, unfavorable biodistributation, their 
intolerable toxicity, development of multidrug resistance, and the dynamic 
heterogeneous biology of the growing tumors.

7.2 UNIQUENESS OF DENDRIMERS: INTRINSIC QUALITIES 
OF DENDRIMERS

The system serves to fulfill following objectives:

1. Enhanced permeability and retentation effect: Size of dendrimers, 
i.e., (generation 4–4.4 nm) is in nano range. Cancer cells have leaky 
membranes and having higher biopermeability. Lymphatic system is 
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one way and drug loaded dendrimers get retained inside (Bae et al., 
2005; Patri et al., 2005; Purohit et al., 2001).

2. High permeability: Dendrimers cross bio- barriers like blood brain 
barrier, cell membrane. Nanometer range and uniformity in size 
enhance their ability to cross cell membranes and reduce the risk 
of undesired clearance from the body through the liver or spleen 
(Jansen et al., 1994; Newkome et al., 1996; Zhuo et al., 1999).

3. Sustained/extended effect: Dendrimers having 3-D network 
structure release drug in a sustained manner. PAMAM dendrimers 
exhibited slower release, higher accumulation in solid tumors, 
and lower toxicity. Conjugation with Polyethylene glycol (PEG) 
improves the bio distribution by suppressing any unfavorable 
nonspecific  interaction with biomolecules. Extension in circula-
tion time is essential to produce desired clinical effect (Newkome 
et al., 1991).

4. Higher Solublization Potential: Ionic interaction, hydrogen 
 bonding and hydrophobic interactions are possible mechanism 
by which  dendrimers exerts its solubilizing property (Chauhan 
et al., 2003; Galia et al., 1998; Jani et al., 2009; Kolhe et al., 2006; 
Milhem et al., 2000; Twyman et al., 1999).

5. High uniformity and purity: The synthetic process used produces 
dendrimers with uniform sizes, precisely defined surface function-
ality, and very low impurity levels. Monodispersed molecules like 
dendrimers would enable us to achieve more precise drug delivery 
(Sayed et al., 2001, 2002).

6. Multifunctional platform: Free surface groups can form complex 
or conjugates with drug molecules or ligands by using cross link-
ers. The surface of dendrimers provides an excellent platform for 
the attachment of cell-specific ligands, solubility modifiers, and 
stealth molecules reducing the interaction with macromolecules 
from the body defense system (Devarakonda et al., 2005; Erk et al., 
2003; Stevemans et al., 1996).

7. High loading capacity: Dendrimers structures can be used to carry 
and store a wide range of metals, organic or inorganic molecules 
by encapsulation and absorption. Drug can get entrapped inside 
the internal cavities as well as electro statically in the surface of 
dendrimers (Nekkanti et al., 2009).
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8. High stability: Dendrimers drug complex or conjugate exhibits 
better stability.

9. Low toxicity: Most dendrimers systems display very low cytotox-
icity levels (Michaels et al., 1975; Sathesh et al., 2008).

10. Low immunogenicity: Dendrimers commonly manifest a very low 
or negligible immunogenic response when injected or used topically 
(Peterson et al., 2001; Tang et al., 1996).

The problems in vesicular system like chemical instability, drug leak-
age, aggregation and fusion during storage, solubility in physiological 
environment, lyzes of phospholipids, Purity of natural phospholipids, cost 
of production lack in dendritic system (Figure 7.2).

7.3 HOST GUEST INTERACTION

An area that has attracted great interest is the interaction between drugs 
and dendrimers. Several types of interactions have been explored, which 
can be broadly subdivided into the entrapment of drugs within the den-
dritic architecture (involving electrostatic, hydrophobic and hydrogen 
bond interactions) and the interaction between a drug and the surface of 
a dendrimer (electrostatic and covalent interactions).

FIGURE 7.2 Dendrimers branching out with its intrinsic qualities.
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Closer look at different motifs which are useful for complexation between 
dendrimers and various guest molecules, the so-called host–guest com-
plexes. Present article explores the various complex interaction mechanisms 
between the dendrimer and a bioactive and their possible contribution in drug 
research (Choi et al., 2004; Peterson et al., 2001; Yellepeddi et al., 2008).

The mechanisms for the host-guest interaction can be broadly grouped 
into two main classes: (a) covalent binding, in which the guest molecule 
forms a chemically bonded conjugate (involving hydrophobic interac-
tions, physical entrapment, hydrogen bonding, or electrostatic bonding 
either alone or in combination with these methods), and (b) noncovalent 
binding, in which the guest physically interacts with the dendritic architec-
ture (Figure 7.3) (Davis et al., 2002; Kim et al., 2008).

Jansen et al. (1994) conceives the mechanism of the physical entrap-
ment of a guest molecule within the internal architecture of the dendritic 
box, and this has been explored during their formulation process, while 
entrapping the guest molecules in these boxes. Newkome (1991) was the 
first to report this type of interaction in dendrimers, to solubilize hydropho-
bic solutes in aqueous media. Wallimann et al. (2000) reported Dendrimers 
specifically tailored to bind hydrophobic guests to the core have been cre-
ated by the Diederich group under the name ‘dendrophanes. Newkome 
et al. (1996) reported hydrogen-bonding interactions between the dendritic 
host and the guest molecules, such as, glutarimide and barbituric acid. 

FIGURE 7.3 Dendrimers as drug carrier and mechanism of drug entrapment.
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Milhem et al. (2000) showed that electrostatic interaction between hydro-
phobe and dendrimer was the major responsible mechanism for solubility 
enhancement.

Endoreceptors:

• Physical encapsulation (Cheng et al., 2007)
• Hydrophobic bondin (Gupta et al., 2006)
• Hydrogen bonding (Yang et al., 2004)

Exoreceptors:

• Electrostatic interaction (Zhang et al., 2010)

7.4 DEEP INSIGHT INTO HISTORY AND CURRENT PROGRESS

The first dendrimers were made by divergent synthesis approaches by 
Vögtle in 1978. In 1990 a convergent synthetic approach was introduced 
by Jean Fréchet (Figure 7.4) (Table 7.1) (Banerjee et al., 2004; Bosman 
et al., 1999; Caminade et al., 2010; Davis et al., 2003; Felder et al., 2005; 
Furer et al., 2004; Guoping et al., 2005; Hummelen et al., 1987; Karlos 
et al., 2008; Khopade et al., 2002; Kolev et al., 2005; Lajos et al., 2005; 
Patri et al., 2002; Park et al., 1999; Pesak et al., 1999; Popescu et al., 2006; 
Ronald et al., 2002; Singhai et al., 1997; Xiangyang et al., 2006; Zeng 
et al., 1997, 2001).

FIGURE 7.4 Dendrimers growth track.
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Patents:
Tremendous rise in dendrimers-based patents attracts attentions of 
researchers to keep abreast in this important area. Credit for Very first 
patents goes to Donald Tomalia and Dow Chemical. Tomalia and Dow 
Chemical obtained most of the early dendrimers patents, but by the mid-
1990’s, many other companies had begun patenting dendrimers as well. 
For example, Xerox began developing a patent portfolio on dendrimers 

TABLE 7.1 Timeline Milestones of Dendrimers

S. No. Dendrimers Year

1 Evidence for Branched-Chain Macromolecules 1941–1942
2 Stepwise Strategies for Synthesis of Marcocyclic Rings 1973
3 Cascade Synthesis 1978
4 Lysine-dendrimer Patent 1981
5 First Modular Dendrimer Synthesis, First Reference 

to Unimolecular Micelles
1985

6 First High-Generation Dendrimers-based on Linear Monomers 1985
7 First Convergent Synthesis 1990
8 First Theoretical Study on Dendrimers 1983
9 Phenylacetylene Dendrimers 1991
10 Improved Vogtle Procedure and Later Developed the Dendritic Box 1993
11 Silicone-based Dendrimers 1990
12 Phosphorous-based Dendrimers 1994
13 Self-Assembly of Dendrimers 1995
14 Dendronized-Polymers 1995
15 Metallodendrimers 1989
16 Chiral Dendrimers 1993
17 DNA-based Dendrimers 1993
18 Polyamidoaminedendrimers no viral vectors for gene transfer 1999
19 Starpharma is in phase II trials of dendrimers 1999
20 Treatment of various viral diseases 2001
21 US FDA for human trials of their dendrimer-based 

anti-HIV product
2003

22 Vaginal gel, SPL7013 human trials of their dendrimer-based 
anti-HIV product

2004

23 Pegylated Dendrimers 2010



222 Drug Delivery Approaches and Nanosystems: Volume 1

in ink/toner applications, Dow chemical and DSM also began pursuing 
dendrimers patents (Furer et al., 2004)

1. U.S. Patent No. 6,232,378 disclosed use of dendrimers as additives 
in commodity plastics.

2. DSM advocates, large-scale dendrimer production in their 
ASTRAMOL™ technology.

3. In biotechnology applications, dendrimers have become useful in 
many ways. For example, dendrimers have become transfection 
reagents, mediating transport across cell membranes.

4. University of Michigan disclosed a myriad of studies for antiviral 
application. In addition, U. S. Patent No. 6,190,650 disclosed ionic 
dendrimers useful for their antiviral properties (Table 7.2).

Classification of dendrimers: The classifications of dendrimers are given 
in Table 7.3.

7.5 SYNTHESIS OF DENDRIMERS

Dendrimer synthesis is a relatively new field of polymer chemistry defined 
by regular, highly branched monomers leading to a Monodisper, tree-like or 
generational structure. Synthesizing Monodisper polymers demands a high 

TABLE 7.2 U.S. Patent in the Field of Dendrimers

U.S. Patent No. Disclosures

U.S. Patent No. 6,232,378 Dendrimers as additives in commodity plastics.
U.S. Patent No. 6,084,030 Low cost plastics such as radiator Hoses, weather 

stripping, and gasket seals.
U.S. Patent No. 5,714,166 Transfection reagents, mediating transport across cell 

membranes.
U.S. Patent No. 6,190,650 Antiviral properties.
U.S. Patent No. 6,274,723 Dendritic nucleic acids which function as hybridization 

reagents for the detection of nucleic acid sequences.
U.S. Patent No. 4,507,466 Viscosity modifying agents.

U.S. Patent No. 5,714,166, Antibody-labeled dendrimers can be localized in a mouse 
tumor.

U.S. Patent No. 6, 190,650. Starpharma prepared an investigational New Drug 
application (IND) for phase I testing of dendrimers 
gels in humans.



Dendrimers 223

level of synthetic control which is achieved through stepwise reactions, 
building the dendrimer up one monomer layer, or “generation,” at a time 
(Gardikis et al., 2006). Each dendrimer consists of a multifunctional core 
molecule with a dendritic wedge attached to each functional site (Figure 7.5).

7.6 POLYAMIDOAMINE (PAMAM) DENDRIMERS

Tomalia synthesized the first PAMAM dendrimers in 1985. Followed 
by Frechet’s convergent approach in 1989. PAMAM dendrimers have 

TABLE 7.3 Classification of Dendrimers

Chemical classification Physical classification Miscellaneous

1.  Poly amidoamine 
(PAMAM) Dendrimers

Simple Dendrimers Dendrophanes

2.  Polypropyleneimine (PPI) 
Dendrimers

Liquidcrystalline Dendrimers Metallodendrimers

3. polyether(PE) Dendrimers Chiral Dendrimers Polyamino phosphine
4. L-lysine-based Dendrimers Micellar Dendrimers Dendritic box
5.  Phenyl acetylene 

Dendrimers.
Hybrid Dendrimers Carbohydrate vaccine 

Dendrimers

FIGURE 7.5 Schematic representation of PAMAM Dendrimers synthesis by divergent 
approach.
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a unique tree like branching architecture that confers them a compact 
spherical shape in solution and a controlled incremental increase in size 
molecular weight and number of surface amine groups. PAMAM den-
drimers have been shown to exhibits minimum cytotoxicity up to genera-
tion 5 (Figure 7.6).

Size and Shape:
PAMAM dendrimers ranges in diameter from about 2 nm (G-1) upto 
13 nm (G-10). The conformation of dendrimers adjust to this steric crowd-
ing by developing a three dimensional structure for example G-1 or G-2 
PAMAM dendrimers has open, flat structure, but by G-4 the 64 periph-
eral groups can only be accommodated if the 4.5 nm diameter dendrimer 
becomes spheroid. By G-8 the number of terminal groups has increased 
to 1024, but diameter has only got doubled, and therefore the periphery is 
very densely packed (Yoshimura et al., 2004).

7.7 CURRENT STATUS

Several products using dendrimers as platform have been developed and 
commercialized upon the approval of the FDA. Among them, VivaGelTM 
is a topical microbicide to prevent the transmission of HIV and other 

FIGURE 7.6 (a) 1.0 G PAMAM (Amine Terminated); (b) 1.5 G PAMAM (Carboxylic 
Acid Terminated).
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sexually transmitted diseases. SuperFect® is used for gene transfection of 
a broad range of cell lines. Alert TicketTM is an anthrax-detection agent. 
Stratus® CS is used for cardiac marker diagnostic (Table 7.4).

Currently Dendrimers are produced on larger scale and can be ordered 
through the Sigma-Aldrich catalog. Dow Chemical and dendritech main-
tain their dendrimer commercial position. Dendritic Nanotechnologies 
is providing on-going dendrimer leadership in all markets including 
exploiting traditional poly (amidoamine) PAMAM dendrimers. At DSM, 
Hybrane® hyper branched polyester amides are being developed, and are 
called Astramol. Dade Behring has patented and sells cardiac diagnostic 
technology-based on dendrimer linked monoclonal antibodies (Stratus® 
CS). Starpharma’s dendrimer-doxorubicin construct (SPL8181) achieved 
the same inhibition of human breast-cancer tissue as doxorubicin alone. 
VivaGel vaginal microbicide is in Phase II clinical trials, and is the subject 
of a license agreement with Durex(R) condoms for use as a condom coat-
ing (Bielinska et al., 1996).

Priostar® Additives were specifically designed to improve adhesion, 
promote cross-linking, and enhance dispersion in formulations at low 
additive levels. DNT’s Priostar® Additives is the latest innovation in poly-
meric dendrimer chemistry.

Other Dendrimer Products and Applications:

• Priostar99® dendrimers was First commercial product – EMD 
Chemicals launches Nanojuice™ DNA transfection kit.

TABLE 7.4 Dendrimers-Based Products

Dendrimers products Application Company

Stratus CS® Cardiac Marker diagnostic Dade Behring
SuperFect® Gene Transfection technology Qiagen
Starburst® Dendrimers commercial Sigma Aldrich
Priofect® SiRNA & DNA transfection reagents MERCK
VivaGel® HIV and genital herpes Condom coating Starpharmassl
SPL7013 Arthritis and cosmetic treatment STARPHARMA
NanoJuice™ DNA transfection agent kit EMD Chemicals
Targeted MRI imaging Contrast agent Baker
Drug Delivery Cancer, Dermatological Stiefel
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• Priostar99® dendrimers are available as imaging agents to analyze 
structure of food.

• Agreement with Stiefel Laboratories, Inc., to apply SPL’s 
99 Dendrimer technology to delivery of drugs through the skin.

• Defense Department contract to DNT and Central Michigan 
University Research Corporation to develop water purification tech-
nology using Priostar.

Dendrimers commercialization can be loosely categorized into four 
groupings:

• Dow Chemical-related commercialization including Dow Corning;
• Tomalia-related commercialization including Dendritic Sciences, Inc. 

(with Central Michigan University) and Dendritic Nanotechnologies, 
Ltd. (with Starpharma);

• DSM commercialization (Buhleier et al., 1978);
• Others commercial efforts including but not limited to Perstorp, 

Xerox, Qiagen, Polyprobe, and Life Technologies.

7.8 APPLICATIONS

The potential for dendrimers in drug delivery certainly remains substan-
tial (Figure 7.7). New biomaterials are being created, based on nanofi-
bers, nanocrystalline metals, nanoporous silicon and new composites. 
Applications range from new implant materials to support matrices for 
growing new tissue, including nerve tissue. Here dendrimers are currently 
looking to be a minor player but their compatibility with other technolo-
gies, especially composites, does hold promise.

7.8.1 GENE THERAPY

Dendrimers can act as carriers, called vectors, in gene therapy. Vectors 
transfer genes through the cell membrane into the nucleus. Currently lipo-
some and genetically engineered viruses have been mainly used for this. 
PAMAM dendrimers have also been tested as genetic material carriers. 
A transfection reagent called SuperFectTM consisting of activated den-
drimers is commercially available (Yuan et al., 2008).
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7.8.2 DRUG DELIVERY

Highly branched macromolecule complexed with gadolinium (III) ions 
is attracting a lot of attention. Gadomer-17 dendrimers is a promising 
candidate for magnetic resonance angiography and is in clinical trials. 
Gadomer-17 has a molecular weight of 17 kilodaltons. Surface Modified 
dendrimers can be used to carry drug molecules to a specific location and 
release them in a controlled way.

PAMAM dendrimers after acetylation can form dendrimer-5FU conju-
gates. Dendrimers can be used as coating agents to protect or deliver drugs 
to specific sites in the body or as time-release vehicles for biologically 
active agents (Pan et al., 2009).

7.8.3 CONTRAST AGENTS

Dendrimers have been tested in preclinical studies as contrast agents for 
magnetic resonance. Magnetic resonance imaging (MRI) is a diagnostic 
method producing anatomical images of organs and blood vessels.

Advantages of dendritic contrast agents versus Gd (III)/DTPA 
complexes:

FIGURE 7.7 Application of dendrimers.
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1. Enhanced relaxivity.
2. Higher generation’s dendrimers prevent diffusion of contrast agent 

into the interstitial space.
3. Introduction of target-specific sites is possible.

Gadolinium salt of diethylenetriaminepentaacetic acid (DTPA) is used 
clinically but it diffuses into the extravenous area due to its low molecular 
mass (Caroline et al., 1999).

7.8.4 SOLUBLIZERS

The therapeutic effectiveness of any drug is related with its good solubility 
in the body aqueous environment (Jansen et al., 1995).

7.8.5 CATALYST

Catalytic dendrimers were first synthesized by incorporating catalytic func-
tionalities at either the dendrimer core or surface. Dendrimers are directly 
and covalently attached to solid supports via siloxybonds. The supported 
dendrimers were stable and easily separated from the reaction mixture. 
Sterically hindered dendrimer-metalloporphyrins was synthesized for use 
as shape-selective oxidation catalysts. These complexes have been exam-
ined as regioselective oxidation catalysts for both intra and intermolecular 
cases. Palladium complex was employed as catalyst in hydrogenation of 
organic compounds. The high activity of the complex was probably due to 
the formation of the coordinatively unsaturated palladium. Catalytic peptide 
dendrimers were first synthesized by Reymond and co-workers. They syn-
thesized a series of peptide dendrimers having serine, aspartate and histidine 
residues at different positions of the dendrimer (Uchida et al., 1990).

7.8.6 LIGHT HARVESTING

Fréchet and co-workers at Berkeley are also investigating the use of den-
drimers to harvest broadband light and convert the energy into monochro-
matic light with amplification, into electricity through charge separation, 
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or into chemical energy. The systems consist of light-harvesting dendrons 
with numerous laser dye chromophores, such as coumarins, at the periphery. 
A single chromophore–an oligothiophene, for example lies at the core of the 
dendrimer. Dendrimer containing six ruthenium (II) polypyridine-type units 
undergoes as many as 26 reversible ligand-centered reduction processes. 
Since the same compound also exhibits six reversible metal-centered oxida-
tion processes, it is capable of exchanging as many as 32 electrons altogether. 
This is the most extensive redox series reported so far (Launay et al., 1994).

7.8.7 EXTRACTION

Fluorinated dendrimers shows good solubility in supercritical CO2 and can 
be used to extract strongly hydrophilic compounds from water into liquid 
CO2. This may help develop technologies in which hazardous organic sol-
vents are replaced by liquid CO2 (Campagna et al., 1989).

7.8.8 ANTIVIRAL

Sialylated dendrimers have been shown to be potent inhibitors of 
the haemagglutination of human erythrocytes by influenza viruses. 
Sialodendrimers bind to haemagglutinin and thus prevent the attachment 
of the virus to cells (George et al., 1985).

7.9 CURRENT APPLICATIONS

7.9.1 IMAGING

PAMAM dendrimer conjugates with paramagnetic ions are used as mag-
netic resonance imaging (MRI) contrast agents (Hudson et al., 1993).

7.9.2 SENSORS

Due to their organized structure, ease of modification, and strong adsorp-
tion behavior to a variety of substrates, PAMAM dendrimers can be 
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used to produce monolayers or stacked film layers, which can be used as 
sensors to detect hazardous chemical materials.

7.9.3 NANOCOMPOSITES

PAMAM dendrimers can form stable interior molecular nanocomposites 
with metal cations, zero-valent metals, other electrophilic ligands, and 
semiconductor particles. These materials are actively being investigated 
in electronics, optoelectronics and catalysis.

7.9.4 ORGANOSILANE COATINGS

PAMAM dendrimers are the basis of poly (amidoamine) organosili-
con (PAMAMOS) coating technology. PAMAMOS coatings are tough, 
transparent, flexible coatings, which have many of the same attributes of 
PAMAM dendrimers in coating form (Buhleier et al., 1978).

7.9.5 SIZE STANDARDS/MOLECULAR TEMPLATES

Uniform molecular size of the various PAMAM dendrimer generations 
enable their use as calibration standards or precise scaffolds and templates 
to make organized thin films and stacked layers (Bielinska et al., 1996).

7.10 CONCLUSION

“Potted seeds have strengthened the roots and had started to give fruits.” 
Even though dendritic polymers only have a short history of nearly three 
decades, but dendritic polymers have proved themselves to be promising 
material. Research findings would be helpful for the exploitation of den-
drimers as future drug delivery carriers. Targeting moieties attached with 
surface groups will deliver drug at the site of intrust. Dendrimers-based 
drug delivery and targeting can offer impressive resolutions, when applied 
to medical challenges like cancer. Therefore, in the future, more attention 
should be paid to improving the synthesis of novel dendritic polymers and 
exploring the novel possible applications.
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ABSTRACT

The utilization of nano-sized structures has become a field of great interest 
in the recent years. Nanofibers are ultra-fine filaments that have a diameter 
in nano scale. They can be classified mainly into core-shell, hollow and 
porous nanofibers. Plenty of advantages associated with nanofibers are 
introduced. A variety of these properties including mechanical, electrical, 
thermal, optical and magnetic are discussed. Diverse techniques are used 
for production of nanofibers, such as electrospinning, self-assembly, phase 
separation, template synthesis. Different alignments can be obtained by 
minor changes in electrospinning set-up. Characterization and evaluation 
of nanofibers can be done via a number of methods which involve X-ray 
diffraction, light spectroscopy, TEM, SEM, AFM, DSC as well as tests for 
thickness and tensile strength. Utilization of nanofibers as a drug delivery 
system is a promising field of applications. Numerous approaches dem-
onstrate drug loading to reduce burst release of other conventional dosage 
forms and provide sustained release over prolonged period of time. They 
are successfully employed in wound dressing, cancer therapy, gene and 
growth factor delivery. They are also involved in tissue engineering. Many 
studies elucidate bone, cartilage, tendons, dental, cardiovascular, neural 
and skin tissue engineering. This chapter mainly focuses on methods of 
preparation and applications that can come in handy for the reader.

8.1 INTRODUCTION

The development of particles at the nano scale has become a field of great 
interest in the recent years. Research about nanotechnology has been going 
on since the second half of the 1980 s. As a result of ambiguity of the term 
“nanotechnology” and the uncertainty of the time span of the early stages of 
nanotechnology development, it is actually rather difficult to describe the his-
tory of nanotechnology. The possibility of using atoms as building particles to 
create nanosized products was first introduced in the well-known lecture of 
Mr. R Feynman, the Professor of Californian institute of technology, “there 
is a lot of space down there” delivered in 1959 at the session of the American 
Physical Society. However, the introduction of the term “nanotechnology” 
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into the world of scientific research was at the hands of N. Taniguchi at the 
International Conference on industrial production in Tokyo in 1974, Taniguchi 
discussed the super-thin processing of materials with nanometer accuracy and 
the creation of nano-sized mechanisms. Generally, bringing nanotechnology 
into practice and producing nanosized objects as well as using related nano-
level processes, happened spontaneously and without deep understanding of 
the actual properties of these nanosized materials (Tolochko, 2009).

In the international system of units, the “nano” is exactly 1 billionth of 
a meter. To visualize how small a nano is, a sheet of paper is 100,000 nano-
meters thick, while a strand of human DNA is 2.5 nanometers in diameter. 
It is important to understand that nanosized materials are found in abun-
dance in nature. For example, hemoglobin, the oxygen-carrying protein in 
red blood cells, is 5.5 nanometers in diameter. Understanding of the vari-
ous types and dimensions of nanoscale materials is essential for working 
at the nano scale (Nikalje, 2015).

The various shapes and dimensions of nanomaterials give rise to highly 
versatile nanoproducts. Generally, these products include particles, tubes, 
wires, films, flakes, fibers, or shells.

As the name indicates, nanofibers can be considered as strings, filaments 
or threads that have a diameter in the nanometer range. Many manufactur-
ing methods have been developed for the production process of nanofibers. 
However, in most cases, nanofibers are manufactured through a method 
called electrospinning, in which continuous polymer fibers are produced 
through the action of an external electric field applied on a polymeric solu-
tion, or melt using various materials and polymers such as proteins, lipids and 
carbohydrates. Nanofibers can be classified according to a variety of param-
eters, for example, they can be classified according to their structure into four 
types: core-shell, bi- component, hollow and porous nanofibers (Khajavi and 
Abbasipour, 2012). The small particle size, large surface area and small paore 
size are the main properties that contribute to nanofibers being widely used in 
several different applications (Blanco-Padilla et al., 2014).

Health and medicine, electronics, transportation, energy, environment 
and space exploration are fields that find potential application of nanotech-
nology (Nikalje, 2015). The application of nanotechnology in medicine can 
be termed as nanomedicine. The aim of nanomedicine is the comprehen-
sive monitoring, control, construction, repair, defense and improvement 
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of the human biological systems, working from the molecular level using 
nanostructures, to ultimately achieve medical benefits. These nanostruc-
tures are used in medical diagnostics such as imaging, implants and sensors, 
biomarkers and nano-biopsy. Another application is nano-pharmaceutical, 
where nanocarriers are used to aim therapies directly and selectively at dis-
eased tissues or cells, thereby preventing toxicity and unwanted side effects. 
This is greatly useful in therapy of cancer and inflammation. Regenerative 
medicine is one of the most promising applications of nanotechnology. 
It is defined as the process of creating living, functional tissues, to repair or 
replace tissue or organ function lost due to age, disease, damage, or congeni-
tal defects. This field holds the promise of regenerating damaged tissues and 
organs in the body by stimulating previously irreparable organs to heal by 
themselves. By stimulating irreparable organs to heal, damaged tissue can 
be regenerated or even new tissue can be grown in a laboratory and safely 
implanted when the body fails to heal by itself (Boisseau and Loubaton, 
2011). When it comes to nanofibers, applications in health and medicine 
include being used in tissue engineering, tissue repair, drug delivery and 
a huge variety of biomedical applications (Ramakrishna et al., 2006).

8.2 DEFINITION

Nanostructures are present in the form of particulate materials, layered 
materials and fibrous materials. Nanofibers have two dimensions in the 
nanoscale whereas nanoparticles have all three dimensions in the nano scale 
and nanoplates have only one dimension in the nano scale (Figure 8.1).

To construct an appropriate definition of nanofibers, we need to  understand 
the terms that came before, like micron. A microsized structure is 1 millionth 
of a meter that is 10–6 of a meter. However, a nano-sized structure is 1  billionth 
of a meter. The transitioning from micro scale to nano scale will result in dra-
matic changes in properties and characteristics of the fibers.

Nanofibers can be defined as ultra-fine threads or filaments that have 
a diameter in nano scale, with a length that is not necessarily as small. 
In other words, two dimensions are less than 100 nanometers or smaller 
than one micron, while the length is determined according to the manu-
facturer’s purpose, which results in the ultra-thin structure of nanofibers 
(Alubaidy et al., 2013).
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8.3 CLASSIFICATION OF NANOFIBERS

Nanoparticles are simply classified according to their diameter since it’s 
the only general parameter to consider upon classification. However, when 
compared to classifying nanofibers, it is relatively considered more complex 
as there are plenty of parameters to consider (Unrau et al., 2007). Figure 8.2 
demonstrates the order of classification of nanofibers on different basis.

8.3.1 ON BASIS OF SIZE

Nanofibers’ size is determined by miscellaneous instruments and 
devices to measure diameter, length, or both. Those, which assort nano-
fibers-based on diameter, take advantage of their aerodynamic proper-
ties (Tolochko, 2009). A good example can be given on using inertial 
impaction and centrifugation. In inertial impactors, the fibers with large 
diameter will have relatively larger size (larger inertia), hence, get pre-
cipitated. Where the ones with smaller diameter (lesser inertia) will be 
swept away with the flow of fluids introduced to the impactor. By this 
way they are segregated.

Regarding the length classification, it is ranked through screen 
 penetration, gravitational settling and majorly electrostatic classification. 

FIGURE 8.1 Different nano objects and their dimensions.
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It’s executed in by means of electrophoresis and dielectrophoresis. 
In  electrophoresis, the fibers are charged by bi- or uni-polar ions. Then, an 
electrical field is applied and the fiber’s motility is observed. Afterwards, 
electrical motility is correlated with charge distribution that can correspond 
to a certain length. On contrary with dielectrophoresis, the uncharged neu-
tral fibers are placed under a nonunifrom electrical filed in which polariza-
tion is induced and will be responsible for the motility within the electric 
field. In this case, the degree of motion is corresponding to the fiber length 
(Unrau et al., 2007).

8.3.2 ON BASIS OF MORPHOLOGY AND CONSTRUCTION

An enormous sum of studies was done in this field, but it came down 
to three types of structures that are found: core-shell, hollow and porous 
nanofibers (Khajavi and Abbasipour, 2012) (Figure 8.3).

FIGURE 8.2 Classification of nanofibers on different basis.
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8.3.2.1  Core-Shell Nanofibers

The name itself reveals the structure comprises of two parts; core and shell. 
Plenty of methods where exploited to fabricate such fibers, e.g., template 
synthesis, surface initiated atom transfer radical polymerization. However, 
it’s coaxial electrospinning whom displayed great efficiency and versa-
tility for this purpose. The set-up of the coaxial spinneret is accustomed 
specially for accommodation of two solutions or fluids in internal and 
external capillaries held together and connected with high power source. 
Then, the polymer solutions are released out simultaneously and as the 
solvent evaporates they solidify and possess a nano-scale fibrous texture. 
A formulator must be very careful dealing with this type, because many 
factors influence their uniformity and deformation. The core may readily 
deform if the electric field is weak or stretching occurs quickly.

A slightly different conformation of this type of nanofibers can be obtained 
known as side-by-side nanofibers. Those employ an exclusive type of coaxial 
spinneret in which the capillaries are adjacent to each other rather than being 
one surrounding another. This conformation offers two sided fibers; each side 
will have its own characteristics (Khajavi and Abbasipour, 2012).

8.3.2.2  Hollow Nanofibers

Those are known for being empty at core just like a tube which is why there 
referred to as nanotubes. This void can be filled with several materials 
and agents which make it favorable in many fields. They can be prepared 

FIGURE 8.3 Core-shell nanofibers.
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using two techniques either chemical vapor deposition (CVD) or coaxial 
electrospinning. By CVD, a template must be ready-made from the pre-
cursor polymer. A metal or a polymeric coating is administered. A typical 
electrospinning is then followed and the outcome of fibers is  dissolved to 
eliminate the template and dried (Figure 8.4).

Coaxial electrospinning for hollow nanofibers is the same as pursued 
for core-shell. Only one further step is added to dissolve the core and give 
rise to hollow void. Depending on which, appropriate selection of sol-
vent and heating rate become crucial for successful synthesis of nanofibers 
(Khajavi and Abbasipour, 2012).

8.3.2.3  Porous Nanofibers

Presence of pores throughout the fibers provides relatively the largest 
surface area and capacity to intake various materials. This qualifies such 
fibers to a large domain of applications. So, it’s not a surprise to find porous 
nanofibers employed in filtration, membrane and tissue engineering and 
most importantly in drug delivery and release. To gain this morphology, 
one should be keen regarding choice of suitable solvents/solvent mixtures 
or polymer mixtures. Phase separation is the main technique used. Multiple 
subdivisions can be incorporated like vapor-induced, nonsolvent-induced, 
thermally induced and rapid phase separation (Figure 8.5).

Controlling the porosity, pore size, depth, shape and distribution are 
dependent on the ratio of polymers used and the technique of solvent 
removal (vacuum or temperature) (Khajavi and Abbasipour, 2012).

FIGURE 8.4 Hollow nanofiber.
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8.4 ADVANTAGES AND LIMITATIONS

In the modern world, nanofibers have become a great excitement due to 
their special properties that have guaranteed their wide range of applica-
tions from medical, industrial to information technology.

8.4.1 ADVANTAGES OF NANOFIBERS

• High surface area to volume ratio and porosity.
 This is particularly useful in applications where large surface area is 

required like sensors. The high porosity of nanofibers will result in 
high liquid or gas permeability, which gives rise to industrial appli-
cations like filters (Blanco Padilla et al., 2014).

• Capable of incorporating a variety of polymers and materials with 
ease.

 Even though polymeric nanofibers are the most used, ceramic and 
metal nanofibers are also quite useful.

• Constructed of a variety of structures.
 Depending on the setup of the electrospinning process, various 

nanofibrous structures are produced, such as tubes, coatings and 3D 
structures.

• Easily deposited onto other surfaces, including metal, glass and water.
• Wide range of applications.
• Large scale production is possible.
• Capable of carrying heat sensitive materials.

FIGURE 8.5 Porous nanofibers.
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8.4.2 LIMITATIONS OF NANOFIBERS

• Recycling and disposal.
 Nanofibers are relatively new; therefore, clear policies about their 

recycling and disposal are yet to be developed. In addition, results of 
exposure to nanofibers are not available; hence, their toxicity is still 
under question.

• Expensive.
 When compared to conventional fibers, the manufacture of nanofi-

bers is quite costly, due to high cost of the technology and low rate 
of production.

• Environmental and Health hazards.
 Electrospinning solutions emit vapors during manufacture, which 

need to be disposed of in an environmental friendly way, which 
involves the addition of cost and equipment. Moreover, the inhala-
tion of emitted vapor and the very fine fibers, may lead to possible 
health hazard.

• Handling of nanofibers.
 The ultra-fine structure, as well as other properties of nanofibers, has 

caused some difficulty in packaging, handling and shipping.
 Nanofibers have been proven to display exceptional qualities and 

fascinating applications, therefore, manufacturers are trying to eco-
nomically deal with their limitations (Blanco-Padilla et al., 2014).

8.5 PROPERTIES OF NANOFIBERS

From a manufacturer’s point of view, different scales are considered when 
producing nanofibers.

• The macroscopic scale: which has a length of 10–2

• The mesoscopic scale: which has a length of 10–4

• The microscopic scale: which has a length of 10–6

• The nanoscopic scale: which has a length of 10–9.

While designing a nanofiber structure, it is important to consider 
properties on the macroscopic scale, including properties like stiffness 
and tensile strength. On the mesoscopic scale, fiber architecture and 
large defects are described. When looking on the microscopic scale, 
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single fiber characteristics are determined such as fiber diameter and 
length. However, it is the smallest scale that determines the behavior 
of materials. The nanoscale describes how atoms and molecules are 
arranged and how they interact among each other. Also it is on the 
nanoscale where polymer interaction with nanoparticles is described 
(Wierach, 2012).

When a specific material is reduced to the size of a micron, its proper-
ties will remain without any significant changes. Whereas, the manufac-
turing of nano-sized particles of the same material will produce a drastic 
difference from the bulk. This difference is mainly due to the exception-
ally large surface area of the nano-sized parts. Nanostructures will also 
exhibit spatial confinement effect and reduced imperfection of the mate-
rial due to the very small particle size. When the size of a material is 
reduced to the nano scale, the energy band structure as well as the charge 
carrier density will be changed, which in turn will modify the electronic 
and optical properties of the material. In addition, while reducing the size 
of a material, impurities and intrinsic defects will rise to the surface of 
the particles, thereby increasing the perfection and purity of this mate-
rial. Enhancing the perfection of materials will lead to enhanced chemical 
stability and mechanical properties. Generally, nano-sized materials are 
known to show novel properties, which in turn have led to the emergence 
of new applications (Alagarasi, 2009).

Main properties of nanofibers include: mechanical properties, optical 
properties, electrical properties, magnetic properties, thermal properties, 
and surface properties.

8.5.1 MECHANICAL PROPERTIES

Nanofibers have found many areas of application, including tissue engi-
neering, drug delivery and composite reinforcement, due to their special 
properties including small fiber diameter (20 to 100 nm), high specific 
surface area (tens to hundreds m2/g), high porosity and small pore size. 
However, many applications require high mechanical properties as well. 
Even though, nanofibers have enhanced orientation of polymer back-
bones along the longitudinal axis, the increase in tensile strength is not 
significant.
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When comparing nanofibers of a specific polymer with corresponding 
textile fibers made of the same polymer, nanofibers are found to have poor 
mechanical properties. Tensile strength and Young’s moduli are used as 
measures of mechanical properties. Nanofibers exhibit tensile strengths 
less than 300 MPa and Young’s moduli below 3 GPa.

This is mainly due to low degree of orientation and extension of the 
polymer chains along the fiber axis. Nanofibers ultra-thin structure will 
display insufficient overlap between chains, and poor stress transfer lead-
ing to poor tensile strength (Yao et al., 2014).

In addition, hardness and elastic modulus can be determined as mea-
sures of mechanical properties. Hardness is defined as the resistance of 
a material to local surface deformation. The elastic modulus is a mea-
sure of the overall stiffness of polymer network. The thread-like structure 
of nanofibers and their large surface area have a great influence on their 
mechanical properties, for example, the interaction of polymer chains with 
nanofibers is enhanced due to the high area available for interaction. Also, 
there is an increase in hardness due to nucleation of crystalline phases, 
because of the nanofiber structure that provides an abundance of sites for 
nucleation. The flow strength of a material is directly related to its hard-
ness (Alubaidy et al., 2013).

It is possible to manufacture high performance nanofibers that display 
good mechanical properties. However, most of modern research is going on 
mechanical properties of nanofiber mats or bundles rather than single fibers. 
Therefore, future research should focus more on single fiber properties and 
characterization in order to develop a clear concept of improving the mechani-
cal properties of nanofibers. The degree of dispersion, processing history and 
the type of polymer incorporated into the nanofiber has shown a great influ-
ence on various mechanical properties. For example, carbon nanofibers dis-
play improved tensile strength, compression strength, Young’s modulus, shear 
strength and fracture toughness of the base polymer (Nagasaka et al., 2014).

8.5.2 OPTICAL PROPERTIES

While reducing the size of material from macro into nano scale, random 
 surface structures can be developed to control the optical properties of 
this material. With increase in the capability of structuring materials at a 
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very small scale, more precise control of light-material interaction can be 
achieved. This has caused the appearance of useful applications such as 
optical detectors, sensors, imaging and solar cells. Generally, the refrac-
tive index of nanofibers is found to be smaller than that of the macrosized 
material (Flory et al., 2011).

8.5.3 ELECTRICAL PROPERTIES

When nanofibers are dispersed in a polymer, contact conditions between 
neighboring nanofibers will result in the formation of a conduction net-
work resulting in good electrical conductivity of these fibers.

The electrical conductivity of various polymers, which are incorporated 
into nanofibers, is the basis of many applications, for example, pressure sen-
sors, actuators and electromagnetic interference shielding. Nanofibers are 
commonly used as conductive composition materials (Alagarasi, 2009). 
These materials exhibit an ability of charge storage, electric current passage 
and redox activity. Nanofibers are known to be used in insulating polymers 
to improve their electrical properties. In addition, by the incorporation of 
conducting fillers, such as metal powders, almost any common polymer can 
be modified to conduct an electric current. Interesting electrical properties 
of nanofibers, like electrical conductivity, electrochromism and electrolumi-
nescence, have brought about several practical uses, including diodes and 
light emitters, memory storage and rechargeable batteries. When it comes 
to electrical conducting, nanofibers have an advantage over other nanostruc-
tures, due to their properties like anisotropy and high surface area. When 
nanofibers have electroactive polymers incorporated into them, new and 
unrelated properties will arise, which may be useful in electronic devices, 
optics and biomedical materials (Picciani et al., 2011).

8.5.4 MAGNETIC PROPERTIES

The properties of materials change as they transition from their normal 
bulk size into the nano-sized structures. For example, the color of gold 
when reduced to the size of a nano becomes red, or even blue, depending 
on the size and the distance between its particles. Moreover, bulk gold 
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is not magnetic, but at the nano size, it is. Magnetism occurs at the nano 
range due to different reasons. The change in size can give rise to struc-
tural changes of materials causing them to display magnetic properties; 
examples of these materials are Pt and Pd. However, gold nanoparticles 
exhibit magnetism when capped with a specific material due to the charge 
localization at the surface (Alagarasi, 2009). Clinical applications of mag-
netic nanostructures include targeted drug delivery, magnetic resonance 
imaging and magnetic fluid hyperthermia, which are a novel biomedical 
application for the treatment of cancer (Tolochko, 2009).

8.5.5 THERMAL PROPERTIES

When a material conducts heat, it is considered thermally conductive. Heat 
is conducted throughout a solid via electrons, which is the case in metals, 
phonons, that is the thermal vibrations of atoms and is the case in nonmetal 
materials, and photons. Since atoms of a solid are physically bound, heat will 
travel from one end to the other due to the vibrations of the atoms. However, 
when it comes to nanofibers, not only the shape and volume of the incorpo-
rated polymer are taken into consideration, but also interface resistance and 
phonon scattering become increasingly significant. If there is a mismatch in 
thermal expansion between the polymer and the fiber surface, transport of 
heat energy will not be efficient. Moreover, poor chemical adhesion of the 
polymer to the fiber surface will result in discontinuity of the temperature 
at the particle-polymer interface; this scenario is called interfacial thermal 
resistance. These cases do not seem to occur when the particle size is more 
than 100 nm. Therefore, it is understood that microfibers have a much better 
thermal conductivity than nanofibers (Kochetov, 2012).

8.5.6 SURFACE PROPERTIES

Porosity of a nanofiber has a direct effect on it wettability and ability of 
drug delivery. It can be measured for polymer nanofibers assembly or for 
a single nanofiber. Porosity is the unfilled three-dimensional voids pres-
ent between nanofibers in a nonwoven assembly. The size and shape of 
the pores greatly influences the action of nanofibers. Even if a single 
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nanofiber was observed to be smooth, a significant internal porosity can 
be present. Whereas, surface porosity will be apparent on the surface of 
the nanofiber, making it appear rough. High surface to weight ratio, high 
pore volume and tight pore size give nanofibers an advantage over other 
nanostructures. Surface features can vary in size from one nanometer to 
hundreds of nanometers, depending on their nature and the fabrication 
method. Wettability of nanofibers is a very important property as it has 
given rise to nanofibers being used as coating to control the degree of 
water adhesion and spreading (Pisignano, 2013).

8.6 PRODUCTION OF NANOFIBERS

Over years there were various methods which are used to synthesize 
fibers. However, limited techniques are suitable for producing fibers on 
nano-scale. Commonly, production takes place by electrospinning, self-
assembly, phase separation and template method. Electrospinning seems 
to capture more attention as it displays high efficiency and versatility in 
comparison to the rest techniques which can be used on specific or narrow 
range of studies. Each technique is described in the following subsections.

8.6.1 ELECTROSPINNING

Electrospinning is the most versatile and used technique on large-scale 
production, depending on electrical field as the driving force stimulating 
the fabrication of nanofibers of defined dimensions (Goonoo et al., 2014).

The simplest regular set-up requires four major components: a  spinneret 
with a pointed tip, a syringe pump which is the reservoir of  polymeric  solution 
ejecting it at a particular rate, direct current representing the high-voltage 
source or electromotive force applied and grounded  collector (usually an 
aluminum foil) which collects the freshly synthesized nanofibers (Figure 8.6 
displays the conventional electrospinning set-up) (Liu et al., 2011).

The chief principle of this process is-based on the electrostatic 
 repulsion of the polymer solution to be fabricated. The procedure pursued 
is as follows: First of all, the droplet of the polymeric solution is allowed 
to emerge from the spinneret tip. Due to surface tension, it maintains a 
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droplet shape until an electrical voltage, usually ranging between 
1–30 kV, is applied (Hu et al., 2014). This prompts the droplet to electrify 
and induce charges thus give rise to repulsion in the polymer. The estab-
lished repulsion exerts an opposite action to surface tension which results 
in change of conformation into bent hemispherical-surfaced jet. As time 
flows, elongation continues and a conical shape called Taylor cone is cre-
ated. When the length is considered sufficient, potential is increased in 
a way it overcomes the attraction forces of surface tension permitting 
the jet to erupt from Taylor cone’s tip. Owing to elongation and solvent 
evaporation along with air and moisture the fibers are subjected to, nano-
fibers undergo a kind of instability where fibrous texture perishes. These 
instabilities associated with electrospinning fall under three categories: 
Axisymmetric instability, Non-axisymmetric instabilities and Rayleigh 
instability. The latter is manifested by jet breakage into droplets. This 
occurs due to the forces applied by means of viscosity of fluids involved 
or surface tension which are opposing the ones applied by the electric 
field/ voltage (Goonoo et al., 2014).

Therefore, crosslinking the polymer used with another one is advis-
able to overcome these instabilities and improve mechanical strength (Liu 
et al., 2011). Eventually, fibers are directed towards grounded collector 
constructing a fibrous polymer mesh (Figure 8.6).

FIGURE 8.6 Equipment requirement for electrospun nanofibers.
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8.6.1.1 Merits and Demerits of Electrospinning

As mentioned earlier, electrospinning is the favorable technique among all 
by virtue of several reasons:

• Being a practical and economical approach;
• The setup that isn’t time consuming nor expensive;
• The ability to control many variables as in diameter, length, 

 orientation and composition to give the desired properties that cor-
respond to the intended use and route of administration.

Limitations and drawbacks:

• Use of organic solvents;
• Broad spectrum of thickness;
• Casual and irregular orientation;
• Poor mechanical properties;
• Limited control of pore structure (Dahlin et al., 2011).

8.6.1.2  Influential Factors

There are a variety of parameters that can be manipulated to obtain a final 
product possessing certain properties. They can be categorized into two 
groups: Systemic (solution) parameters and processing parameters as 
shown in Figure 8.7.

FIGURE 8.7 Parameters influencing electrospun nanofibers.
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8.6.1.2.1 Systemic Parameters

They are precisely determined by the polymer’s molecular weight and 
concentration, solvents and additives incorporated. Each parameter has its 
own impact (Sharma et al., 2015).

• Viscosity:
 When the system has low viscosity, chances of electrospraying out-

weigh electrospinning. On the other hand, if it has exceedingly high 
viscosity, jet ejection becomes difficult.

• Surface tension:
 If the surface tension is high, bending instability is reinforced and 

round/beaded fibers are obtained.
• Conductivity:
 This parameter can be adjusted by addition of ionic salts. High 

conductivity systems produce thinner fibers (smaller diameters). 
However, very high conductivity becomes mischievous as it results 
in round/beaded fibers along with irregular diameter distribution.

8.6.1.2.2 Processing Parameters

• Voltage:
 When low voltage is applied, surface tension forces prevail and 

Taylor’s cone isn’t launched, but extremely high voltages cause 
round/beaded fibers.

• Flow rate:
 It manipulates the fibers diameter in direct proportion. Any increase 

in flow rate is subsequently followed by an increase in diameter. 
However, it should be carefully observed as excessively high flow 
rate causes accumulation of beaded structures on the fiber. This 
occurs in correspondence to short evaporating time.

• Tip-to-collector distance:
 The distance should be optimal. If collector was set at short distance, 

there won’t be enough space to permit elongation or enough time 
to permit solvent evaporation. At the same time, very long distance 
makes the surface tension forces dominate over electric field forces 
(Sharma et al., 2015).
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Voltage and flow rate can alter the degradation rate by changing poly-
mer molecular weight and distribution, or decide nanofibers diameter. It 
can determine probability of bead formation as well by modifying one or 
all of the following: viscosity, temperature, surface tension or conductiv-
ity. The latter parameter, presented as the distance between the tip and 
grounded collector, specifies the extent of solvent evaporation, while the 
collector’s movement in special set-ups lays out the sedimentation pattern 
(Vasita and Katti, 2006).

Based on these factors many set-ups can be made to deliver an exclu-
sive type of nanofibers. Both coaxial electrospinning and emulsion electro-
spinning are employed to draw out core-shell nanofibers with high loading 
capacity for hydrophilic drugs. In case of emulsion set-up, the hydrophilic 
molecule is enclosed inside an organic phase then electrospinning takes 
place (Heunis and Dicks, 2010).

8.6.1.3  Alignment of Nanofibers

Different alignment textures of nanofibers highly influence mechanical 
properties and biological significant roles related to cell adhesion, pro-
liferation and migration. Controlling what seems to be, at first glance, a 
minor detail contributes to significant effects like decreasing the chances 
of tissue scarring or even stimulating faster wound healing (Liu et al., 
2011). Since this is the case, knowing how these alignments are made 
is extremely important for drug delivery and design. Those alignments 
are produced because of one of three forces: Mechanical, electrostatic or 
magnetic. Table 8.1 points out the main differences between alignments 
obtained by each of these forces.

8.6.1.3.1 Mechanical Forces-Induced Alignment

The rotation velocity given by the mandrel must be optimal to yield uni-
form uniaxial nanofibers. That is to say, it should be high enough to prevent 
random spontaneous alignment and low enough to avoid fiber’s necking. 
Some studies have proven the fact that mandrel width assists the genera-
tion of electrostatic forces from both ends. This steers the nanofibers to 
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twist in a condensed fashion on the edges. This sense of direction supports 
uniform alignment. However, it hinders formation of large scaffolds due 
to small collecting area (Liu et al., 2011).

8.6.1.3.2 Electrostatic Forces-Induced Alignment

The presence of electrostatically charged jet in an electrical field pushes 
the jet to align in certain orientation. There are three equipments, which 
rely on this principle:

1. Metallic staple for uniaxial alignment: just like a staple it contains a 
gap separating between two collecting pieces (which act like elec-
trodes). Once the jet starts descending, it will be subjected to two 
types of forces. One of which pulls the jet towards the electrodes 
or the collecting pieces, the other will stretch or expand it straight 
across the gap.

2. Metallic ring with a central pin to achieve radial alignment: the 
needle is positioned on the upper surface of the ring. It, then, ejects 
the electrostatically charged jet and targets the pin and overall 

TABLE 8.1 Comparison Between Alignments Introduced by Three Different Forces

Mechanical forces Electrostatic forces Magnetic forces

Equipment 
used

Metallic Rotating 
mandrel 

• Metallic staple

• Metallic ring with 
central metallic pin

• Array of metallic 
bead

Two permanent 
magnets

Morphology 
of fibers

Uniaxial • Uniaxial

• Radial

• Microwells array

Ranges from uniaxial 
to wavy (depending 
on flow rate of 
electrospun jet)

Parameter 
determining 
alignment

Rotation velocity External Electric field External Magnetic 
field

Special 
requirements

Using an alternating 
current rather than 
conventional direct 
current

Electrostatically 
charged jet 

Magnetic nanoparticles 
(or less the magnetic 
field is useless)
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radially aligned scaffolds are established. This morphology is very 
useful for wound healing by drawing a particular path for cells to 
migrate and seal the wound.

3. Array of metallic bead to formulate microwells array: the metallic 
beads in an array are organized beside each other separated by gaps 
which are intended to accommodate uniaxial fibers. Therefore, 
they can be tailored to fit the application they are intended for. 
The procedure proceeds until a concave nonwoven mat is produced 
(Liu et al., 2011).

8.6.1.3.3 Magnetic Forces-Induced Alignment

Those alignments are prepared on basis of application of magnetic field 
on a magnetized polymer solution to lead them to extraordinary oriented 
fibers. Hereby, two paralleled magnets are placed generating a magnetic 
field that stretches the fibers to take a uniaxial morphology. It was noticed, 
by some researches, that the flow rate of the jet influences the conforma-
tion of these fibers. If the flow rate increases, wavy fibers are synthesized. 
While other researches showed that magnetization of the polymer solution 
and solvents had nothing to do with the final product architecture. So, this 
area of magnetic field-assisted electrospinning is still under research and 
study to investigate this technique (Liu et al., 2011).

8.6.2 SELF-ASSEMBLY

Self-assembly is a naturally occurring process in which various building 
blocks present in our body, like nucleic acids and proteins, are arranged 
into a definite format. This gave inspiration to many approaches to take 
advantage of this fundamental in synthesizing nanofibers. This technique 
is-based on unprompted organization of uncovalently bonded molecules 
through weak intermolecular forces.

Hartgerink et al. (2001) and others have studied peptide-amphiphiles 
(PAs) which was found to be of quiet the resemblance to human extracel-
lular matrix (Vasita, 2006; Hartgerink, 2001).

In essence, PAs are composed of amide linked  hydrophobic tail and 
 hydrophilic peptide sequence of numerous amino acids (Sharma et al., 2015). 
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Once the ion content of PAs is settled, the assembly begins to give an ini-
tial gel-like structure and develops electrostatic repulsion. Upon electrical 
neutrality, peptides agglomerate spontaneously and turns into cylindrical, 
micelle-like framework in which hydrophobic tails bundle towards the core 
and hydrophilic component projects out.

Prominent features of self-assembly:

• Smaller diameter nanofibers in comparison to electrospun nanofibers 
(5–8 nm).

• Short nanofibers can be produced by this technique (1 to several µm).
• Suitable for injection purposes in tissue repair due to similarity with 

in vivo peptides. However, this similarity gives rise to some sort 
of competition with physiological amphiphiles which complicates 
application.

Drawbacks and limitations:

• Only few limited polymers can be involved.
• Poor mechanical strength.
• Undefined pore structure.
• Liable to enzymatic degradation which may result in unpredictable 

rate of scaffold degradation.

It’s noteworthy to mention that further studies made in this area showed 
three types of self-assembly methods: pH-controlled self-assembly, drying 
on surface-induced self-assembly and divalent ion-induced self-assembly in 
which diverse motives can initiate self-assembly (Vasita and Katti, 2006).

8.6.3 PHASE SEPARATION

This method relies on the fact that once a polymer uniform phase is 
 irrigated with a solvent, it urges a state of thermodynamic instability 
 provoking phase separation into polymer-rich and solvent-rich phases 
(Gupte and Ma, 2011).

Phase separation encompasses of 5 steps as follows (Figure 8.8) 
(Vasita and Katti, 2006):

1. Polymer dissolution into single uniform phase.
2. Liquid-Liquid phase separation (quenching polymer solution).
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3. Gelation which is a very crucial step to determine the porosity of 
scaffolds depending on choice of gelation temperature. Low tem-
peratures favor the formation of nanofibrous network, whereas 
high temperatures lead to crystal growth which establishes a plate-
let-like morphology.

4. Extraction and removal of solvent.
5. Freezing and Freeze-Drying under vacuum conditions.

This technique features many outstanding characteristics that distin-
guish it from previously discussed techniques. For instance:

• It’s capable of synthesizing nanofibers with a diameter ranging 
between 50–500 nm with 98% to 98.5% porosity which cannot be 
obtained by electrospinning or self-assembly (Sharma et al., 2015; 
Vasita and Katti, 2006).

• It specifically offers internal macropores and sophisticated scaffold 
geometries.

• The increase of polymer concentration doesn’t quiet affect the nano-
fibers diameter; instead, it increases the tensile strength and enhances 
the mechanical properties to fit the desired application.

• It’s a simple procedure that doesn’t demand much equipment.

FIGURE 8.8 Steps of phase separation.
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• It rarely introduces batch variations.
• On biological aspect, it promotes mass transport, cell distribution 

and tissue organization.(Vasita and Katti, 2006)

Limitations and drawbacks:

• Narrow range of polymers can be used
• Difficulty to scale it up for commercial purposes.

Phase separation is usually referred to when synthesizing porous nano-
fibers. However, when volatile solvents are involved it becomes a bit prob-
lematic as it results in filling of pore with solvent-rich phase reducing the 
tremendously large surface area. So, to overcome this, electrospinning is 
chosen in which a blend of two polymers of different solubility is spun 
then dissolved in a solvent in which the intended polymer is insoluble 
and the auxiliary polymer is easily removed (Ramakrishna et al., 2006) 
(Figure 8.8).

8.6.4 TEMPLATE SYNTHESIS

As the name indicates, nanofibers are fabricated through a template-
based synthesis in which a template or a mold is prepared from ceramic 
or a particular polymeric membrane. Then, it is used to guide the extru-
sion of nanofibers. This method is occasionally used for small scale 
production to fabricate nanofibers depending on some  perforations 
of defined size present in the template that grant polymer passage in 
form of fibers once water pressure is applied. A good example of this 
method can be illustrated by Wang and co-workers’ attempt to synthe-
size carbon nanofibers containing linear mesocage arrays. In his exper-
iment, he synthesized anodized aluminum oxide (AAO) template to 
synthesize carbon tube (hollow nanofibers) (Wang et al., 2010). AAO 
 template is one of the commonly used ceramic templates in  production 
of diverse types of nanofibers such as; conducting polymeric, car-
bonic and  metallic nanofibers. Silica templates are another example 
which is mainly involved in polymer nanofibers synthesis (Sharma 
et al., 2015). Many polymers have been studied to figure out if they 
are  candidates for template design to be used in fabricating special 
 nanofibers (Figure 8.9).
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8.7 CHARACTERIZATION AND EVALUATION OF NANOFIBERS

A variety of tests are conducted on nanofibers in order to characterize and 
evaluate their many properties. Some techniques that can be used to char-
acterize most of nanomaterials are electron microscopy and scanning probe 
microscopies, which includes atomic force microscopy neutron diffrac-
tion, x-ray diffraction, x-ray scattering, x-ray fluorescence spectrometry, 
and various spectroscopies. What is really challenging about nanofibers is 
to achieve perfect control over their properties at the nano-scale, therefore, 
it has become a world-wide interest to synthesize and characterize new 
nanofibrous materials with well-controlled shape, diameter, porosity and 
structure (Ikhmayies, 2013).

Differential scanning colorimeter is used to characterize the mechani-
cal properties, such as polymer crystallinity of nanofibers. Whereas, scan-
ning electron microscopy is performed to obtain information about fiber 
diameter, diameter distribution and fiber alignment. In addition, thickness 
test and tensile strength test are performed to evaluate other properties of 
nanofibers (Zhang, 2009).

The following Table 8.2 lists a number of characterization techniques.

8.7.1 X-RAY DIFFRACTION (XRD)

Generally, the most extensively used method for the characterization of 
materials is X-ray diffraction, which was first introduced by the German 
physicist, Von Laue in 1921. XRD data can provide a lot of information 

FIGURE 8.9 Template Synthesis of carbon nanofibers by AAO template.
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TABLE 8.2 Methods of Characterization

Types	of	characterization	techniques Fiber parameter measured

X-ray diffraction Size
Crystallinity
Structure
Strain
Alignment or orientation

Scanning electron microscopy Size
Diameter
Shape
Composition
Microstructure
Porosity
Pore size and distribution
Topography
Fiber Orientation 

Transmission electron microscopy Size
Composition
Crystal structure (inferred)
Alignment or orientation 

Optical Spectroscopy Chemical composition
Chemical bonding

Atomic force microscopy Topography surface profile
Surface mapping
Mechanical properties
Fiber geometry
Diameter
Alignment 

Differential scanning colorimeter Crystallinity
Mechanical properties

Near field and confocal light microscopy Size
Shape
Topography
Morphology
3D image reconstruction (confocal) of 
microarchitecture 
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for all forms of samples, powder, bulk or thin fibers. The data, extracted 
from XRD, describes the nature of crystals, lattice parameters, and grain 
size. Unit cell parameters and microstructural parameters, such as grain 
size and microstrain, can also be obtained from the orientation and shape 
of the fibers. The nature of strain in a nanofibrous system can be inferred 
from the lattice parameters (Dahlin et al., 2011).

8.7.2 SCANNING ELECTRON MICROSCOPY (SEM)

This method involves the use of energetic electrons beam to examine 
the properties at a very fine scale. SEM can provide images that are 
more magnified than those obtained from light microscopy. It describes 
surface compositions and provides information about regions that are near 
the surface. The principle of this method is to scan the specimen surface 
with an electron beam. The electrons will generate a number of signals 
after striking the surface of the specimen. The signals are later on col-
lected by detectors to form images. This technique is used to observe the 
nanofiber diameter, diameter distribution and fiber consistency. Moreover, 
the void area of nanofibrous scaffolds can be measured by modifying the 
images produced from SEM, the color of fibers and background is changed 
to black and white. Then, by using a specific software, the void area and 
single fiber surface area is calculated and later on used to analyze mechan-
ical properties data (Zhang, 2009). SEM is easy to use, which is why it is 
commonly used in determining the morphology of fibers. However, the 

Types	of	characterization	techniques Fiber parameter measured

Differential scanning colorimeter Crystallinity
Mechanical properties

Near field and confocal light microscopy Size
Shape
Topography
Morphology
3D image reconstruction (confocal) of 
microarchitecture 

TABLE 8.2 (Continued)
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electron beam can cause damage to fibers with diameters less than 200 
nanometers. In addition, it is not directly applicable for nonconductive 
samples, hence, the sample is coated with a conductive metal. This gives 
rise to questionable accuracy for the very thin nanofibers. This results in 
Transmission Electron Microscopy and Atomic Force Microscopy being 
better suited for characterizing the morphology of exceptionally fine nano-
fibers (Dahlin et al., 2011).

8.7.3 TRANSMISSION ELECTRON MICROSCOPY (TEM)

In this technique, the beam of electrons is transmitted through a very 
thin specimen, with whom it reacts, to form an image that is magnified 
and focused on a layer of photographic film or detected by a sensor. 
Basically, the TEM follows the same principle of operation as the light 
microscope. However, it uses electrons instead of light. Since electrons 
have much smaller wavelength than light, the resolution of the produced 
images is thousand times better than those produced with a light micro-
scope. TEMs allow the user to examine extremely fine details like a 
single column of atoms. The images produced in this technique allow 
the observation of crystal orientation, chemical identity, and electron 
structure of a nanofiber. Other than structural and chemical characteriza-
tion of nanofibers, TEM is applicable in other tests, for instance, melt-
ing point determination, in which the sample is put under direct contact 
with the electron beam, which heats up the nanofibers and the melting 
point is indicated by the disappearance of electron diffraction. Another 
application is to measure mechanical and electrical properties of a single 
nanofiber.

8.7.4 OPTICAL SPECTROSCOPY

Optical spectroscopy is categorized into two groups: absorption and 
emission spectroscopy, which determines electronic structures of differ-
ent entities, like atoms, ions, molecules or crystals, by exciting electrons 
(absorption spectroscopy) or relaxing them (emission spectroscopy). 
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The second group is vibrational spectroscopy, which involves the inter-
action of photons with the sample resulting in energy transfer via vibra-
tional excitation or de-excitation. The frequency of vibration will provide 
information about chemical bonds in the sample. Different types of spec-
troscopy are: Infrared spectroscopy, photoluminescence spectroscopy, and 
ultraviolet- visible spectroscopy (Cao, 2004).

8.7.5 ATOMIC FORCE MICROSCOPY (AFM)

AFM is gaining popularity because of its ability to make images of bioma-
terials without damaging the sample surface. However, its main advantage 
is that it is capable of imaging materials at the nano scale. The basic set 
up of an AFM consists of a micromachined cantilever, made of silicon 
and silicon nitride, with a needle at one end to detect any deflection of 
the cantilever tip. This deflection can be due to electrostatic, Vann der 
Waals repulsion, and attraction between the atoms at the tip and the sam-
ple. AFM is used for investigations about size, shape, structure, disper-
sion and aggregation of nanomaterials as well as nanomaterials’ dynamic 
interactions with biological molecules in real time (Lin et al., 2014). In 
this technique, visualization of three dimensions is possible. However, it 
is limited on the vertical axis by the vibrational environment of the set up, 
and on the horizontal axis by the diameter of the tip used for scanning. 
The vertical resolution is typically less than 0.1 nanometer and horizon-
tally around 1 nanometer. Size information and other physical properties 
including morphology and surface texture can be measured via AFM. 
Image analysis and data processing programs can be used to provide sta-
tistics of particle count, particle size distribution, surface area distribution, 
volume distribution and, if density of the material is known, mass distribu-
tion. The fact that AFM can be performed in solid or liquid medium, offers 
a great advantage when it comes to nanofibers characterization. AFM is 
considered a cost effective technique for nano scale imaging. When com-
pared to SEM and TEM, AFM has a number of advantages over them, for 
example, AFM produces 3D data whereas the others produce 2D data. It is 
much simpler, requires less laboratory space, less processing time and less 
money than SEM and TEM (Scalf and West, 2006).
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8.7.6 DIFFERENTIAL SCANNING COLORIMETER (DSC)

This technique is mainly used to describe material transitions like melt-
ing and crystallization (Lin et al., 2014). In a DSC, samples are sealed in 
aluminum pans with a sealed empty pan as reference and placed under 
nitrogen atmosphere. The sample is heated and the heat energy, required 
to melt the sample, is measured. The variations in the heat energy can 
indicate the variations of crystallinity of the measured samples. DSC also 
describes the melting behavior of a variety of polymers. The mechanical 
properties of single fibers can be assessed by microstructure properties 
like the degree of crystallinity in a polymer (Zhang, 2009).

8.7.7 TENSILE TEST

Mechanical testing of individual fibers is rarely performed, due to the dif-
ficulty in handling them and their extremely small size. However, tests for 
tensile strength, bending and indentation of nanofibers have been devel-
oped. Tensile tests have many set ups and systems. One method of tensile 
testing is the use AFM cantilever to hold one end of a nanofiber while the 
other end is positioned on a movable optical microscope stage. The micro-
scope and camera are used to observe the fiber as the stage applies tensile 
force to the fiber. Another technique is a three-point bending test which 
measures the tensile modulus and fracture strength of single fibers. The 
elastic modulus of nanofibers can be determined by nanoindentation tests, 
in which an AFM probe is used to indent the nanofiber, the force applied 
is then measured and used in various calculations (Dahlin et al., 2011). 

Fiber diameter has an effect on the mechanical properties of nanofibers. 
For nonwoven mats, the breakage is due to weak cohesion among fibers, 
therefore, their mechanical properties are not affected by fiber diameter 
and crystallinity (fiber properties). However, breakage in aligned fibrous 
mats occurs due to failure of the fibers themselves (Zhang, 2009).

8.7.8 THICKNESS TEST

When measuring mechanical properties of nanofibers, a better represen-
tation of their characteristics is by measuring macroscopic fiber sheets. 
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The average mechanical properties are better assessed by stretching a 
nanofibrous mat instead of measuring and individual ultra-thin nanofiber 
(Chen Zhang et al., 2011). This test is used to study the thickness of nano-
fibrous mats. Sample mats are placed between an anvil and a pressure foot, 
and accurate measurements taken via a sensor. The average value of this 
test is used in tensile testing calculations (Zhang, 2009).

8.8 BIOMEDICAL APPLICATIONS

Nanomedicine is the branch of nanotechnology that is concerned with the 
biomedical applications of nanostructures.

Nanofibers are ideal for this application because they operate at the 
same size scale that biological molecules and structures function at. 
Several other properties of nanofibers have contributed to them being used 
in medical technologies; the surface/volume ratio is very large due to their 
small size, resulting in high surface area available for interaction with 
biomolecules. In actuality, as the particle size decreases, the biochemical 
reaction time falls sharply, it is due to this property that nanotechnology 
was used in biochemical analytical devices, making them faster and more 
sensitive. Moreover, the extremely small size of nanofibers has allowed 
the miniaturization of these devices. As the devices got smaller in size, 
fast, safe and noninvasive techniques were developed. Another advan-
tage of miniaturizing the devices lies in making the sensing part smaller, 
which allows the measurement of really small, or rare biological samples, 
like some biopsies (Boisseau and Loubaton, 2011). Major applications of 
nanofibers in various areas of medical field are mentioned in the following 
subsections.

8.8.1 DRUG DELIVERY

Nanofibers can be introduced as drug delivery carriers in various routes of 
administration, usually, used to accomplish localized treatment or targeted, 
controlled release drugs. In order to present a successful drug delivery, it 
has to cover two major areas: loading drug cargo and providing controlled 
release over a prolonged duration (Sharma et al., 2015).
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8.8.1.1 Loading Techniques

In any drug-loaded fiber, drug particles can be found in one of four modes. 
Either the drug is blended with polymer becoming an integral part of a 
single uniform fiber, held at the surface of the fiber by physical electro-
static forces or chemical covalent bonds, fabricated separately and braided 
with the polymer, or electrospun into hollow or porous form with capac-
ity to encapsulate the drug within (Goonoo et al., 2014). This gives rise 
to various techniques that can be used to incorporate therapeutic agents 
within nanofibers. Figure 8.10 shows the different techniques performed 
for this purpose.

8.8.1.1.1 Blending

The predominant, simplest and most common technique in which the drug 
is dissolved or dispersed in a suitable polymer solution and mixed thor-
oughly to form a homogeneous blend which is later electrospun into nano-
fibers (Goonoo et al., 2014; Sharma et al., 2015). To ensure successful 
drug loading, major requirements must be fulfilled, which are even drug 
distribution in the fiber (Dahlin et al., 2011), suitable physicochemical 

FIGURE 8.10 Classification of techniques involved in drug loading.
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characteristics of both the polymer and drug as well as their interactions 
(Goonoo et al., 2014). Equal distribution can be visually confirmed if a 
cross-section or a surface-section was taken from the fiber. This feature 
can be most noticed when the drug has low solubility in the polymer solu-
tion. In this case they may be dispersed homogeneously and randomly 
across the fiber or even concentrated on the surface since they are prone 
to migration.(Dahlin et al., 2011) According to which, it will cause burst 
release, in other words, high initial release rate that cannot be extended for 
a prolonged period of time. This may seem beneficial when rapid deliv-
ery is desired. However, when sustained release delivery systems are pre-
pared, this approach doesn’t seem to be the best loading method to provide 
appropriate drug release rates and duration.

8.8.1.1.2 Surface Modification

8.8.1.1.2.1 Physical Adsorption

It is another simple method of drug loading, sometimes referred to as 
sorption method (Sharma et al., 2015). Here, the previously  fabricated or 
electrospun nanofibers are drenched into the drug solution, or the drug 
solution is added drop wise until the maximum adsorption is reached. 
The drug will be attached to the surface by means of  electrostatic 
forces, hydrogen bonding, hydrophobic and Vann der Waals interac-
tions (Goonoo et al., 2014). Being adsorbed at the surface via those 
weak interactions also leads to burst release. However, coating the fiber 
with a polymer may delay the release and decrease the burst release 
(Dahlin et al., 2011). 

Yoo et al. (2009) have demonstrated three modes through which the 
drug molecules are superficially adsorbed:

Simple physical adsorption
It refers to the process in which the driving force for adsorption is elec-
trostatic weak interactions. What distinguishes this technique is inhibit-
ing early degradation which helps in retaining biological activity intact 
(Dahlin et al., 2011). Therapeutic efficacy that is offered by the localized 
drug delivery provided accompanied with the nano-structures allowed 
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these surface-functionalized nanofibers implementations in various 
health-related areas. It was found that this type of loaded nanofibers is 
successfully employed as postsurgical antiadhesion barriers. Usually after 
surgical incisions, the body tends to promote adhesion as a part of wound 
healing, which will cause inflammations unless suitable antibiotics are 
used. These can be best administered through nanofibers with antibiotics 
loaded by this technique (Yoo et al., 2009).

Nanoparticle assembly on the surface
Due to their low size, they acquire large surface area. Their large sur-
face area can be further increased by assembly of nanoparticles on the 
surface of the fibrous system. The nanoparticles are assembled on the 
nanofibers in a distinctive hierarchical fashion through attractive forces 
between opposite charges gained through electrospinning. The pharma-
ceutical industry took a huge advantage of this design in formulating 
sustained release drug delivery system. The drug release obtained can-
not be found in either nanoparticles or nanofibers alone (Sharma et al., 
2015). Hereby, the drug is encapsulated within nanoparticles and side-
by-side electrospun with the nanofibers to give a final product of stable, 
hierarchically structured, sustained release drug delivery system (Yoo 
et al., 2009).

Layer-by-Layer (LbL) multilayer assembly
This innovation is based on coating the nanofibers with LbL polyelec-
trolyte multilayers increasing the thickness from nanometers to few 
micrometers. The assembly is driven by major electrostatic forces of 
charged polyanions and polycations deposited on the layers (Yoo et al., 
2009). Therefore, incorporation of charged therapeutic agents like DNA 
and heparin is easy and feasible. On the other hand, insoluble and elec-
trically neutral therapeutic agents faced difficulty in encapsulation until 
recent studies acknowledged many forces like hydrogen bonding, covalent 
bonding, acid-base pairing, metal-ligand complexation and hydrophobic 
interactions to be an eligible driving force for such assembly (Zamani 
et al., 2013). It has been devised to provide a sustained release delivery 
via control of many parameters such as pH, temperature, polyelectrolyte 
 multilayer coating and hydrophobic coating (which acts as a diffusion 
 barrier) (Figure 8.11).
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8.8.1.1.2.2 Chemical Immobilization

It’s sometimes called surface- covalent modification, as it introduces cova-
lently bonded or conjugated functional groups on the surface of the fibers. 
Generally, this technique enhances the surface properties of the nanofi-
bers. A model was presented to illustrate how do functionalities enhances 
solubility, targeting, and release, known as Ringsdorf’s model which is 
elucidated in Figure 8.12. It is chosen for the sake of resembling the struc-
ture and biochemistry of the biological tissue, especially when synthetic 
polymers are involved (Zamani et al., 2013). Various functionalities can be 
immobilized such as; amine, carboxyl and hydroxyl groups which reduce 
the drug release (Sharma et al., 2015) and  accurately control it by incor-
porating responsive materials to local external cues (Goonoo et al., 2014).

Surface modification can be attained through one of three options; 
plasma treatment, wet chemical method and surface graft polymerization.

Plasma treatment
Typically, the surface is treated with oxygen, ammonia or air to create and 
attach carboxyl or amine groups that permit immobilization of extracellular 
matrix protein-based components (like gelatin, collagen and laminin) (Yoo 
et al., 2009). Those alter cell adhesion and proliferation without compromis-
ing bulk properties. Another approach employs air or argon treatment to 
increase hydrophilicity of the surface as well as to remove contaminants.

Wet chemical method
In this method, the polymer’s surface is partially hydrolyzed in acidic or 
basic medium to improve wettability or develop surface functional groups. 
Accomplishing such function is-based on cleavage of ester linkages present 

FIGURE 8.11 Physical adsorption methods.
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on the surface of polymers skeleton structures (Goonoo et al., 2014). The 
hydrolysis, here, is considered kind of critical and should be closely moni-
tored, especially regarding the duration and the concentration of hydrolyzing 
agent as well. If not properly optimized, functional groups are created with 
concomitant change in bulk properties. In comparison to the aforementioned 
method, when handling mesh with deeply situated nanofibers, it was found 
that wet chemical method is preferred for two reasons: (1) providing flex-
ibility of surface modification across thick meshes. (2) The restricted depth 
penetrability of plasma through nanopores of the mesh (Yoo et al., 2009).

Surface graft polymerization
This method is more applicable for synthetic polymers as they  possess a 
surface of hydrophobic nature. So, in order to seize a favorable response, 
hydrophilic modification becomes crucial (Goonoo et al., 2014). The prin-
ciple of this process is dependent on provoking the formation of free radi-
cals from treatment with plasma or UV radiations to polymerize them on 
the surface. Thus, better cell adhesion, proliferation and differentiation are 
achieved without any structural damage (Yoo et al., 2009).

8.8.1.1.3 Electrospinning

8.8.1.1.3.1 Co-Axial Electrospinning

This technique is very feasible when the drug requires protection from 
exposure to the organic solvent where the polymer is dissolved in. 

FIGURE 8.12 Ringsdrof’s model.
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This is because the nanofibers are fabricated from separate solutions which 
minimize the contact. Consequentially, it preserves the biological activity 
which in other techniques was compromised by that contact. Moreover; 
it provides a sustained release of the drugs or encapsulated molecules. 
All these factors qualify coaxial electrospinning for gene- and growth 
factor- delivery as well as antibiotics and antioxidant drugs. To ensure 
efficiency of drug incorporation some parameters must be accurately mod-
ulated, for example: concentration of core and shell polymer, their relative 
flow rate, drug molecular weight and concentration and sometimes the 
morphology of the fiber when low-molecular-weight drugs are involved 
(Zamani et al., 2013).

8.8.1.1.3.2 Emulsion Electrospinning

The drug or protein to be incorporated is emulsified with the polymer solu-
tion then electrospun to give one of two products: (1) if the drug possess 
low molecular weight it will form a uniformly distributed drug-polymer 
type of fibers, or (2) if a drug is macromolecular and is likely to be found 
in the aqueous phase, it will form core-shell fibers (Goonoo et al., 2014; 
Zamani et al., 2013). What differentiates this type of electrospinning from 
any other is that there is no need to find a common solvent for the drug and 
polymer. Each of which, can be dissolved in an appropriate solvent then 
emulsified together which allows the synthesis of various combinations of 
hydrophilic/ hydrophobic polymers. As long as their distribution is uni-
form, the release is sustained, the stability is maintained and bioactivity is 
preserved (Zamani et al., 2013).

8.8.1.2 Routes and Delivery Systems

8.8.1.2.1 Wound Dressing and Transdermal Drug Delivery

Whenever any part of the skin is wounded, natural body mechanisms tends 
to regenerate dermal and epidermal tissues from underlying source cells 
through orchestrated cascade to mend the damage. Inert wound healing 
process undergoes four stages: inflammatory, proliferative, remodeling 
and epithelialization. When the wound is deep, as in full thickness burns 
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and deep ulcers, the healing process becomes a bit more problematic as 
there are no source cells other than the ones on the edges to regenerate the 
tissue (Fang et al., 2011). Thus, demanding longer period of time for heal-
ing. So, they need a boost to accelerate wound closure, which is nothing 
but appropriate wound dressing.

This pharmaceutical approach converts the passive, naturally occurring 
process into active, drug induced healing via involvement of several antimi-
crobials, growth factors or stimulants within nanofibers. In order to perform 
this role, ideal nanofibers for wound dressing must reflect the  following fea-
tures (Goonoo et al., 2014; Sharma et al., 2015; Zamani et al., 2013):

• Hemostasis (where blood coagulates and stops flowing in the 
injured area).

• Capable of absorbing exudate effusing from the area.
• Sufficient permeability to facilitate gas exchange.
• Establishing high sterile conditions.
• Maintaining acceptable moisture content.
• Biocompatible with tissues and nontoxic.
• Hindering full adhesion to the wound.
• Providing scar-free regeneration and improve cosmetic appearance.
• Accelerating wound-healing process.

There have been many forms of dressings administered for this pur-
pose like films, hydrogels, sponges and foams. However, compared to 
nanofibers, the aforementioned don’t seem to be as efficient. What dis-
tinguish nanofibers over others are their remarkable characteristics. For 
instance, their high surface area contributes to satisfactory absorption 
of exudates and adjustment of moisture content. Moreover, high poros-
ity and small pores lead to smooth oxygen entry to the cell without the 
risk of microorganism evasion and subsequent infection (Fang et al., 
2011). In addition, they allow incorporation of variety of therapeutic 
agents as well as different types of polymers. Natural biodegradable 
and synthetic non-biodegradable polymers may be used in formulation 
of nanofibers-based dressing to regulate the release of the drug through 
precise modulation of biodegradability and hydrophilicity of the fibrous 
system (Hu et al., 2014).

Generally, wound dressing can be categorized into three types: pas-
sive, interactive and bioactive. The passive dressing is basically acting 
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as a cover to the wound. It doesn’t interact or stimulate the healing 
 process. It just prevents potential microbial infection from the sur-
rounding environment. Traditional materials like guaze usually fall 
under this category (Fang et al., 2011). Interactive dressing is perme-
able and grants passage of oxygen and water vapor. Yet, it blocks the 
entry of microbes. All polymeric dressings are included in this category. 
Bioactive dressings are the ones exerting a biological activity and might 
be loaded with antibiotics, anti-inflammatory agents, growth promoting 
factors, vitamins, minerals, and inorganic ions like silver and iodine 
(Sharma et al., 2015). Release of dressing can be controlled to suit the 
application. So, in case of open wounds like surgical incisions, quick 
release is preferred and obtained. At the same time, if prolonged release 
is desired, it’s also achievable.

Transdermal delivery system delivers drugs and bioactive factors 
through the skin. It provides an alternative route of administration for 
sensitive drugs; especially the ones subjected to large presystemic effect 
through oral route (Zamani et al., 2013). Not to mention how it com-
paratively improves release efficiency since it decreases the fluctuations 
in drug plasma levels that are usually observed in oral administrations. 
This route has also proven many advantages regarding patient compli-
ance, gastric irritations and controlled therapeutic response (Goonoo et al., 
2014). In spite of all these facts, the low permeability of the skin as well as 
restricted number of polymers that can be used for this purpose makes full 
dependence on this route kind of unfeasible. Only drugs with low molecu-
lar weight and proper hydrophobicity and concentration can be adminis-
tered transdermally (Zamani et al., 2013). Good examples of these drugs 
are vitamins, antioxidant and anti-inflammatory agents. In addition, herbal 
compounds were also encapsulated as extracts as well as crude plants for 
topical, transdermal use and even wound dressing.

If transdermal delivery was provided through nanofibers, instead of 
conventional films, the release pattern is much slower and prolonged 
avoiding burst release given by transdermal films. Due to which, an opti-
mal therapeutic effect can be readily obtained by accurate regulation of 
release amount and rate. In addition to that, few modifications on pH, tem-
perature and electrical field can be applied if they reasonably influence the 
release (Goonoo et al., 2014).
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8.8.1.2.2 Cancer Therapy and Implanted Drug Delivery

Cancer is one of the most demanding challenges in the medical field. Many 
approaches have been investigated to come up with a convenient treat-
ment strategy. Currently, the procedures followed include: surgery, radio-
therapy, chemotherapy, hyperthermia, immunotherapy, hormone therapy, 
stem cell therapy or a combination of them according to the severity and 
individual case (Yu et al., 2015). In addition, many anticancer agents were 
designed to exert the therapeutic effect via numerous mechanisms such 
as; metabolism revision, retarding mitosis, decreasing cell motility and 
hinder intracellular signal relay (Zamani et al., 2013). Despite all these 
attempts there were always some limitations which stood an obstacle in 
the way of treatment. Mostly, these drawbacks are related to poor solu-
bility and instability of therapeutic agents within the body when admin-
istered in conventional dosage forms, especially if administered through 
oral and intravenous routes. Moreover, the therapeutic agent leakage from 
the tumor site leads to low efficacy and severe toxicity to other healthy 
tissues (Goonoo et al., 2014).

Although many formulations were successfully tailored to overcome 
these drawbacks offering efficient, safe, sustained and sometimes targeted 
drug delivery, the biphasic release (significant initial burst release with sub-
sequent trivial release along incubation time) remained an issue compro-
mising the efficacy of cancer therapy. So, in order to obtain a prolonged 
release with maximal profits and minimal risks, nanofibers were intro-
duced as a sustained implanted postsurgical delivery (Goonoo et al., 2014; 
Zamani et al., 2013). This remarkable attention given to nanofibers is based 
on its characteristics of surface area, porosity, morphology and mechanical 
strength that can be easily manipulated to attain the desired release pattern 

(Yu et al., 2015). Amna et al. (2013) has demonstrated through her study on 
Camptothecin nanofibers that an initial burst release is in the matter of fact 
beneficial to attain an initial dosage, but it’s supposed to provide consecutive 
sustained release for cancer cells which survived the initial dose. Anticancer 
loaded nanofibers can get implanted at the tumor site providing full cover-
age. This results in high local dosage with low toxicity that extends the dura-
tion of the effect reducing the frequency of administration and eventually 
contributes to better patient compliance (Zamani et al., 2013).
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Many studies have investigated anticancer agents loaded in  nanofibrous 
systems as mentioned below:

• Multilayer coated paclitaxel-loaded CS nanofibers with hyaluronic 
acid for treatment of pancreatic cancer.

• Green tea polyphenol (GTP) – loaded nanofibers to inhibit prolifera-
tion of hepatocytes in hepatocellular carcinoma.

• Titanocene dichloride in PLLA nanofibers to inhibit mitosis in lung 
tumor cells.

• Addition of solubilizer (HPCD) to enhance solubility and stability of 
(HCPT) nanofibers for breast cancer (Zamani et al., 2013).

• Paclitaxel core-shell fibers to produce antiproliferative effect 
which illustrated 3 phases of release. First phase (between the 1st 
and 10th week): release is merely occurring because of diffusion 
through shell. Second Phase (between 10th and 20th week): release 
has  witnesses quiet a surge due to polymer degradation and reduced 
drug attachment. Third phase (between 21st and 38th week): release 
has increased moderately due to destruction of shell polymer 
(Goonoo et al., 2014).

8.8.1.2.3 Gene and Growth Factor Delivery

Many biomacromolecules have proved its significance and important role 
in a variety of applications including cancer therapy, tissue engineering 
and regenerative medicine. These molecules can interrupt, interfere or 
regulate cellular process by promoting or inhibiting particular intracellu-
lar signals and cues. They tend to modify genetic information or regulate 
exogenous stimulation of target cells depending on the type of the biomac-
romolecule. These types are categorized as:

8.8.1.2.3.1 Gene/DNA/siRNA Delivery

Before the discovery of nanofibers, the pursued method for gene deliv-
ery was direct administration of liquid formulation orally or intrave-
nously. This classical approach has elucidated how it diffuses across the 
body without getting localized on the site of action resulting in some side 
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effects related to toxicity or immune responses (Lee et al., 2014). On the 
other hand, the recent approach aims for the accomplishment of various 
biological functions like distinguishing and classifying target cells into 
specialized classes of cells, triggering apoptosis signals to initiate cell 
self-destruction in cancer cells, secreting bioactive factors that impact the 
tissue or even production of cellular therapeutics (Lee et al., 2014). The 
most critical step accompanying gene delivery is bypassing immune sys-
tem effects, potential toxicity and reaching the nucleus for transfection in 
the safest journey possible.

Accordingly, gene delivery can be further classified into viral and non-
viral delivery systems (Zamani et al., 2013). Viral delivery employs viral 
vectors which are nothing but viruses stripped off their DNA (or genomic 
sequences) and the remaining capsid acts as a carrier. The gene intended 
for administration is loaded within the viral capsid then electrospun to 
become an integral part of the fibrous network. This technique offers 
advanced delivery of genes and prolonged period of gene expression (Lee 
et al., 2014). Successful delivery is determined by the type of cells and 
viruses, structure of gene to be incorporated and the delivery technique 
chosen.

Non-viral delivery indicates incorporation of the gene biomacromol-
ecules such as naked plasmid DNA (pDNA) or DNA/polyplexes directly 
to the electrospun nanofibers in presence of a suitable polymer. Compared 
to viral delivery, it’s distinguished by the ease of production and capabil-
ity to preserve intact properties of the carrier. In addition, it provides less 
toxicity levels and allows administration of DNA in various types and 
sizes. Small interfering RNA (siRNA) is also a biological macromolecule 
which inhibits the expression of some particular proteins. This ability was 
well-used in cases of prohibited tissue repair, inhibitory factors secre-
tion and in cancer therapy as well as for the genes that aid tumor growth 
(Zamani et al., 2013). Some studies and investigations made in this field 
showed that co-encapsulation siRNA with a transfecting reagent or cell-
permeating peptides, which facilitates its penetration to the nucleus, 
can yield a sustained release over a period of 28 days (Lee et al., 2014). 
Sustained release of gene delivery is tunable and can range from days 
to months by proper choice of polymer template and technique of drug 
loading. The main challenge in gene delivery was retaining the biological 
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activity of the genes after electrospinning. Blend, emulsion, coaxial 
electrospinning were used. The former didn’t give much satisfactory 
results regarding bioactivity due to the contact with organic solvents. The 
latter two methods incorporated the genes into core-shell fashioned fibers 
which maintain bioactivity and adequate release profiles (Lee et al., 2014; 
Vasita and Katti, 2006).

8.8.1.2.3.2 Growth Factor (GF) Delivery

These biomacromolecules regulate some natural biological mechanisms 
like proliferation, migration, and differentiation of cells required for tis-
sue regeneration. This is established through signal transfer between 
cells and their Extracellular Matrix (ECM). GFs are essentially needed 
when wounded or damaged tissues lack the proteins needed for success-
ful regeneration (Zamani et al., 2013). For example, there is a growth 
factor known as fibroblast growth factor-2 (FGF2) which is found in very 
low levels in case of chronic wounds. Therefore, it can be administered 
as a temporary, nanofibrous, dermal matrix to assist wound healing and 
closure (Jeon et al., 2010). Proteins, peptides and growth factors pos-
sess very short half-lives in vivo (Hu and Ma, 2011). They vanish from 
the body before reaching the effective concentration (threshold). For this 
purpose, many techniques as blending, surface modification, coaxial and 
emulsion electrospinning were employed in attempt to overcome this 
instability (Zamani et al., 2013). Other aspects must be carefully con-
sidered like potential denaturation due to exposure to organic vehicles or 
heat treatment, or possibility of partial or complete elution by vehicles. 
They influence the morphology, mechanical strength and degradation 
properties of scaffolds. Therefore, for optimal delivery many approaches 
suggested conjugation with heparin which simulates the body ECM and 
interacts with GF by the sulfate group on its backbone. The heparinized 
GF serves a protective property against proteolytic and chemical inacti-
vation as well as providing sustained release. Recently, some studies pro-
posed the combination between hydrogels and nanofibers into sandwich 
architecture which improves GF delivery and retain its bioactivity intact 

(Goonoo et al., 2014; Zamani et al., 2013).
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8.8.2 TISSUE ENGINEERING

One of the most innovative applications of nanofibers is tissue  engineering, 
which brings together a variety of sciences including biology, chemis-
try, medicine and engineering. The overall aim of this multidisciplinary 
field is to improve the quality of life for thousands of people by restoring, 
maintaining and enhancing the functions of organs and tissues in the body. 
The concept of tissue engineering is-based on applying the foundations 
of medicine, biology and engineering to develop and manipulate three 
dimensional physiological substitutes, with the purpose of recovering 
or sustaining a variety of bodily functions (Kanani and Bahrami, 2010). 
Tissue engineering can be broadly divided into three major approaches: 
(1) transplantation of isolated cells to an injured tissue; (2) delivery of 
tissue-inducing biomolecules to a targeted tissue; (3) growth of specific 
cells onto three-dimensional scaffolds (Chen et al., 2013). Scaffold-based 
tissue engineering represents a new and improved replacement of other 
tissue repair techniques. Tissue engineering is-based on three components: 
(1) stem cells; (2) signaling molecules; and (3) scaffold or extracellular 
matrix. Tissue repair techniques involved autografts and allografts, both 
of which have displayed a number of limitations. Autografts are associated 
with disadvantages such as limited availability and donor site morbidity. 
Although allografts are not limited in supply, they have shown potential 
of disease transfer and generation of immune response. Therefore, tissue 
engineering has emerged as an alternative approach for regeneration and 
repairing damaged tissue (Vasita and Katti, 2006).

To explain why nanofibers are ideal for tissue engineering, the ana-
tomical aspect of the human body should be explored. The human body 
contains four major tissues: epithelial tissue, covering the body surfaces, 
connective tissue, supporting and binding other tissues of the body, ner-
vous tissue, specializing in conducting impulses, and muscle tissue, pro-
viding movement. Every type of tissue contains fibers, present in the form 
of bundle structures, in both micro and nano scale. They serve the pur-
pose of providing strength enforcement and elasticity, conducting nervous 
impulses, and moving body parts. Nanofibers exhibit structural charac-
teristics similar to those of the natural tissue fibers, thereby making them 
highly acceptable for tissue engineering purposes (Sharma et al., 2015). 
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Moreover, nanofibers are used as biomimetic scaffolds due to their small 
diameter which matches the size scale of ECM fiber. The ECM is com-
posed of interwoven protein fibers, like fibrillary collagen and elastin, and 
adhesion proteins that serve as specific binding sites for cell adhesion.

The alignment of the nanofibers in a scaffold greatly influences the 
mechanical properties of the scaffolds. This influence is represented as an 
increase in scaffold anisotropy and stiffness, which is often in the direction 
of the alignment. This has a major impact on engineering anisotropic, load 
bearing tissues, like tendons, myocardium and annulus fibrosis. In tendons, 
the collagen fibrils are aligned parallel to each other, therefore an aligned 
nanofibers scaffold should be used. Whereas, the myocardium in the cardiac 
tissue is composed of perpendicularly interwoven collagen stripes. Another 
influence of nanofibers alignment in a scaffold is on the migration and 
extension of cells. This has a direct impact on the process of wound closure. 
Since the cells will migrate according to the alignment of the nanofibers, a 
shorter time will be needed for the cells to migrate on aligned nanofibers 
scaffolds, compared to random nanofibers scaffolds (Liu et al., 2011). The 
high surface area to volume ratio of nanofibers is ideal for cell attachment. 
Nanofibers have also shown high rates of protein adsorption, which is a 
key factor in tissue engineering. In addition, the unique mechanical proper-
ties of nanofibers, specifically tensile strength, tensile modulus, and shear 
modulus, are useful for modulating cell behavior and providing adequate 
strength and tension to the tissue (Dahlin et al., 2011). The porosity of the 
scaffold greatly influences its degradation rate. When comparing a scaffold 
made of electrospun fibers with a thin film cast from the same polymer, the 
scaffold displays higher porosity which, in turn, leads to higher degradation 
rate. The degradation rates of the scaffold should be matching with the rate 
of tissue regeneration. The degradation of individual nanofiber occurs once 
implanted in the body and differs from one scaffold to another according to 
the polymer used, since the prevailing mechanism of degradation is-based on 
the hydrolysis of the polymer backbone. This mechanism involves a number 
of steps: firstly, water penetrates the surface of a nanofiber and attacks the 
amorphous regions of a polymer, converting its chains into shorter, more 
water-soluble ones, and eventually, the whole nanofiber disintegrates and 
disappears. If enzymes are present, rapid loss of the nanofiber mass might 
occur due to enzymatic digestion (Liu et al., 2011).
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The basic approach of using nanofibers in tissue engineering involves 
three key elements: cells, scaffolds, and biochemical and/or mechanical 
stimuli (Dahlin et al., 2011). Generally, the tissue  engineering strategy 
involves isolation of healthy cells, expanding them in vitro, and then 
seeding them on a scaffold that is implanted and, later on, degraded 
and replaced by newly grown tissue from the seeded cells (Vasita and 
Katti, 2006). The core technologies applied in tissue engineering are: 
cell technology, scaffold construct technology, and in vivo integration 
technology. The integration of nanofibers into the extracellular matrix 
of the body will affect signaling pathways that alter cellular responses 
including adhesion, proliferation, differentiation, and tissue neogen-
esis. Nanofibers scaffolds promote adhesion of cells to produce mor-
phology similar to that in-vivo. Cells cannot survive without sufficient 
adhesion to surroundings. Some studies suggest that initial adhesion 
of cells to the nanofibers scaffold is due to increased adsorption of 
ECM  components like fibronectin, vitronectin, and laminin. This, in 
turn, leads to increased expression of integrins, thereby mediating cell-
scaffold integration. Later on, proliferation of cells should occur after 
adhesion for a successful tissue engineering process. Differentiation 
of human stem cells has been proved to happen more efficiently on 
 nanofibers  scaffolds when compared to microfibers or other materials 

(Gupte and Ma, 2011).
Nanofibers scaffolds, especially those produced through electrospin-

ning, are structures composed of continuous nanofibers. The unique prop-
erties of nanofibers scaffolds have guaranteed their wide utilization in the 
field of tissue engineering. A scaffold should meet specific requirement in 
order to be fully functional, including:

• High degree of porosity.
• Appropriate pore size distribution.
• Large surface area.
• Biodegradability, with an appropriate degradation rate that matches 

the neo-tissue formation rate.
• Appropriate mechanical properties, dimensional stability and struc-

tural integrity in order to prevent the scaffold from collapsing onto 
itself.

• Nontoxicity and biocompatibility.
• Easy processability, malleability and sterilizability.
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Nanofibers scaffold have been proven to meet all the previously 
mentioned requirements, resulting in positive interaction between them 
and the cells and promoting cell adhesion, proliferation, and penetration 
(Fang et al., 2008). The function of scaffolds is very critical as they are 
the managers and directors of the growth of cells either seeded within the 
porous structure of the scaffold or migrating from the tissue surround-
ing it. Basically, they serve a function of supporting and delivering cells, 
inducing, differentiating and channeling tissue growth and stimulat-
ing cellular response (Chen et al., 2013). To perform a successful tissue 
engineering process, close simulation of the natural extracellular matrix 
should be achieved. Therefore, the scaffold architecture and morphology 
should be similar to the components of the native extracellular matrix. The 
electrospun nanofibers for tissue engineering use a number of biopoly-
mers, which include synthetic polymers, such as poly(α-hyroxyl acid) and 
poly(hydroxyalkanoate) like poly(hydroxybutyrate)(PHB), and natural 
polymers, such as gelatin, chitosan, silk and collagen. Blends of synthetic 
and natural polymers have been successfully used in engineering a number 
of tissues in the human body (Gupta et al., 2014). Natural polymers show 
greater biocompatibility in comparison to synthetic polymers. This is due 
to the fact that natural polymers are identical to macromolecules present in 
the ECM. However, synthetic polymers have an advantage of being easy to 
prepare, having good mechanical strength, and giving reproducible results 
that are not observed in the case of natural polymers (Sharma et al., 2015).

Blood vessels, bones, cartilages, tendons and ligaments, muscles, 
skins, and neural tissues are examples of body tissues than can be engi-
neered using nanofibers.

8.8.2.1 Cardiovascular Tissue Engineering

The function of blood vessels in the body is to carry and transport blood 
from and to the heart. Depending on their location and function, blood ves-
sels have various sizes, mechanical and biochemical properties, cellular 
content, and structural organization. Tissue of blood vessels and the heart 
are delicate and complex in structure, and any damage to them can lead 
to serious health problems. The vessel wall consists of three layers, tunica 
intima, tunica media, and tunica adventitia. The innermost layer is the tunica 
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intima, with non-thrombogenic monolayer endothelial cells. Separated from 
the tunica intima, by an internal elastic lamina, is the tunica media, which 
is composed of concentrically organized smooth muscle cells. The tunica 
adventitia is the outermost layer and is composed of collagenous extracellu-
lar matrix and fibroblast cells. Generally, the ECM surrounding the vascular 
cells contains collagen (type 1 and type 3) elastin, proteoglycans and glyco-
proteins (Kanani and Bahrami, 2010). The ECM of cardiac tissue has cells 
in fiber-like bundles, which allows mechanical coupling of adjacent fibrils.

When engineering vascular tissues, the major mechanical properties to 
take into consideration are tensile stiffness, for the resistance against rup-
ture, elasticity and compressibility. Collagen provides the tensile stiffness, 
elastin gives the elastic properties, proteoglycans contribute to compress-
ibility, and a combination of collagen and elastin prevents the deformation 
of vessels against pulsatile blood flow. Electrospun nanofibers made with 
collagen are proved to promote cell growth and penetration of cells into the 
engineered matrix. When aligned nanofibers are used, structural integrity, 
vasoactivity, and mechanical strength are greatly improved in comparison 
with nonaligned nanofibers. To engineer a successful vascular graft, the 
fabricated nanofibers scaffolds should resemble the dimensions of natural 
ECM, possess mechanical properties comparable to those of blood ves-
sels, and support the adhesion and proliferation of smooth muscle cell. 
It is interesting to note that endothelial cells display better growth and 
enhanced cell penetration with the increase of the diameter of the nanofi-
bers used. To fabricate a nanofibers scaffold that mimics the morphologi-
cal and mechanical properties of a native blood vessel scaffold, a bilayered 
scaffold, consisting of a stiff and oriented poly(lactic acid) (PLA) outer 
nanofiber layer, and a randomly oriented poly(ε-caprolactone) (PCL) 
inner nanofiber layer, was electrospun. It was reported to be successful in 
supporting the attachment, spread and growth of human myofibroblasts. 
Another scaffold was prepared, with a highly porous poly(ester-urethane)
urea (PEUU) inner layer and an external layer of electrospun nanofibers, 
for small diameter vascular grafts. The bilayered scaffold has displayed 
mechanical properties that are comparable with native vessels, and the 
combination of the two layers ensured better cell integration and growth. 
Modifying the surface of electrospun nanofibers with natural proteins, 
like collagen and gelatin, is an effective way to enhance the endothelial 
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cells spreading and proliferation. Another way to enhance not only cell 
growth but also cell differentiation, migration and survival, is by binding 
fibroblast growth factor (FGF-2) to the electrospun nanofibers matrix. The 
latest approach to match the mechanical properties of vascular ECM and 
to mimic the ratio of collagen and elastin in blood vessels is by electro-
spinning nanofibers with blends of collagen, elastin and synthetic poly-
mer such as poly(lactic-co-glycolic acid) (PLGA) and poly L-lactic acid 
(PLLA) in a ratio of 45:15:40 w/w/w. Scaffolds made with these blends 
have shown dimensional stability, mechanical properties similar to the 
native blood vessels, and no cytotoxicity (Fang et al., 2008).

Vascular graft failure occurs majorly due to partial growth of endo-
thelial cells on the surface of the graft so that it remains uncovered. To 
overcome this issue, gelatin-modified polyethylene terephthalate (PET) 
nanofibers as well as collagen-grafted PCL nanofibers were fabricated, 
resulting in maintenance of cell phenotype and enhancement of endothe-
lial cells spreading and proliferation (Chen et al., 2013).

When it comes to heart tissue engineering, biodegradable, nonwo-
ven poly(lactide) and poly(glycolide) based scaffolds were fabricated. 
Cardiomyocytes (CMs) were cultured on these scaffolds, and the result 
was that, mature contractile machinery (sarcomeres) was developed, mor-
phological and electrical communication was established and synchro-
nized excitability (beating) was observed (Kanani and Bahrami, 2010).

8.8.2.2 Bone Tissue Engineering

Basically, bone tissue has unique anisotropic structures and fibrous archi-
tectures (Ma et al., 2013). Bone is a bio-composite consisting of inor-
ganic components, mainly hydroxyapatite (HA) crystals contributing 
with 65–70% of bone weight, and organic components, including glyco-
proteins, proteoglycans, sialoproteins and bone ‘gla’ proteins (Ma et al., 
2013). The organic components of bone matrix are 90% collagen, out 
of which 95% is type 1. The fibers in bone matrix are approximately 50 
nanometers in diameter and are not organized in a specific pattern, some 
fibers are aligned while some are irregular, thereby making it exception-
ally hard to engineer scaffolds that fit to be used in bone tissue engineering 
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(Dahlin et al., 2011). The fabrication of nanofibers scaffolds for bone tissue 
engineering is-based on the physical properties of bones like mechani-
cal strength, hardness, porosity, pore size, and overall three dimensional 
structure. To fabricate a successful scaffold for this purpose, the scaffold 
should have pore size in the range of 100–350 μm, porosity greater than 
90%, and with fibers ranging in diameter from 20 nm to 5 μm (Vasita and 
Katti, 2006). Nanofibers scaffolds fabricated for bone tissue engineering 
should meet three requirements: (1) easy for vascularization by making 
them highly porous; (2) mimicking ECM components and mechanical 
properties by incorporating hydroxyapatite and collagen; (3) incorporat-
ing signaling molecules (growth factors) (Ma et al., 2013). Naturally, the 
collagen (Col) present in the bone matrix provides the resilient nature, 
and the inorganic minerals, including hydroxyapatite (HA), are the reason 
behind bone hardness. Hydroxyapatite is present in bones in the form of 
calcium complexes. Therefore, when fabricating scaffolds for bone tis-
sue engineering, nHA/Col biocomposite, blended with PCL, nanofibers 
are being used, in which PCL provides mechanical stability, collagen sup-
ports cell proliferation and nHA aids in the mineralization of oseteoblast 
cells. The addition of 50% gelatin to the PCL enhanced cell attachment, 
growth and migration on the scaffold. In addition, blending bioactive 
glass (BG) with PCL composite resulted in improved differentiation of 
osteoblast cells in comparison to pure PCL. Another approach to stimulate 
growth, proliferation and differentiation of cells is by applying mechanical 
stresses, induced by embedded magnetic nanoparticles, onto the PCL scaf-
fold. Mechanical stimulation has been proven to enhance fracture healing 
due to anabolic osteogenic effects (Fang et al., 2008).

8.8.2.3 Cartilage Tissue Engineering

Anatomically, the human cartilage, with all three types of it, has four dif-
ferent zones: superficial, transitional (middle), radial (deep) and calcified 
zones, each of which has special morphology, matrix composition, cellular, 
mechanical and metabolic properties. Collagen fibrils in the cartilage are 
arranged in specific organizations; in deep and middle zones, fibrils dis-
play the surface periodicity property of collagen and are oriented, in large 
bundles approximately 55 μm thick, towards the articular surface. Fibrils 
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in superficial zone are oriented in a manner that is parallel to the surface. 
Surface fibrils are randomly oriented. Therefore, multilayerd nanofibers 
should be fabricated to fit with the varying compositions and orientations 
of fibrils in the native cartilage matrix (Ma et al., 2013).

Articular cartilage is a type of connective tissue consisting of collagen 
and chondrocytes, or yellow elastic fibers. The cartilage matrix is firm, gel-
like, rich in mucopolysaccharides and exhibiting elasticity and flexibility. To 
examine the potential of nanofibers in cartilage tissue engineering, two types 
of nanofibers were electrospun from PLGA, the first one was a solid cylindri-
cal type and the second was a cannulated tubular type. The tubular scaffolds 
displayed better performance in cartilage tissue regeneration and had higher 
histology scores than solid ones. In combination with stem cells and chon-
drocytes, electrospun poly(vinyl alcohol) (PVA)/ poly(ε-caprolactone) (PCL) 
nanofibers scaffolds were applied to regenerate cartilage. The observed result 
was that the cartilage defects were repaired, after 12 weeks, with chondro-
cyte-like cells exhibiting a rounded morphology with lacunae. Moreover, the 
expression of type 2 collagen was increased in the neocartilage. Healing of 
defects was improved due to seeding of stem cells in the scaffold. This con-
clusion was supported by another study, in which mesenchymal stem cells 
(MSCs), derived from human bone marrow, were seeded in electrospun PCL 
electrospun nanofibers scaffolds. The results stated that these scaffolds, in 
presence of transforming growth factor-β1 (TGF-β1), displayed good cell 
differentiation, no inductive properties and mechanical properties suitable for 
cartilage tissue engineering. Self-assembling peptide hydrogel scaffold were 
investigated to estimate their potential for cartilage generation. Bovine chon-
drocytes were combined with the peptide KDK-12, which has a sequence 
of (AcN-KLDLKLDLKLDL-CNH2) (where K is lysine, D is aspartic acid, 
and L is leucine), and allowed to self-assemble into a hydrogel. The chondro-
cytes proliferated well and maintained a chondrocytic phenotype. In addition, 
cartilage-like ECM, rich in type 2 collagen and proteoglycans, was produced 
by the cells (Chen et al., 2013).

8.8.2.4 Tendons and Ligaments Tissue Engineering

The structure of a tendons and ligaments consists of densely packed colla-
gen fiber bundles oriented parallel to the longitudinal axis. While tendons 
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connect muscle to bone, ligaments join one bone to another. Tendons and 
ligaments exhibit a high degree of ECM fiber alignment because mechani-
cal loading is restricted to one direction, leading to high degree of anisot-
ropy. As a result, MSCs and fibroblasts are seeded on aligned nanofibers in 
order to engineer highly anisotropic and tensile scaffolds. Braided nanofi-
bers scaffolds can be used; however, their mass transfer, cell seeding, cell 
infiltration and mechanical strength properties are poor. As an alternative, 
knitted microfibers were used in combination with nanofibers to provide 
good mechanical strength and high surface area for tendon and ligament 
tissue engineering. Human ligament fibroblasts were seeded on aligned 
polyurethane electrospun nanofibers scaffolds, resulting in increased col-
lagen synthesis and spindle morphology in fibroblasts; however, the align-
ment showed no effect on cell proliferation. Another approach is culturing 
MSCs into electrospun PLGA nanofibers on top of PLGA microfibers, 
leading to enhanced cell seeding and proliferation and higher levels of 
tendon/ligament-specific gene expression (Dahlin et al., 2011).

8.8.2.5 Tendon-To-Bone Insertions Tissue Engineering

There are four different zones in a direct tendon-to-bone insertion: tendon, 
nonmineralized fibrocartilage, mineralized fibrocartilage and bone. The 
mismatch between tendon and bone at the insertion site is one of the big-
gest mechanical mismatches in nature; while tendons are soft tissues with 
a modulus of 200 MPa, bones have a modulus of 20 GPa.

The gradual transition from tendon to bone has two features: (1) grad-
ual organization in the orientation of collagen fibers; and (2) linear gradi-
ent in mineral content. Considerable efforts have been made to fabricate a 
nanofibers scaffold that mimics these features; however, this was achieved 
only recently. An electrospun PCL nanofibers scaffold was fabricated with 
gradations in fiber organization and controlled biomineralization, which 
was achieved by using polydopamine as a mediator. The study demon-
strated a nanofiber design with dual gradation in both fiber orientation and 
mineral content as well as a performance of implanting such a scaffold to 
the rotator cuff injury site. The nanofibers scaffold was sutured in a way 
that makes it connect between the bone and the tendon, provide mechani-
cal stability, regulate cellular activity and improve the healing process. 
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A modern approach to healing tendon-to-bone insertion injury is to com-
bine stem cells with the nanofibers scaffold, as stem cells can differentiate 
into tendon fibroblasts at tendon site, osteoblasts at bone site and fibro-
chondrocytes in between (Ma et al., 2013).

8.8.2.6 Meniscus Tissue Engineering

Menisci are fibrocartilaginous, load-bearing tissues, present in the knees. 
They have a critical role in the functioning of knees, and any damage to 
them results in high contact stresses and may lead to the development of 
osteoarthritis. The collagen fibers in meniscus tissue are circumferentially 
aligned, making the meniscus tissue exceptionally complex and hard to 
engineer or regenerate. Initial studies in the field of menisci tissue engi-
neering have confirmed that aligned PCL nanofibers scaffold with MSCs 
seeded into them have a great potential for this application. The same 
study was successful in fabricating circumferentially aligned nanofibers, 
which can mimic the collagen fibers in menisci, by developing a novel 
electrospinning method that uses a rotated plate as a collector. However, 
no in-vivo studies have been conducted so far. Thus, future studies should 
be devoted to designing nanofibers scaffolds capable of mimicking the 
structure and the function of meniscus tissue (Ma et al., 2013).

8.8.2.7 Intervertebral Discs Tissue Engineering

The intervertebral discs (IVDs) hold the vertebrae of the spine together, 
absorb shock and allow the spine to rotate, bend and twist. IVDs are com-
posed of three tissue components: the annulus fibrosus (AF) surround-
ing the nucleus pulposus (NP), both of which are sandwiched between 
cartilage end plates and vertebral bodies. The AF is a fibrous structure, 
consisting of approximately 15 to 25 concentric collagen type 1 and 2 
sheets called the lamellae that contain the pressurized NP. The lamellae 
provide structural support for proteoglycan synthesis and maintain the ten-
sile strength of IVDs. It is composed of a number of layers, each of which 
displays different collagen fibrils orientation. The fibrils are oriented con-
centrically in the outer AF but as it moves towards the NP, the angle of 
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orientation changes from 62° to 45°. Inability to mimic this  organization 
is a major obstacle in intervertebral discs tissue engineering. In order to 
overcome this obstacle, nanofibers scaffolds were fabricated, stacked 
using a layer-by-layer strategy and seeded with MSCs. Firstly, aligned 
nanofibers scaffolds, seeded with MSCs were used to form lamellar tis-
sues then shape them into bilayers. Bilayers were then oriented into paral-
lel or opposing alignments. Electrospun nanofibers mats, 250 μm thick, 
were used to match the natural lamellar thickness of the AF. The scaffold 
was able to successfully replicate the structure of AF after 10 weeks of 
in-vitro culture. Other studies on this application were able to engineer 
IVDs that demonstrated a resemblance of gross, histological, biosynthetic, 
architectural and biochemical properties of the native IVD, by incorpo-
rating a novel biomaterial amalgam into nanofibers scaffold with seeded 
MSCs and a center made of hyaluronic acid hydrogel (Ma et al., 2013).

8.8.2.8 Dental Tissue Engineering

Although, currently, limited studies, about the application of nanofi-
bers scaffolds in dental tissue engineering, exist, nanofibers hold a great 
potential in supporting the formation of dental composite tissues enamel, 
dentin, and periodontium, as well as the mandible. One recent study sug-
gests that the utilization of nanofibers self-assembling peptide amphiphile 
could support enamel formation and initial tooth development. Dentin, the 
mineralized layer below enamel, is formed from dental pulp stem cells 
(DPSCs) because they can differentiate into odontoblasts. Both phase-
separated nanofibers PLLA scaffolds and electrospun nanofibers polymer 
scaffolds have been proved to promote the attachment and proliferation 
of DPSCs; however, the differentiation of DPSCs to odontoblasts was 
enhanced on the phase-separated scaffold when compared to the solid-
walled scaffold. Odontogenic differentiation, similar to the osteogenic dif-
ferentiation, is enhanced when nano-hydroxyapatite is incorporated into 
electrospun nanofibers. For defects in periodontal ligament, cementum, 
and alveolar bone, electrospun nanofibers scaffolds were fabricated as a 
potential repair method. Periodontal ligament cells have displayed good 
attachment, proliferation and differentiation on electrospun gelatin and 
electrospun PLGA scaffolds. In another study, collagen type 1 and type 3, 
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which are main periodontal ligament ECM components, were deposited 
when human periodontal ligament cells were cultured on self-assembled 
peptide nanofibers scaffolds. Due to the unique features, complex shapes 
and special geometry of craniofacial bones of each individual, it is nec-
essary to design patient-specific solutions. Fabricating a scaffold that is 
unique to each individual is the basic principle in regenerating the man-
dible shape. After creating a wax mold of the patient’s mandible, it is, then, 
used to form phase-separated nanofibers scaffolds with a macroporous 
structure and patient specific geometry (Gupte and Ma, 2011).

8.8.2.9 Neural Tissue Engineering

The nervous system, composed of central nervous system and periph-
eral nervous system, is responsible for transmitting signals between dif-
ferent parts of the body and coordinating motor and sensory functions. 
Any damage done to nervous tissue is irreversible and cannot be repaired, 
hence, regeneration of this tissue is a huge challenge. Many therapeu-
tic approaches have been attempted in order to repair damages nerves, 
however, the most promising approach is the adaption of neural tissue 
engineering strategy, which employs biological tools like normal or genet-
ically engineered cells and ECM-like biomaterials for scaffold design. 
Nanofibers are ideal for this application because they exhibit a number 
of properties that greatly enhance cell proliferation and differentiation, 
deliver neurotrophic  factors to the site of injury and direct the growth of 
the neural stem cells (Dahlin et al., 2011).

Aligned and random PLLA electrospun nanofibers scaffolds were 
tested for the purpose of neural tissue engineering. The results indicated 
that, in the aligned nanofibers scaffold, the neural stem cells (NSCs) 
displayed high rates of adhesion and differentiation, and their neurites 
outgrew in a direction parallel to that of the fiber alignment (Fang et al., 
2008). Furthermore, increased rates of proliferation and differentiation 
were observed with the decrease in nanofiber diameter. Conductivity 
of the nanofibers scaffold is a critical property when it comes to neu-
ral issue engineering. Conductive electrospun polyaniline/PCL/gelatin 
nanofibers scaffolds with an average diameter of 112 to 189 nm were 
fabricated and studied. The results demonstrated that cell proliferation 
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and neurite outgrowth was enhanced upon electrical stimulation. The 
incorporation of growth factor into the nanofibers scaffold also increased 
proliferation and differentiation of the NSCs into neurons. Furthermore, 
immobilizing the epidermal growth factor (EGF) and basic fibroblast 
growth factor (bFGF) was proved to greatly promote the axon growth 
(Dahlin et al., 2011).

8.8.2.10 Skin Tissue Engineering

The skin functions as a barrier between the body and the external sur-
roundings. Besides the subcutaneous tissue, the skin consists of two layers: 
(1) Epidermis, which is divided into five layers starting with Stratum cor-
neum, the outermost layer, made of dead keratinocytes and ending with 
Stratum basale, the innermost layer, made of proliferating keratinocytes, 
melanocytes, and Merkel cells. (2) Dermis, which is next to the subcuta-
neous tissue, is composed of collagen, elastin, glycosaminoglycans, and 
fibroblasts, as well as sweat glands, leucocytes, adipocytes and mast cells 
(Beck et al., 2011). Although skin has the ability to regenerate, low gen-
eration rates occur in cases of severe skin damage as in burns, infections 
and inflammation. Normally, skin wounds do not require full skin regen-
eration to heal but only require the formation of epithelialized scar tissue. 
While the dermis has a great capacity to regenerate, the epidermis has a 
low capacity to heal, therefore, when large areas of the epidermis are dam-
aged, the tissues need to be replaced (Vasita and Katti, 2006). Therefore, 
epidermal nanofibers scaffolds have to enhance the growth of keratino-
cytes, while dermal nanofibers scaffolds should promote the attachment, 
diffusion, and growth of fibroblasts. Collagen/PCL electrospun nanofibers 
were fabricated for the purpose of regenerating skin issues. The collagen 
had an effect of promoting cell proliferation and enhancing cell migra-
tion inside the scaffold (Fang et al., 2008). In another study, electrospun 
nanofibers were made of poly(vinyl acetate) (PVA) and poly(3-hydroxy 
butyrate) (PHB) for the same purpose and gave positive results. When 
tested with human keratinocyte cell line (HaCaT) and fibroblasts, the PHB 
promoted cell adhesion and proliferation of both, while PVA promoted 
only HaCaT growth and inhibited fibroblasts. This bio-selectivity can be 
altered by changing the ratio of PVA and PHB in the polymer blends. 
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Cell attachment tests were conducted on bovine serum albumin (BSA) 
coated electrospun nanofibers made of chitin, which is similar to glycos-
aminoglycan (GAG), and poly(glycolic acid) (PGA) blends, using normal 
human epidermal cells. Among a variety of blends made, the best cell 
adhesion was observed in the blend with 25% PGA with BSA coating 
(Sharma et al., 2015).

Increase in the wettability and hydrophilicity of a nanofiber, causes 
improvement of cell attachment and proliferation. To fabricate a highly 
hydrophilic nanofibers scaffold, a small fraction of low molecular weight 
poly(ethylene glycol) (PEG), blended with poly(L-lactic acid) (PLLA), 
was incorporated into the nanofibers. The presence of hydrophilic nanofi-
bers scaffolds, such as chitosan/poly(vinyl alcohol) (PVA) scaffolds, pro-
moted the absorption of nutrients during cell culture, thereby enhancing 
cell attachment, infiltration, proliferation, and migration in the nanofibers 
scaffold matrix. In addition, the alignment of nanofibers has an impact on 
cell adhesion and proliferation, for example, aligned collagen nanofibers 
scaffolds demonstrated lower cell adhesion but higher cell proliferation in 
comparison to the nonaligned nanofibers scaffolds of the same polymer, 
however, better cell infiltration was observed in aligned PLLA nanofibers 
scaffolds (Fang et al., 2008).

Due to their low toxicity, a number of natural polymers, other than 
collagen, were explored. Silk nanofibers scaffolds have shown a poten-
tial to be used in skin tissue engineering. The nonwoven silk electrospun 
nanofibers, coated with type 1 collagen, have demonstrated great kerati-
nocyte/fibroblast adhesion and spreading, due to their high porosity and 
high surface area to volume ratio (Vasita and Katti, 2006). The large 
pores, present in the 3D structure of silk nanofibers, provide good excess 
for cells to infiltrate into the nanofibers scaffold. Chitosan (CECS), 
another natural polymer known for its antibacterial properties, was 
used in combination with PVA to fabricate electrospun nanofibers scaf-
folds, which demonstrated uniform tissue formation and no cytotoxicity 
(Sharma et al., 2015).

Nanofibers have proven to be a promising platform upon which bio-
medical applications, like tissue engineering, occur; however, more stud-
ies are required in order to, actually, perform an ideal tissue engineering 
process.
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8.8.3 NANOCOSMETICS

Nanofibers are promising tools for, not only delivery of drugs, thera-
peutics, and molecular medicines, but also for the delivery of body-care 
supplements. Generally, nanofibers, in cosmetic application, are used for 
applying skin wellness agents via a technique similar to the drug delivery. 
For example, electrospun nanofibers were fabricated in combination with 
a hydrophilic polymer, a skin wellness agent and vitamins like vitamin 
A, C and E. Some polymers that are used for this application are poly-
ether, poly(alkylene oxide) and poly(vinyl alcohol). Skin wellness agents 
are substances that serve a purpose of making the skin healthier, and they 
include glycerin, hyaluronic acid, collagen, ammo acid derivatives, lactic 
acid, ceramide and lipid mix, dimethicone, polyphenols, natural bisabolol-
herbalia green tea, bentonite clay, peptides, hydrolyzed wheat gluten, and 
ceratonia siliqua gum mix.

After combining vitamins, skin wellness agents, with a hydrophilic 
polymer, the system was electrospun into nonwoven nanofibers scaf-
folds for delivery of beneficial components into the skin. Nanofibers 
scaffolds display a number of advantages, such as prolonged release of 
ingredients into the skin, increased contact time and increased surface 
area, which in turn increased their potential in cosmetics applications. 
The most cosmetic application of nanofibers is for skin such as healing, 
cleansing, and care mask. Nanofibers can be incorporated into masks, 
which then can be impregnated with skin-revitalizing factors for skin 
health and renewal. Cellulose acetate electrospun nanofibers containing 
retinoic acid and vitamin E were fabricated for the purpose of deliver-
ing vitamins into the skin. When compared with conventional delivery 
methods of vitamins, using nanofibers resulted in the release of vitamin 
E over 24 h and retinoic acid over 6 h, while conventional film formula-
tions exerted burst release of these ingredients. The matrix system of 
such nanofibers formulations is suitable for cell proliferation and growth 
because of its hyperbranched polymeric structure. This application 
does not only cover vitamins delivery but also includes colorants, sun-
screens, emollients, exfoliants, humectants, nutrients and antioxidants. 
Furthermore, active ingredients, derived from compounds like aloe Vera, 
zinc oxide, titanium oxide, alpha, beta or poly hydroxy acid, vitamins, 
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retinol, retinal, retinoic acid and tocopherol, can be used in the nanofibers 
matrix for treatment of skin conditions such as acne, eczema, contact 
dermatitis, rosacea and psoriasis.

A promising approach of nanocosmetics is the formulation of antiwrin-
kle nanofibers masks. The fabrication of nanofibers for the production of 
these masks is-based on combining ascorbic acid, retinoic acid, and col-
lagen with gold nanoparticles. Using nanofibers increases the contact area 
between the skin and the mask, due to the high surface area to volume ratio 
of nanofibers, thereby enhancing the effect of the mask. This novel product 
is manufactured to overcome the problems of conventional preparations 
that contain ascorbic acid. These problems occur because the preparation 
is premoisturized, and taking in consideration the instability of ascorbic 
acid, this could lead to problems for the long shelf life of the formulation. 
10% of polyvinyl alcohol and 20% of randomly methylated β-cyclodextrin 
were used to fabricate nanofibers containing collagen, ascorbic acid, reti-
noic acid and gold nanoparticles. Loading these nanofibers with vitamins 
was proved to enhance skin permeation of ascorbic acid and retinoic acid. 
Moreover, incorporating β-cyclodextrin into the formulation slowed down 
the degradation rate of the formulation.

Generally, many cosmetic aimed ingredients can be incorporated into 
a nanofibers matrix. In a variety of novel formulations, not only cosmetic 
ingredients, but also antibacterial agents, can be incorporated into the 
nanofibers matrix in order to enhance their clinical outcome (Ulubayram 
et al., 2015).

8.9 CONCLUSION

Nanofibers have been undergoing research all over the globe for various 
potential applications in field of medicine and health care, they have wide 
variety of applications which make them highly suitable for efficient drug 
delivery. Currently they are being investigated for various uses like, in 
field of biomedical applications, cancer, periodontal regeneration, deliv-
ery of poorly water soluble drugs, site specific and controlled release of 
drugs. In future they will be highly potential material for improving public 
health word wide.
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ABSTRACT

Liposomes and nanoparticles are currently among the most investigated 
technologies for drug delivery, diagnostic and treatment of diseases, 
and for food preservation, processing and optimization of nutritional 
properties. These nanodevices provide controlled release, improvement 
of kinetic and diffusion properties, and also vectorized delivery of 
loaded compounds. In general, in order to guarantee the safety for 
human or veterinarian use, liposomes and nanoparticles must not induce 
immunogenicity or toxicity. The aim of this chapter is to review the recent 
advances in the fields of liposomes and nanoparticles regarding their use 
in improving drugs and food features. Moreover, the directions that these 
nanotechnologies are taking in pharmaceutical and food sciences and 
markets are discussed.

9.1 INTRODUCTION

Controlled and vectorized release of different compounds is among the 
main features that stimulates research on the use of liposomes and nanopar-
ticles in health sciences. Beyond the sustainable delivery of substances, 
liposome entrapment and nanoparticle loading of different compounds 
present several advantages when compared to the same nonentrapped sub-
stances, which include: protection against reactive species, resistance to 
extreme pH and temperature, protection against high ion concentrations, 
improvement of stability, pharmacokinetics properties and of bioavailabil-
ity (Gregoriadis, 2007; Koçer, 2010; Holzschuh et al., 2015).

Liposomes can be defined as thermodynamically stable lipid-based 
vesicles formed by self-assembly of phospholipids in aqueous sys-
tems, resulting in entrapment of a determined compound. These sys-
tems were designed for studying the behavior of biological membranes. 
Their biotechnological advantages due to controlled release and entrap-
ment protection were firstly explored only in the 1970s by Gregoriadis. 
Since then, they have been widely studied in different applications, 
being pharmaceutical, cosmetics and food sciences the most advanced 
fields regarding their exploration. Hydrophilic and hydrophobic mol-
ecules can be localized in the aqueous core and in the membranes, 
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respectively. Ideal liposomes are biocompatible with biological mem-
branes and should lack immunogenicity and toxicity (Gregoriadis, 
2007; Holzschuh et al., 2015; Koçer, 2010; Wang et al., 2015).

Nanoparticles, on the other hand, can be made of varied inorganic and/
or organic materials, such as polyesters, metals and proteins. Nanoparticles 
present enhanced characteristics like optical, magnetic and electric behav-
iors (in specific conditions) when contrasted to the same materials in 
greater dimensions. These modified behaviors can be relevant for optimiz-
ing several drug and food features, beyond controlled release of substances 
to their targets. Nanoparticles should also lack immunogenicity, toxicity 
and present adequate biocompatibility as well as liposomes (Markoutsa 
et al., 2011; Liu et al., 2014).

The encapsulation of natural or synthetic compounds is of great poten-
tial to the treatment of several diseases, and to improve food preservation 
and nutritional properties. These effects encourage research on the develop-
ment of new liposome and nanoparticle-based products, although the basic 
compounds for their preparation are still very expensive. Nevertheless, 
it is expected that the growing number of manufacturers may provide 
less expensive high quality raw material for liposomes and nanoparticles 
research in a near future (Holzschuh et al., 2015; Markoutsa et al., 2011).

Synthetic drugs have been successfully encapsulated by several research 
groups, and a strong improvement in drug effects is generally experimentally 
observed, due to the increased surface contact amidst the drug and its target. 
A number of nutrients and phytomolecules can be associated with both drugs 
and other food components when freely available on the intestinal tract, 
causing unwanted effects like aggregation or precipitation (what can trig-
ger or even abrogate immune responses), and quantity and functional loss 
of these molecules (Holzschuh et al., 2015). Different nutrients have been 
investigated aiming their use as nutraceuticals or as dietary supplements, 
but many of them present poor water solubility, low oral bioavailability, 
minimum residence time in gastrointestinal tract and poor physicochemical 
stability (Dos Santos et al., 2015). Taken together, these characteristics can 
impair the use of these nutrients in food technology. Entrapment in lipo-
somes or nanoparticles loading can provide solutions to overcome these 
issues (Gregoriadis, 2007).

By reviewing the recent advances in this field, this chapter aims to 
present to the audience relevant data on how liposomes and nanoparticles 
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have been explored regarding applications for improving drugs and food 
features of interest, such as administration/intake, kinetics parameters, 
general preservation, bioavailability, and interactions with cells or specific 
physical or chemical interactions of interest, for the development of prod-
ucts that might reach the market in a near future.

9.2 LIPOSOME AND NANOPARTICLES IN DRUG DELIVERY

9.2.1 OVERVIEW

The engineering of drug delivery systems aiming to provide controlled 
release of therapeutic molecules in a given space-time frame is among the 
most striking challenges of nanotechnology in health sciences. Controlled 
release systems can be defined as devices that are able to reach therapeu-
tically effective concentrations of drugs or any other molecule of inter-
est in a specific target over a determined period of time. Some examples 
include therapeutic contact lenses, drug-covered orthopedic implants and 
transdermic patches. And why are these devices better than the traditional 
dosage forms? Different problems can be identified here. Because of drugs 
exposure to biological events that may lead to their inactivation, therapeutic 
regimens are often complex, require multiple administrations and long time 
duration. This condition generally decreases patients’ compliance to therapy. 
Systemic accumulation, a common event drug use, may lead to toxicity. 
In situ release of therapeutic molecules by these devices can increase the 
efficiency of drugs and decrease the risks of possible systemic side effects 
(Hatakeyama et al., 2007).

We direct now our attention to nanodevices for drug delivery. 
Liposomes and nanoparticles are the most explored technologies in this 
context. Liposomes are the most investigated and commercialized drug 
delivery nanosystem nowadays. Examples of liposome-entrapped drugs 
currently available on the market include Ambisome® (amphotericin B), 
Doxil® (doxorubicin hydrochloride) and Epaxal® (inactivated hepatitis 
A virus vaccine). Drug entrapment in liposomes can improve pharma-
cokinetics features; and, as stated, the localized delivery of therapeutic 
molecules can preclude toxic effects (Wang et al., 2015). Until the time 
of preparation of this chapter, no formulation of nanoparticles-loaded 
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drugs is available at the pharmaceutical market, although several 
researches, as the ones described in the next paragraphs, have been 
published.

Nanotechnologies in drug delivery are not free of limitations. The main 
problems in this sense include:

• Risk of idiosyncratic behavior in body fluids flow;
• Sensitivity to pH, electrolytes and adsorption by plasma proteins;
• Structural instabilities such as erosions;
• Problems on drug release (diffusion) speed, such as unwanted burst 

release;
• Uptake by nontargeted cells, decreasing the concentration of the 

active molecule and increasing the risk of toxic effects;
• Complex steps to scale up the manufacturing process.

To overcome part of these problems, some strategies have been explored 
to improve the use of liposomes and nanoparticles for drug delivery. To 
increase a desired bioaccumulation on the targeted tissue, antibodies, gen-
erally of the IgG class, can be attached by covalent binding to polymeric 
molecules (nanoparticles) or to phospholipids (liposomes). This provides 
vectorization of drugs and does not interfere in stability or physicochemi-
cal properties of liposomes and nanoparticles (Markoutsa et al., 2011). 
In addition, to provide long circulation and increased bioavailability, 
polymers like polyethylene glycol can be attached to the phospholipids, 
increasing their flexibility. PEG forms a protective layer over the lipo-
somes and delays (or also avoid) they recognition by opsonins, and the 
subsequent clearance (Hatakeyama et al., 2007; Wang et al., 2015).

Also in this context, Osawa and Erickson (2013) developed a system in 
which Z rings were incorporated inside large unilamellar liposomes, and 
structures such as narrow gaps between invaginating edges of the vesicles 
were formed. The authors demonstrated that the incorporated Z rings could 
divide the liposomes by forming a clear septum between the daughter 
vesicles. This technology can be useful as a strategy to maintain stable 
kinetics parameters such as distribution and bioavailability. Therefore, it 
is expected that in a near future, the number of liposome-entrapped drugs 
available at the pharmaceutical market will increase, allowing the planning 
of new and less complicated therapeutic regimens, which may improve 
patients’ compliance to drug therapy.
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In the following sections, we show in brief some of the most 
striking advancements recently published in the field of pharmaceuti-
cal nanotechnologies for drug delivery in the treatment or diagnostic of 
different diseases. By discussing these advancements, we wish not only 
to provide insights regarding nanotechnologies trends for drug delivery, 
but to arouse questions concerning points that these technologies might be 
lacking to reach the pharmaceutical market in spite of everything that has 
been investigated so far.

9.2.2 LIPOSOMES AND NANOPARTICLES IN CANCER 
TREATMENT

Among the main benefits of exploring liposomes and nanoparticles in 
cancer treatments is their ability to provide vectorized delivery of anti-
cancer drugs, which are often highly citotoxic and may trigger several 
adverse effects. In addition to this, the controlled release of drugs can 
contribute to overcome an eventual resistance developed by the tumoral 
cells to the drugs, as in the work of Gharib et al. (2014). The authors 
developed artemisinin and transferrin-loaded magnetic nanoliposomes 
for treating breast cancer. The thermosensitive formulations (drug release 
at 42°C) presented high antiproliferative activity against cell lines MCF-7 
and MDA-MB-231, when exposed to magnetic fields.

Also aiming breast cancer treatment, Kong et al. (2015) investigated the 
pharmacological potential of an advanced platform composed of porous 
silicon nanoparticles and giant liposomes encapsulating doxorubicin. This 
system was assembled on a microfluidic chip against human doxorubicin-
resistant MCF-7 cancer cells, and also M28 cells. The system was also loaded 
with DNA nanostructures, gold nanorods, and magnetic nanoparticles, and 
presented photothermal and magnetic responsiveness. It was able to release 
all its entrapped components, being effective against breast cancer cell lines.

Boks et al. (2015) proposed the use of antigen-carrying liposomes as 
a noninvasive skin vaccine. The authors explored a human skin model to 
assess the efficiency of intradermal delivery of liposomes against mela-
noma. Liposomes were prepared with gp100280–288 peptide, a mela-
noma-associated antigen, and monophosphoryl lipid A (MPLA), a Toll-like 
receptor 4 ligand that was used as an adjuvant. The uptake of liposomes 
by dendritic cells was superior to the uptake of conventional liposomes, 
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and antigen presentation to CD8+ T cells was significantly improved with 
MPLA-liposomes. These modified liposomes induced upregulation of 
CD83, CD86, TNF-α and IL-6 by dendritic cells, and effective maturation 
and cytokine production by these cells was observed after the treatment 
with the modified liposomes.

Xiao et al. (2011) formulated silicon nanoparticles via electrochemical 
etching from a single porous silicon crystal against HeLa and NIH-3T3 
cells. The nanoparticles were toxic for upto 45% of cells. Also exploring 
synthetic compounds, Floyd et al. (2015) developed aerosolized nanopar-
ticles of rhodamine and poly(lactic-co-glycolic acid) (PLGA) spherical 
shape polymeric particles for glioma therapy. The authors demonstrated 
in an ex vivo model that rhodamine-PLGA spheres presented a high reten-
tion rate in brain tissues, suggesting its potential for glioma therapy.

Cui et al. (2015) developed RNA nanoparticles for gastric cancer 
therapy using the thermostable three-way junction of bacteriophage phi29 
motor pRNA. The nanoparticles consisted in three fragments, which were 
functionalized with folate as a targeting ligand. The authors observed 
that the nanoparticles could bind specifically to tumoral gastric cells and 
induce apoptosis. Also, the breast cancer-associated antigen 1 (BRCAA1) 
gene was inactivated.

9.2.3 LIPOSOMES AND NANOPARTICLES IN 
GASTROHEPATIC AND CARDIOMETABOLIC DISEASES

The fast uptake of superparamagnetic iron oxide nanoparticles by Kupffer 
cells has encouraged their exploration for liver imaging for diagnosis and 
treatment of carcinoma. Although the biodistribution of these nanoparticles 
to vascular lesions in the liver cab be impaired because of cirrhosis, their 
use still provide advantages when compared to conventional methods, like 
the increased contrast between tumoral cells and healthy tissues (Barthia 
et al., 2003; Tanimoto et al., 2006).

Nanodevices have also been developed against liver fibrosis. IFN-α and 
IFN-1β entrapped in liposomes could successfully inhibit liver fibrosis in 
an animal model. Besides, liposomes conjugated with retinol and loaded 
with siRNA against the rat protein gp46 (homologue of human heat shock 
protein 47), decreased collagen secretion and fibrosis (Du et al., 2007; 
Sato et al., 2008).



306 Drug Delivery Approaches and Nanosystems: Volume 1

Cui et al. (2015) proposed liposomes for insulin delivery, aiming higher 
oral bioavailability. The authors explored herbal lipids as an alternative to 
conventional phospholipids in its composition, and simulated an environ-
ment for tests by mimicking gastrointestinal fluids. Liposomes formulated 
with ergosterol presented the best protective potential when compared to 
other herbal lipids such as β-sitosterol and stigmasterol. Ergosterol-based 
liposomes decreased blood glucose levels in approximately 50% after 
oral administration, and low toxicity was observed when liposomes were 
exposed to CaCo2 cells.

Sadhukhan et al. (2015) developed micellar nanoparticles by 
synthesizing PEG-g-gellan copolymers to provide controlled release of 
simvastatin. The system was tested in hyperlipidemic rabbits. The oral 
administration of the drug in its free form resulted in reductions in total 
cholesterol, triglycerides and LDL levels by 13, 18 and 19%, respectively, 
and increased HDL levels in around 12%. On the other hand, the treatment 
with simvastatin-loaded nanoparticles decreased total cholesterol, triglyc-
erides and LDL levels in 30, 20 and 44%, respectively.

Hu et al. (2015) functionalized poly(lactic-co-glycolic acid) nanopar-
ticles with plasma membrane of human platelets, creating a biodegradable 
polymeric nanosystem of poor uptake by macrophages and poor comple-
ment activation. Antigens associated to immunoregulation and to cellular 
adhesion were used in the coating strategy, what provided platelet-like 
properties and protection from the body’s immune responses. The authors 
used these nanoparticles in animal models of coronary restenosis, con-
trolled with docetaxel, and of systemic bacterial infection, treated with 
vancomycin. These drugs, when bounded to the nanoparticles, showed 
superior efficacy when compared to non-bounded drugs. More than 90% 
of the nanoparticles were quickly distributed after intravenous injection, 
reaching primarily the liver and the spleen.

9.2.4 LIPOSOMES AND NANOPARTICLES IN INFECTIOUS 
DISEASES

In general, the main advantages of exploring liposomes and nanoparticles 
for the treatment of infectious diseases include reductions of minimum 
inhibitory concentration (MIC) and minimal bactericidal concentration 
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(MBC) (or minimal fungicidal concentrations) of synthetic or natural 
antimicrobial compounds. The antibiofilm potential of these nanodevices 
remains poorly described. The concentrations of antimicrobial compounds, 
due to controlled release properties of nanodevices, tend to be higher in tis-
sues and biological fluids when compared to free compounds. Furthermore, 
these nanodevices have been described to be a promising strategy to over-
come microbial resistance, a critical problem widely observed in microor-
ganisms from different environments (water, soils, hospitals and human or 
veterinarian clinical isolates).

Solleti et al. (2014) investigated the antimicrobial activity of azithromycin 
entrapped in liposomes against planktonic cells and biofilms of Pseudomonas 
aeruginosa strains. The MIC and MBC values of liposome-entrapped azithro-
mycin were considerably lower than the observed for free azithromycin. MIC 
and MBC values of free azythromycin ranged from 64 to 512 µg/mL and 
from 128 to 1024 µg/mL, respectively. Conversely, MIC values of liposome-
entrapped azithromycin ranged from 8 to 128 µg/mL, and MBC values ranged 
from 16 to 256 µg/mL. Liposomal and free azithromycin were effective to 
eradicate biofilms at concentrations ranging from 1024 to 512 µg/mL, but 
liposome-entrapped azithromycin significantly reduced bacterial counts when 
compared to free azithromycin. Also, the production of virulence factors was 
decreased after exposure to liposome-entrapped azithromycin.

Gajra et al. (2015) developed polymeric lipid hybrid nanoparticles 
loaded with itraconazole and explored strategies to optimize the intestinal 
permeability of the hybrid. The nanoparticles were prepared with biode-
gradable polycaprolactone, soya lecithin and poly vinyl alcohol. No initial 
burst release was observed during in vitro assays, suggesting its safety. 
In an ex vivo tissue penetration model, the nanoparticles reached 30% of 
permeability after 4 h of exposure.

Ruiz-Rico et al. (2015) explored the antimicrobial potential of meso-
porous silica nanoparticles MCM-41, which were prepared with tetraethy-
lorthosilicate, N-cetyltrimethylammonium bromide and sodium hydroxide, 
and were loaded with caprylic acid, a food-grade GRAS (generally recog-
nized as safe) ingredient that is also used in cosmetics and pharmaceutical 
formulations. Both free and MCM 41-loaded caprylic acid were effective 
against Escherichia coli, Salmonella enterica, Staphylococcus aureus and 
Listeria monocytogenes. However, curiously, the antimicrobial activity 
of free and loaded caprylic acid, assessed as MBC, fell within the same 
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range of 18.5 to 20 mM for these pathogens. The authors proposed the 
use of MCM-41 in systems that might impair the antimicrobial activity of 
caprylic acid due to unwanted or unexpected chemical interactions.

Hang et al. (2015) evaluated the antiviral potential of cuprous oxide 
nanoparticles against hepatitis C virus in cell cultures. The nanoparticles 
inhibited infection at noncytotoxic concentrations and also inhibited the 
cellular entry of hepatitis C virus pseudoparticles. However, no effect on 
viral replication was seen.

Lopes et al. (2014) compared the in vitro and in vivo antileishmanial 
activity of liposomes and lipid nanoparticles loaded with oryzalin. The 
two formulations presented low cytotoxicity and poor hemolytic activ-
ity when compared to free oryzalin, and presented similar antileishmanial 
efficiency of glucantime. In in-vitro assays, the antileishmanial activity 
of liposomes and lipid nanoparticles loaded with oryzalin was inferior to 
the free drug (possibly due to problems associated to drug delivery on the 
culture media, according to the authors). However, in the murine model 
of visceral leishmaniasis, both liposome and nanoparticle loaded oryzalin 
were significantly more effective in reducing the parasitic burden when 
compared to the effects of the nonentrapped drug.

9.2.5 LIPOSOMES AND NANOPARTICLES IN NEUROLOGICAL 
TARGETS

The impermeability of the blood–brain barrier (BBB) to drugs and 
biomolecules, combined to the tight organization of endothelial cells in 
brain blood vessels, compose the most challenging technical problem in 
the pharmacological management of neurological diseases. The admin-
istration of drugs with the objective of reaching high doses in the blood-
stream to treat neurological diseases has varied limitations. First, it is 
generally inefficient due to the poor distribution on brain tissues. Second, 
there are risks of side effects due to eventual interactions with targets not 
related with the disease. Third, it can be vastly expensive, because of the 
extensive administration of dosage forms. Thus, the use of nanotechnolo-
gies for in situ administration, or vectorized nanosystems, represents an 
important alternative to neural drug therapy.

The BBB may undergo varied changes in its integrity and functions 
when the brain is under neurological disorders. It has been proposed that the 
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impaired BBB may provide strategic drug delivery opportunities into the 
brain. Thus, the use of nanodevices can optimize the entrance of drugs in this 
complex environment, due to the high biocompatibility with cell membranes. 
Efforts to overcome such technical difficulties have been proposed in 
different studies. Clark and Davis (2015) prepared gold nanoparticles 
loaded with transferrin, to bind to its receptors (TfRs). An acid-cleavable 
linkage between transferrin and the nanoparticle core was added to improve 
its access to the BBB. The authors demonstrated that the nanoparticles could 
cross BBB in vitro and also entered the brain parenchyma of mice in greater 
amounts in vivo, after systemic administration. This transferring-associated 
system is being proposed for both studying mechanisms of reaching the 
BBB and to deliver drugs more efficiently.

Moreover, Pedram et al. (2015) proposed a mathematical model of 
brain mapping technique using superparamagnetic nanoparticles, which 
was designed to be superior to electroencephalography, in order to define 
the boundary of epileptic neuronal networks more accurately. The sys-
tem was developed to create super-paramagnetic aggregates, which could 
improve tissue contrast in magnetic resonance imaging.

Afergan et al. (2008) used negatively charged liposomes to deliver 
serotonin to the brain targeting monocytes. Endocytosis of liposomes by 
monocytes reached 60%, and 4 h after the administration through intrave-
nous injection, liposome-entrapped serotonin concentration in the brain 
was of 0.138% of the dosage, and free serotonin concentration was 0.068% 
of the initial dosage.

Chhabra et al. (2015) developed zinc-loaded nanoparticles, which can 
cross the blood-brain barrier, for brain targeted rapid zinc delivery, in order 
to treat psychiatric and neurodegenerative disorders like schizophrenia, 
attention deficit hyperactivity disorder, depression, autism, Parkinson’s 
and Alzheimer’s diseases.

9.2.6 LIPOSOMES AND NANOPARTICLES IN THE 
DEVELOPMENT OF VACCINES

Jiao et al. (2003) developed a hepatitis C virus (HCV) DNA vaccine in 
cationic liposomes. The authors described that liposome-mediated DNA 
immunization induced greater immune responses than immunization with 
free DNA. Liposomal DNA provided strong antigen-specific Th1 type 
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immune responses when composed of dimethyl-dioctadecylammonium bro-
mide (DDAB) and egg yolk phosphatidylcholine (EPC). On the other hand, 
liposomes composed of DDAB and 1,2-dioleoyl-sn-glycerol-3-ethylphosp 
hocholine (DOEPC) induced Th2 type antigen-specific immune response.

Kamath et al. (2009) investigated the immunization with liposome-based 
formulations for Mycobacterium bovis. The antigens Ag85B-ESAT-6/CAF01 
reduced the postchallenge bacterial growth of M. bovis BCG, being medi-
ated by the induction of strong Th1 and Th17 responses in murine models. 
The protective effects remained adequate for at least 6 months, and this was 
attributed to a massive activation of dendritic cells.

Kaba et al. (2009) designed a prototypic malaria vaccine-based on a ver-
satile self-assembling polypeptide nanoparticle, which can display antigenic 
epitopes repetitively, targeting a protein of Plasmodium berghei. The vac-
cine conferred a protective immune response to mice that lasted more than 
6 months after the first challenge, and upto 15 months against a second chal-
lenge, and did not need a heterologous adjuvant to provide such effects.

Bal et al. (2011) co-encapsulated ovalbumin and a Toll-like receptor 
ligand (PAM3CSK4 (PAM) or CpG) in cationic liposomes in order to 
study their effects on the in vitro and in vivo (murine model) maturation 
steps of dendritic cells (DC). DC maturation induced by the liposomal for-
mulation was superior when compared to free immunogens. Interestingly, 
the encapsulation of PAM and CpG did not influence IgG titers, but OVA/
CpG liposomes provide stronger shift of IgG1 production to IgG2a, when 
compared to nonentrapped CpG.

9.3 LIPOSOME AND NANOPARTICLES IN FOOD SCIENCES

9.3.1 OVERVIEW

The application of nanotechnology in food sciences is considerably more 
recent when compared with other areas such as the production of phar-
maceuticals. Within this framework, the use of nanotechnology has been 
focused on the development of products with functional features, nutra-
ceuticals, development or optimization of processes in the food industry, 
improvement of biochemical characteristics of food, preservation and 
improvement of sensory characteristics of formulations and kinetics of 
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nutrients, and in the development of packaging technology, improving 
shelf life of alimentary products (Assis et al., 2012).

The use of liposomes and nanoparticles in food formulations must 
meet the requirements such that they can be framed as GRAS (generally 
recognized as safe) products. This definition was provided by the Food 
and Drug Administration (FDA), which describes that substances added 
intentionally to food formulations are considered food additives, and these 
should be reviewed and approved – except in cases that qualified spe-
cialists have adequately demonstrated a safe employment of these in the 
intended formulations (FDA, 1997). Nanoparticles are obtained from food 
processing steps such as milling and homogenization. In addition to pro-
cessing, nanoparticles can be associated with other food ingredients to 
form micelles or nanofibers, and may aid in the digestive process, as in the 
transport of lipids, due to micelle formation by fatty acids, monoglycer-
ides, bile salts and phospholipids (Rogers, 2015).

The employ of nanotechnology in food sciences has become increasingly 
frequent, once nanomaterials characteristics have been improved regarding 
their safety for consumption. However, nanotechnologies in food sciences 
are still lacking specific legislation and technical regulations worldwide, in 
order to provide standardizations and monitoring of this growing market 
(Blasco and Pycó, 2011; Sozer and Kokini, 2009). Although the safety of 
nanosystems has been improved, it is important to note that due to increased 
contact surface, nanoscale particles can easily spread in tissues and increase 
toxicity risks, modify rheological properties of food and kinetics parameters 
of nutrients (Sozer and Kokini, 2009).

9.3.2 NANOSYSTEMS AND NUTRACEUTICAL PRODUCTS

Nutraceuticals are defined as dietary formulations-based in concentrated 
presentations of one or more pure bioactive compounds. They are originally 
isolated from plant foods, but nowadays, bioactive compounds of mineral 
and animal sources have been included. These formulations are prepared in 
different pharmaceutical dosage forms and are used in dosages many times 
superior to those detectable in their original sources to improve health in var-
ied aspects (Dos Santos et al., 2015). Nutraceuticals can be isolated from its 
source of origin and have been increasingly incorporated in food matrices, 
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since they possess properties of avoid chronic illnesses when employed in 
the diet (Dos Santos et al., 2015). However, the incorporation of these in 
food matrices is still challenging, as in addition to being required to be sta-
ble, they must resist processing steps. This is mostly due to the fact that, in 
some cases, they can only be added to the food matrix in the beginning of 
the industrial process, given that additions performed on the latest steps of 
the process can offer varied risks to consumers and are, thus, often forbidden 
by health regulatory agencies.

Oils, liposoluble vitamins, carotenoids and flavonoids, amidst other 
substances of nutraceutical interest, can be added to food matrices, what 
make these ingredients functional additives. For these situations, the use of 
colloidal systems is necessary, thus, improving characteristics such as sta-
bility, compatibility with other ingredients of the formulation, and release 
in the gastrointestinal tract. A food matrix is defined as the way in which 
it is organized, and its components or ingredients can be fresh, minimally 
processed, and/or proper for consumption. The number of advanced food 
formulations obtained with the use of nanomaterials has increased in the 
latest years, once properties such as bioavailability and sensorial aspects 
can be improved, as well as interesting industrial advantages such as pro-
longed conservation (Sozer and Kokini, 2009).

Such advances represent a set of challenges to the industrial sector, 
once several assessments must be performed concerning toxicity risks in 
human consumption of nanosystems, acceptance by consumers and even-
tual technical modifications of manufacturing processes by the addition 
of nanomaterials (Assis et al., 2012; Mcclements, 2015). Regarding the 
development of food with nutraceutical compounds in its formulations, for 
which the matrices were specifically developed with the aim of improving 
its bioavailability, nutraceuticals may be present within the food matrix, 
which can be unprocessed or processed, such as sauces, creams and pasta. 
Moreover, nutraceuticals can be embedded by simple mixture if they are 
soluble in the formulation, or associated to liposomes or nanoparticles 
(McClements, 2015; Nacka et al., 2001). Liposomes, nanoparticles and 
some nanoemulsions have been developed to protect and/or control the 
release of nutrients to the gastrointestinal tract. Still, critical research 
and development barriers in this context include in situ instability, tis-
sue permeation and absorption efficiency of these nanosystems during the 
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digestive process, given that bile salts are able to accelerate the rupture of 
these systems (Liu et al., 2012).

A general classification of substances into four groups regarding their per-
meability to biological membranes and the solubility in biological fluids is 
often considered in this context (Williams et al., 2013). Class I include sub-
stances of high solubility and high permeability; class II lists the substances 
with high permeability and low solubility. In turn, class III list substances 
with low permeability and high solubility, and finally, we can find in class IV 
substances with low permeability and low solubility. Once this classification 
is known, some inferences can be made. For instance, if a lipophilic substance 
is employed in a food matrix, and if this is considered a class II substance, it 
shall probably present a high permeability in intestinal tissues. However, it 
shall probably also present low solubility in water. Alternatively, the delivery 
in liposomes or nanoparticles can be explored in order to increase the solubil-
ity of these compounds in intestinal fluids, and consequently, their bioavail-
ability (McClements, 2015; Williams et al., 2013).

The bioavailability of nutraceuticals can still be increased if they 
are consumed in combination with certain food. A good example would 
be piperine, naturally present in black pepper (Piper nigrum), which is 
able to increase the permeability of cell membranes, and also the intake 
of lipids concomitantly with vegetables of colors ranging from orange 
to red or yellow, increasing the bioavailability of carotenoids. Aiming to 
reach this increased membrane permeability, certain surface-active agents 
(of proven safety for human consumption) can be added as components of 
food matrices, which behave providing characteristics to the whole formu-
lation that liposomes or nanoparticles could provide to a single compound 
(McClements, 2015).

9.3.3 USE OF NANOSYSTEMS TO INCREASE THE 
BIOAVAILABILITY OF NUTRIENTS

The entrapped compounds and surface properties of these nanosystems are 
the most influent issues regarding the digestion of nanosystems. A strat-
egy to stabilize these nanosystems, protect them against deterioration, and 
reduce the release of contents during digestion, is their functionalization 
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with different molecules such as polysaccharides, synthetic polymers 
and electrolytes; moreover, pH-sensitive strategies might be explored 
(Gregoriadis, 2007).

Liposomes formulated with negatively charged lipids tend to increase 
their diameter at first on the digestion in intestinal fluid, followed by 
a gradual decrease. Pancreatin and enzymes such as pancreatic lipase, cho-
lesterol esterase and phospholipase A2, are able to hydrolyze the liposomes 
and nanoparticles components, what can destabilize the nanosystems and 
make them loose their (Whitcomb and Lowe, 2007; Gallier et al., 2013).

Depending on the performance of various enzymes on the lipids 
that compose liposomes, modifications of vesicles structure, resulting 
in aggregation and fusion of particles, can be observed experimentally. 
Some researches provided evidence in this context by studying the process 
of liposome digestion, in which particles with larger diameter after cer-
tain time of digestion were found (Gallier et al., 2013; Kibat et al., 1986; 
Whitcomb and Lowe, 2007).

Liu et al. (2015) investigated the protection of bovine serum albumin in 
liposomes. The vesicles were formulated with negatively charged phos-
pholipids by the addition of lactoferrin. The liposomes were tested in 
simulated gastrointestinal fluids. The authors showed that the average 
diameter of liposomes decreased after such exposure, reaching half of the 
initial diameter in the first 30 minutes and remaining constant thereafter; 
although the diameter remained unchanged in absence of pepsin and pan-
creatin, which are present in gastric and intestinal fluids, respectively, dur-
ing the gastric digestion at pH 1.5. This fact can be partially explained due 
to hydrolysis of bovine serum albumin in aqueous medium, what shifts 
negatively charged liposomes to neutral charge vesicles (Liu et al., 2012, 
2015; Nacka et al., 2001).

9.3.4 USE OF NANOSYSTEMS FOR KINETIC OPTIMIZATION 
OF ABSORPTION OF NUTRIENTS AND PROTECTION 
AGAINST OXIDATION

There are few studies about the kinetics of liposomes in food technology. 
When a liposome with an entrapped compound is resuspended in an 
aqueous medium without the presence of this compound, the system is 
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not in thermodynamic equilibrium. This can trigger the release of the 
compound to the external environment until equilibrium is established, 
in a spontaneous fashion (Frézard et al., 2005; Liu et al., 2012). In cases 
that liposome entrapment of substances occurs in its structural framework 
and not in the aqueous core, the release will be dependent on the parti-
tion coefficient of the substance between the membrane and the aqueous 
phase (Frézard et al., 2005).

Nanoparticles have been explored to improve oral bioavailability 
due to mechanisms like increased stability in the gastrointestinal tract, 
improvement of solubility in intestinal fluids, improved absorption and 
decreased influence of first-pass hepatic metabolism (Yao et al., 2015). 
Nanoemulsions and nanoparticles systems have been used to encapsu-
late lipophilic nutraceutical compounds. After digestion, mixed micelles 
produced, carrying these nutraceuticals to the mucous layer making them 
available for absorption through the enterocytes. EDTA, chitosan and 
some surfactants may modulate the structure and integrity of intestinal 
cells, and if used in nanosystems, they tend to increase the absorption and 
bioavailability of entrapped compounds (Yao et al., 2015).

Amines, amino acids and proteins are able to trigger lipid peroxidation, 
what may alter liposome formulations and interfere with the characteris-
tics of the entrapped compounds. If nanoparticles are prepared with lipid 
compounds, they are susceptible to these issues as well. These reactions 
are capable of producing a range of organic products. Aldehydes produced 
from lipid peroxidation can react with amine groups of proteins and these 
intermediaries continue to react with other compounds aldehydes, favor-
ing aldolization (Korzac et al., 2004; Xiong, 2000). Aldolization reactions 
are capable of causing the formation of conjugated double bonds and the 
production of pigments. The products obtained by the oxidation of lipids 
and proteins are often precursors of fluorescence and color of these com-
pounds, ranging from yellow, red and brown (Thanonkaew et al., 2007).

Marine species of mollusks belonging to the Cephalopoda class, 
known as squid or cuttlefish (Sepia pharaonis), present in their muscu-
lar layer a large amount of phospholipids. These membrane lipids, and 
a high content of polyunsaturated fatty acids, present a large surface area 
for being in the form of basecoat and as a result are more susceptible to 
oxidation (Thanonkaew et al., 2007). Studies with liposomes made from 
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phospholipids obtained from Sepia pharaonis showed that lipid oxida-
tion and the formation of yellow and brown pigments are increased at 
high temperatures. The loss of free amines is an alternative for monitor-
ing interactions between phospholipids present in liposomes and lipid oxi-
dation products. Similar results are described for liposomes of egg yolk 
lecithin (Thanonkaew et al., 2007). The most accepted mechanism for this 
phenomenon presents oxidative carbonyl compounds as ketones and alde-
hydes from lipid oxidation mainly forming products with amine groups 
characterized as products of Schiff base. The rearrangement of these 
products can occur in the form of polymerization, originating pigments 
ranging from yellow to brown. One of these compounds is phosphatidyl-
ethanolamine, which confers no enzymatic darkening in in vitro reactions 
(Thanonkaew et al., 2007).

Inorganic compounds including iron and ascorbic acid are able to make 
liposomes susceptible to oxidation if vesicles are dispersed in a system in 
which they are present. This phenomenon happens as iron in the Fe3+ state 
is reduced in the presence of ascorbic acid, resulting in Fe2+, which acceler-
ates the breakdown of lipids, resulting in reactive species such as hydrogen 
peroxide. On the other hand, compounds like sodium chloride are able to 
reduce lipid oxidation. It is possible that this is due to the availability of free 
chloride ions to form complexes with iron and other cations, thus decreas-
ing their prooxidant activity (Mei et al., 1997; Thanonkaew et al., 2007).

To study the stability of liposomes and nanoparticles, one must con-
sider the environment in which these come into contact and the charac-
teristics of its components. Especially in the case of Liposomes, stability 
can be determined in part by the phospholipids composition, taking as an 
example those who present double layers and thus, are more unstable due 
to the possibility of peroxidation. An alternative to evaluate the stability 
of these liposomes would be the measure of turbidity or determining the 
size through the dynamic light scattering (Chorilli et al., 2007; Fidorra 
et al., 2006; Lima, 1998).

Soybean phosphatidylcholine liposomes and hydrogenated phosphati-
dylcholine liposomes with addition of cholesterol, when stored in buffers 
at 30°C, are able to increase the turbidity of the medium, indicating disrup-
tion of these liposomes. Soybean phosphatidylcholine liposomes are very 
stable if not subjected to extreme conditions. These liposomes are stable 
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for more than six months at a temperature of 25°C pH 7.4, if oxygen and 
light-protected, preventing instability triggered by oxidation and photolysis, 
respectively (Chorilli et al., 2007).

9.3.5 NANOSYSTEMS IN DAIRY PRODUCTS

Studies on the protection of food against pathogenic and deteriorating 
microorganisms have been described, and bacteriocins have been explored 
in this context. Bacteriocins are ribosomally synthesized antimicro-
bial peptides produced by several bacteria, which are usually bioactive 
against phylogenetically related species. Due to factors like the digestion 
in gastrointestinal tract of animals and humans, bacteriocins have been 
shown to be safe and interesting for use at the food industry (Malheiros 
et al., 2012; Taylor et al., 2008).

Benech et al. (2002) developed a liposomal formulation to control the 
growth of Listeria innocua in cheddar cheese by entrapping nisin Z in pro-
liposome H. Liposomes activity was compared to the effect of free nisin 
Z produced in situ by a strain of Lactoccus lactis. The nisin Z-producing 
strain and nisin Z-containing liposomes did not affect cheese production or 
chemical composition. After six months of monitoring, cheeses inoculated 
with L. lactis presented 104 CFU/g of L. innocua and 12% of the antimi-
crobial potential of the bacteriocin remained active. Cheeses made with 
encapsulated nisin Z, on the other hand, contained less than 10 CFU/g of 
L. innocua, and 90% of the initial nisin activity was preserved, suggesting 
that the nanosystem was 100 times more effective than the use of free nisin.

Laridi et al. (2003) also encapsulated nisin Z, exploring different pro-
liposomes (Pro-lipo® H, Pro-lipo® S, Pro-lipo® C and Pro-lipo® DUO) and 
assessed their stability in milk under fermentation. Liposomes encapsula-
tion efficiency ranged from 9.5 to 47%, and the best results were observed 
for proliposome H. Nisin Z in liposomes remained stable in upto 27 days at 
4°C in different media including milk with different levels of fat content.

A nisin-like bacteriocin produced by a strain of Bacillus sp. (P34) 
isolated from aquatic environments of North region of Brazil showed anti-
microbial activity against Listeria monocytogenes and Bacillus cereus, and 
was suggested to be used in the food industry as a preservative like nisin 
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is currently employed (Malheiros et al., 2012). However, it has been pro-
posed that bacteriocins may lose their antimicrobial activity due to inter-
ferences or cross reactions with food components like proteins and fats 
(Taylor et al., 2008; Vaucher et al., 2010). Liposome entrapment can over-
come this limitation, as bacteriocins become more stable and protected 
against proteases and interactions with nutrients. Malheiros et al. (2012) 
showed that the antimicrobial efficiency of the nisin-like bacteriocin in 
food preservation was significantly increased when encapsulated into 
liposomes. As the liposomes were used in full and skimmed milk, it was 
possible to effectively inhibit the growth of L. monocytogenes (Malheiros 
et al., 2012).

Zohri et al. (2013) developed a hybrid nanoparticles made of alginate 
and chitosan, which was complexed with nisin for application in feta 
cheese conservation. The efficiency of the nanoparticles in inhibiting the 
growth of L. monocytogenes and Staphylococcus aureus was five times 
higher than free nisin, showing an increased preservation potential of 
this formulation. The sensorial acceptance and physicochemical charac-
teristics of feta-type cheese have been improved after the application of 
nanotechnology, suggesting that these systems are promising for the dairy 
industry (Zohri et al., 2013).

As exposed, liposomes can be used to provide benefits to food technol-
ogy. Milk usually presents low iron levels, and the deficiency of this mineral 
decreases hemoglobin levels and may evolve for anemia. The addition of 
minerals to milk can be an effective way of increasing their daily intake. 
Ferrous sulfate is a low-cost ingredient which provides iron with adequate 
bioavailability. However, it is able to reduce the shelf life of the products due 
to the oxidative potential, and to promote shifts of color and flavor (Jackson 
and Lee, 1991; Xia and Xu, 2005). Liposome entrapment of iron salts rep-
resents a way to effectively solve the dilemma of the fortification of this 
mineral, thereby preventing the previously mentioned problems. Ferrous 
sulfate liposomes prepared by Xia and Xu (2005) using lecithin showed 
the same bioavailability of free iron; however, these are thermally unstable. 
Thus, the authors explored the addition of cholesterol and polysorbate 80 
and encapsulation by the reverse phase evaporation method. It was possible 
to reach encapsulation efficiency of 67% and a ferrous sulfate concentration 
of 15 mg/L, resisting sterilization process (Xia and Xu, 2005).
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The encapsulation of enzyme in liposomes is also used in the manu-
facture of dairy products. The combination of bacterial protease, fungal 
protease, lipase (Palatase M) and Flavourzyme encapsulated in liposomes 
was explored by Kheadr et al. (2003). This liposome was added to milk 
for preparation of Cheedar cheese before the addition of rennet, in order to 
accelerate the proteolysis and lipolysis during the maturation phase. These 
enzymes allowed the obtaining of varied cheeses with different sensorial 
aspects. Samples in which liposomes containing bacterial protease and 
lipase were incorporated resulted in a more mature appearance and char-
acteristic aroma, without appearance of eccentric flavors. Bitter flavors 
were detected in cheeses in which liposomes containing fungal protease 
and lipase were incorporated, making this formulation unsuitable, once 
the acceptance of this cheese may be impaired (Kheadr et al., 2003).

It is known that the clove oil has antimicrobial activity against S. aureus 
and Escherichia coli; nevertheless, its antimicrobial compounds are highly 
unstable. Thus, Cui et al. (2015) encapsulated this oil in liposomes in 
concentrations of 5.0 mg/mL. These liposomes impaired the production of 
pore-forming toxins of S. aureus, but lost the antimicrobial activity against 
E. coli. These liposomes exhibited similar activity against S. aureus in tofu 
cheese, being able to increase the shelf life of these products after opened 
for consumption (Cui et al., 2015).

9.3.6 LIPOSOMES IN THE PREPARATION OF FOOD 
SUPPLEMENTS

Fruits and vegetables and their preparations as juices are consumed worldwide, 
and contribute to provide the adequate daily intake of vitamins. However, 
during the process of industrialization and pasteurization, these compounds 
can be rapidly degraded (Couto and Canniatti-Brazaca, 2010). To increase 
the concentration of these vitamins in juices, it has been proposed to encap-
sulate them into phosphatidylcholine liposomes stabilized with stearic acid 
and calcium stearate. These liposomes, which were prepared by Marsanasco 
et al. (2011) using the dehydration-rehydration method, showed protective 
effect over the antioxidant activity of vitamins C and E, without altering sen-
sory characteristics of the juices. The formulations showed microbiological 
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stability after pasteurization when stored at 40 C over a period of 40 days 
(Marsanasco et al., 2011).

The use of nanosystems is still limited in food and nutritional supplements 
also due to the risk of liposomes leakage after long periods of storage. This 
could result in the loss of the protective effect over the entrapped compound. 
The sensitivity of liposomes the environmental conditions and electrostatic 
forces makes it required adding a component able to stabilize him, which must 
be approved by the organs of direction and food security. As an alternative for 
stabilization of these liposomes, a recent of Frenzel and Steffen-Heins (2015) 
proposed the use of isolated whey protein for liposome coating, was decreased 
the membrane permeability and the osmotic alterations caused on media with 
excess of salts or carbohydrates, however the coating appeared more sensi-
tive during the gastric digestion. These liposomes coated with edible proteins 
show benefits for the stability and shelf life of products, expanding its applica-
bility in food sciences (Frenzel and Steffen-Heins, 2015).

9.4 CONCLUSION

The use of liposomes and nanoparticles can be explored in several fields 
in pharmaceutical and food sciences, as described in this chapter. An 
intriguing question was made throughout this discussion: what is missing 
to these technologies finally reach the pharmaceutical and alimentary 
markets? Well, in view of the exposed, the production in large scale is 
still challenging. Also, there is lack of toxicological studies that offer 
enough safety for administrating liposomes or nanoparticles to other 
animal models than murine models. Several in vitro models, including 
ex vivo approaches have been proposed; however, their representative-
ness of the complexity that involves their processing in the organism 
is still very limited. Immune responses and metabolism reactions, for 
instance, are not easily simulated in the current models. Moreover, 
mathematical modeling of drug release by these nanodevices, and bio-
physical studies of their interaction with biological targets, may improve 
our understanding of the behavior of nanoparticles after administration 
(or addition, in case of food matrices), and thus, the pharmacological or 
biological effects may be somehow predicted. It is possible that more 
structured studies with humans exploring preliminary nanoformulations 
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shall be a closer reality when the interactions of liposomes and nanopar-
ticles with biological targets are better understood from a molecular 
biophyisicochemical point of view. Also, as the technologies become 
more popular, research costs shall decrease and make the investigations 
in this field available to more research groups.
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10.1 INTRODUCTION

Since ancient time till today, cosmetic products always attracted attention 
of man and woman. To state precisely, hair care and dermal care prod-
ucts are the everyday need of the modern woman. Men are not behind; 



328 Drug Delivery Approaches and Nanosystems: Volume 1

today the average percentage of male has become conscious of their looks 
and appearance. Natural products are among the favorite one and are tra-
ditionally used for beauty care. It is well known that Cleopatra used to 
apply donkey’s milk to her skin. The science of cosmetology is believed 
to have originated in Egypt and India, but the earliest records of cosmetic 
substances and their application dates back to Circa 2500 and 1550 B.C.; 
to the Indus valley civilization.

The Federal Food, Drug, and Cosmetic Act (FD&C Act) has defined 
cosmetics, based on their intended use, as “articles intended to be rubbed, 
poured, sprinkled, or sprayed on, introduced into, or otherwise applied to 
the human body for cleansing, beautifying, promoting attractiveness, or 
altering the appearance” [FD&C Act, Sec. 201(i)]. The products category 
like skin moisturizers, perfumes, lipsticks, fingernail polishes, eye, and 
facial makeup preparations, cleansing shampoos, permanent waves, hair 
colors, and deodorants would be covered as cosmetic.

10.2 HERBAL COSMETIC TREND

Several thousands of cosmetic products are out in the market and heavily 
used by generation from all age groups. The synthetic cosmetics usually 
contain chemical ingredients like imidazolidinyl and diazolidinyl urea, para-
bens, petrolatum, propylene glycol, Polyvinyl pyrollidone/vinyl alcohol 
copolymer, surfactants like sodium lauryl sulfate, triethanolamine, synthetic 
colors, etc. However, the scientific community and published reports has 
shown growing concerns over the use of these synthetic components as they 
lead to adverse effectives. A few to include are blemishes, thinning of eye-
lashes, dermatitis, allergic reactions and carcinogenic.

The times of Cleopatra and the British queens has witnessed the use 
of natural cosmetics from organic ingredients like coconut, turmeric, 
neem, kokum butter, etc. However, with the surge of synthetic cosmetics 
the market trend changed due to the quick benefits shown by the syn-
thetic components. Media is actively educating customers by compar-
ing the safety of various personal care products. This contributed to the 
consumer awareness with an increased interest in much safer products. 
Being traditional in nature, the herbal cosmetics offer both aspects like 
functional advantages and safety over the synthetic compounds and lesser 
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toxic effects. Scientifically “Aware” consumer is now turning back to the 
natural organic substances. This can be validated against steady growth 
in herbal cosmetic market. Beside awareness, fashion consciousness and 
purchasing power of the people has added to this growth momentum. As 
said earlier, the consumer of today is more knowledgeable about the ingre-
dients that are used in the formulation of cosmetics and are opposed to 
synthetic beauty chemicals which can cause side-effects. This has led to 
the popularity of herbal cosmetics all over the world. Consumer is becom-
ing suspicious of chemical ingredient and more aware about the compo-
sition of product they use. They believe in more long-term safe use of 
products based on organic-based or natural source-based products. The 
cosmetic industry is very much aware of this market shift and is trying to 
develop natural source and environmentally sustainable products based 
cosmetic products. There is a significant market value for natural base 
ingredient in this regard.

Herbal beauty products were first introduced to the world way back 
in the 70s and today there is a plethora of brands in the herbal cosmetics 
market. Yet, the market is still growing and there is scope for new entrants 
who can deliver quality natural products which can satisfy the consumer 
requirements. Following the financial crisis during 2008–2010, the over-
all global cosmetics market is recovering at a steady pace. The growth in 
economies largely encourages the growth of the market for global cos-
metics. Among that the herbal cosmetics industry is experiencing a rising 
graph in terms of market and products which are being sold worldwide. 
Global cosmetic market is expected to reach $390.07 by 2020 according 
to Allied market research, 2015 report (Report Code: CO 15651). Women 
cosmetics products contribute almost double in generation of revenue by 
2020 and most of the leads will be predicted by Europe market. The main 
area of attraction still remains skin and sun care products (https://www.
alliedmarketresearch.com/cosmetics-market). Grand view recently pub-
lished research which predicts $15.98 billion market by 2020 only for 
organic personal care products.

A shift of preference towards natural and organic beauty products, par-
ticularly in United States and European countries, has fostered the growth 
of the cosmetics market. The rising demand for natural, herbal and organic 
beauty products creates potential opportunities for manufacturers to 

https://www.alliedmarketresearch.com/cosmetics-market
https://www.alliedmarketresearch.com/cosmetics-market
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innovate and develop new products in accordance to consumer preferences. 
L’Oréal Group, Avon Incorporation, Proctor and Gamble Corporation, 
Unilever, Oriflame Cosmetics, Revlon Incorporation, Kao Corporation, 
Estee Lauder Companies, Skinfood, Shiseido Incorporation, Procter 
& Gamble, Clinique from Lauder; Neutrogena, Johnson & Johnson; Avon; 
and the Estee Lauder brand are currently the top players in herbal/syn-
thetic nanotechnology-based cosmetic market (Mu et al., 2010; Raj et al., 
2012; Zippin and Friedman, 2009).

10.3 WHY HERBAL ACTIVES?

The herbal extracts based cosmetics contain bioactive ingredients or phyto-
constituents which acts very effectively and can do magical wonders to the 
body. Photo-protective phyto- constituents have properties to protect and 
rejuvenate the skin from damage due to UVA and UVB radiations, envi-
ronmental pollution, atmospheric temperature fluctuations, wrinkling and 
inflammation. These phyto-constituents act as natural sun blockers and 
as natural sources of antioxidants. The natural sun screeners in human 
skin are absorbing lipids, proteins and nucleotides. Plant or herbal extracts 
contain high concentration of these substances and provide easy and better 
protection to the peptide bonds of the skin’s proteins as well as the sensi-
tive lipids and nucleotides. Free radicals are one of the major destroyers 
of skin and to combat them are needed powerful antioxidants. Naturally 
occurring bioactive compounds like flavonoids, phenolic acids prevent the 
adverse effects of UV-radiation and stimulate the skin’s blood circulation 
and repair.

10.4 CONTRIBUTION OF NANOPARTICLE IN DELIVERY OF 
HERBAL ACTIVES

Nanotechnology already proved its effectives in cosmetic, pharma and 
food market. Electronic and engineering markets use nanotechnology to 
high extent. Nanoparticles (NP) are single particles with a diameter by 
definition below 100 nm, although their agglomerates may be larger as 
per Scientific Committee on Consumer Products (SCCP, 18 December 
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2007, Safety of Nanomaterial in cosmetic products, p.10.). According to 
Mihranyan et al. (2011) nanotechnology-based products were first intro-
duced in cosmetic industry followed by pharma and food industry and out 
of several products registered in 2009 under this “nano” group, almost 
13% were for cosmetic use, and the turnover was around US$170 billion 
as per report published by Eurostaf, a French company. Pubmed search 
engine (Oct 2015), showed 120,000 published journal articles when 
searched using keyword “nanoparticle,” compared to 6 article hit for cus-
tomized period of 1970–1980s. Keyword “nanoparticle cosmetic” showed 
around 5000 hits while “nanoparticle herbal” resulted in 160 published 
articles. Recently published report by Vance et al. (2015) on use of nano-
technology in consumer products identified that the skin is primary route 
of exposure for nanomaterials. In 2005, the Woodrow Wilson International 
Center for Scholars and the Project on Emerging Nanotechnologies was 
formed to create the Inventory of Consumer Products-based on nanotech-
nology CPI in 2005. This database is revised in 2013 and in total 1814 
consumer products are listed from 622 companies out of 32 countries. 
Silver is the most frequently used in nanoform (435 products, or 24%). 
Success of nanoparticles in cosmetic field also questions its safety, which 
a separate topic of discussion (Amenta et al., 2015; Nohynek et al., 2008; 
Takahashi et al., 2009).

Nanotechnology not only optimizes the manufacturing conditions for 
cosmetic formulations bearing multicomponent systems but also their 
effectiveness. Some of the applications are aimed to make fragrances 
last longer, sunscreens and antiaging creams to be more effective with 
sustained effect for longer hours, to stabilize the formulation, for color/
appearance change of formulation, e.g.; curcumin, to increase solubility of 
actives, e.g.; Vitamin C, for better penetration through skin or hair cuticles. 
Nanocarriers used in cosmetic field in general do not act biologically except 
delivering the active like vitamins, antioxidants or chemical UV filters in 
skin or to scalp. Mainly they are used as carrier, to improve permeation, 
penetration, delivery of actives, solubility enhancement, enhancement of 
product appearance to provide stability to active, etc. The principals are 
quite similar to pharma nanoparticle concept. With the advent of nanotech-
nology in herbal cosmetics the highly sensitive active ingredients, such as 
vitamins and antioxidants can be encapsulated and used in treatments for 
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antigraying and hair loss. Nanotechnology allows combined encapsula-
tion of two or more actives and can be used to improve the UV protection 
in combination with organic sunscreens, such as 2-hydroxy-4-methoxy 
benzophenone. In cosmetic industry, nanoparticles are not new; they have 
already used for delivery of silver, gold, titanium, aluminum, silicon in the 
form of topical application (D’souza and Shegokar, 2017).

This chapter mainly discusses the use of nanotechnology in 
formulation development of herbal actives. It counts the success sto-
ries of nanoparticles which encapsulates herbal actives along with the 
recap on safety profile. Various types of drug delivery platforms which 
are used till date for cosmetic delivery of herbal actives are discussed 
in detail. At the end of chapter readers are guided on some formula-
tion advise on type of delivery system selection and safety determination 
criteria. Application of nanotechnology for synthetic actives is out of 
scope of this chapter.

10.5 FORMULATION OF HERBAL COSMETICS NANOPARTICLES

Following sessions describe various drug delivery systems developed for 
formulating herbal actives for cosmetic use. Following sessions will touch 
on production process in short.

Readers are advised to refer other review papers describing manufac-
turing details of these nanoparticles. 

10.5.1 LIPOSOMES

Liposomes are closed spherical colloidal systems of phospholipids 
together with chains of surfactants. Liposomes are the first to introduced 
and currently commonly used carrier in cosmetic market. This is one of 
the first “Some” based carrier developed and explored in cosmetic market 
(Figure 10.1) Liposomes are incorporated in cosmetics or dermal delivery 
for various purposes like, to increase active deposition in skin, to provide 
localized release of active, e.g.; hair cuticles and to improve occlusion 
effect on skin. In many cases, encapsulation of active in liposomes is used 
to protect the drug from light and heat, thereby maintain the stability.
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Takahashi et al. (2009) produced Aloe vera extract encapsulated soya-
bean lecithin-based liposomes, 200 nm. Liposomes showed improved 
penetration and higher proliferation rate when tested in human skin fibro-
blast and epidermal keratinocytes due to improved skin penetration.

Hibiscus sabdariffa calyx extract has powerful antioxidant activity was 
encapsulated in soyabean lecithin/Tween 80/deoxycholic acid (DA) lipo-
somes to overcome skin permeation and dermal irritation problem associ-
ated with it. Liposome formulations showed good stability over 2 months 
and when tested for in vitro activities showed increased antioxidant activ-
ity, due increased dermal penetration and reduced dermal toxicity when 
tested on rabbit skin (Pinsuwan et al., 2010).

Polyphenols are well known and are intensively studied for their skin-
whitening activity. Artocarpus lakoocha Roxb (Moraceae), heartwood 
extract has potent antioxidant activity as per DPPH assay. Commercially 
available Pro-lipo™ were used to produce liposomes of plant extract. 
In vivo efficacy study on lotions (0.1 mL/twice daily/forearm) containing 
pure plant extract and lotions containing liposomal (172 nm) extract in 
10 female volunteers was performed. Skin whitening was determined by 

FIGURE 10.1 Differences between various ‘somes.’

• Composed of phospholipid (with two hydrophobic ta ils) and may or 
may not contain cholesterol 

• Stable but prone to oxidation 

• Phospholipid-based elastic nanovesicles 
• High amount of ethanol/ or Isopropyl alcohol ( 2o-so>A.) 

• Non-ionic surfaaants (with single hydrophobic tai l) and cholesterol 
• Niosomes are more stable than liposomes 

• Molecular complexes of l ipids mostly phosphatidylchol ine and 
phytoconstituents 

• Conjugation/ chemical linkageformedoffers the stabilitytocolloidal 
system 
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using Chromameter® CR 400 against L-glutathione as positive control. 
Artocarpus lakoochaplant extract showed higher skin whitening property 
for plant extract (tyrosinase inhibition – 77%) than L glutathione (tyrosi-
nase inhibition − 50%). Liposomes not only enhanced the penetration but 
also improved the efficacy of active (Teeranachaideekul et al., 2013).

Lipoid Kosmetik AG, a Swiss-based company has developed four 
products for Herbasome line (apple, pear, carrot and coconut herbasomes), 
which has amazing skin hydration property.

Herbasomes, a next generation of liposome encapsulates plant-derived 
water. Company’s information brochure displays effectiveness of herba-
somes in maintaining skin hydration properties-based on the results from 
in vivo studies in 12 female volunteers. Herbasomes can be incorporated in 
other skin care formulations at level upto 10% (www.lipoid-kosmetik.com).

A study by Kaur and Saraf, compared the functionality of three col-
loidal carriers liposomes, ethosomes, and transfersomes in size range of 
160 to 270 nm. The alcoholic Curcuma longa extract was used as active. 
The skin hydration potential (by Corneometer-CM 820) and sebum (by 
Sebumeter-SM 815) was used as responsive parameters for photo protec-
tive action. Extract loaded transfersomes creams showed highest hydra-
tion potential followed by ethosomes and liposomes in human volunteers 
(Kaur and Saraf, 2011).

Liposomes were studied as carriers for phenolic compounds extracted 
from Microalgae Spirulina Strain LEB-18 and Chlorella pyrenoidosa 
(de Assis et al., 2014). Schmid et al. (2004) have found that liposomes 
containing mycosporine-like amino acids from the red alga Porphyra 
umbilicalis (common name – Nori) can help in reducing UV-A-induced 
skin aging. Liposomes could improve the elasticity, hydration; reduce 
wrinkle depth, lipid perocidation and roughness in study conducted on 
20 women (age 36–54) upon twice a day application under irradiation con-
ditions (UV-A rays 10 J/cm2). Same research group evaluated the rejuve-
nating effect of Chlamydocapsa species (snow algae). Anti-aging effects 
of liposomes encapsulated active were confirmed by studies conducted in 
cultures of skin cells and in clinical studies in human volunteer. The snow 
algae powder could interfere with intracellular pathways thereby repairing 
the skin functions. It promoted Klotho gene and AMPK activity in skin 
and induced calorie restriction mimetic effect thereby resulting in repair 
and improvement in cell metabolism (Schmid et al., 2014).

http://www.lipoid-kosmetik.com
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10.5.2 NANOEMULSIONS

The nanoemulsions are stable systems and easy to spread on body sur-
faces (nonsticky and nonoily, Figure 10.2). This system allows homoge-
neous distribution and deep penetration of the active into the substrate 
(skin/hair). The fluid nature of nanoemulsion gives a pleasant esthetic 
character and skin feel to users and hence can be applied for delivery 
of fragrances and as substitutes for liposomes and vesicles. Till dates 
various actives are incorporated in nanoemulsions and micro emulsion 
systems. Temperature stability could be only limiting factor for use of 
nanoemulsions systems.

Hydroalcoholic stem and leaf extract of Vellozia squamata Pohl, 
Velloziaceae, was incorporated in nanoemulsions by phase inversion 
temperature method containing Babaçu oil, sorbitan monoestearate and 
PEG-40 hydrogenated castor oil. The antioxidant activity of extract 
remained undisturbed even after conversion into nanoemulsions. These 
ready to use system can be further diluted in gel or cream base (Quintao 
et al., 2013).

FIGURE 10.2 Types of emulsions for herbal actives.

• Composed of oil as continuous phase and stabilised by surfactant 

• St able but prone to separation under extreme stress conditions 

• Composed of water as continuous phase and stabilised by surfactant 

• Stable but prone to microbial growth 

• Composed of water, oil and water or oil/water/oil phases 

• Stable emulsions, hydrophilic and hydrophobic drugs can be 
incorporated simultaneously 

• Composed of water, oil and water or oil/water/ oil phases or oil/water 

• Stable emulsions, hydrophilic and hydrophobic drugs can be 
incorporated simultaneously 
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Research group at Chiang Mai University have prepared nanoemul-
sion loaded with marigold flower extract (tagetes erecta linn) and incorpo-
rated then in gel preparation as antiwrinkles composition. Nanoemulsions 
were prepared by phase inversion temperature. Nanoemulsion based gels 
showed no toxicity to skin and were completely safe to apply. Skin irrita-
tion and antiwrinkle effect was determined in 30 healthy human confirmed 
efficacy of gel formulation. Improved hydration profile is could be due to 
better occlusion property offered by gel together with emulsion system 
(Leelapornpisid et al., 2014).

Glycyrrhizic acid is a primary constituent of licorice root (Glycyrrhiza 
glabra L.) and posses potent antioxidant and skin whitening properties. 
Glycyrrhizic acid nanoemulsion was prepared by HPH technique-based 
on jojoba oil, Plantacare® 2000 UP and Span® 85 systems. In vivo tape 
stripping test in 5 healthy human volunteers showed improved cumulative 
drug penetration and steady state flux compared to pure drug incorporated 
in gel (Mishra et al., 2011).

Nanbu and Hakata-Ku (2008, US 2009/0069253 A1), described the 
arbutin (hydroquinone glucoside in α, β form) based skin whitening 
cosmetic nanoparticle composition. Increased solubility of arbutin after 
conversion as nanoparticle offered great help to formulation scientist. 
The emulsified nanoparticles in presence of lecithin produced particle size 
of around 10–150 nm. This emulsified nanodispersion can be added to gel 
or cream-based cosmetic preparation to alleviate skin problems like wrin-
kles, dullness, and pigmentation. In another work, a herbal nanoemulsion 
containing lemon juice and essential oils like tea tree oil, rosemary oil, 
tulsi oil, lavender oil, and mentha oil were developed for various possible 
uses (Patent CA 2746566 A1). Hair products are using nanoemulsions to 
encapsulate active ingredients and carry them deeper into hair shafts. RBC 
Life Science’s Nanoceuticals Citrus Mint Shampoo and Conditioner are 
made with Nano ClustersTM, to give hair a healthy shine.

Many other actives like ethanolic extract of Phyllanthus urinaria 
(P. urinaria) (Mahdi et al., 2011), Sea buckthorn pulp oil and Vitamin 
E (Mibelle Biochemistry), Coenzyme Q10, Vitamin E acetate (Mibelle 
Biochemistry), Vitamins A, E, and C (Mibelle Biochemistry), lycopene 
[Butnariu et al., 2011; Lopes et al., 2010), capsaicin (Kim et al., 2014), 
astaxanthin (Affandi et al., 2011) and lutein (Mitri et al., 2011)] are used 
in the form of nanoemulsion-based skin antiaging products.
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10.5.3 SOLID LIPID NANOPARTICLES AND 
NANOSTRUCTURED LIPID CARRIERS 

At the beginning of 90s, first and second generation of lipid nanoparticles 
(40 to 1000 nm) called solid lipid nanoparticles (SLNs) and nanostructured 
lipid carriers (NLCs) offered combined effect of emulsion, liposomes and 
polymeric nanoparticles (Müller et al., 2000). Till date several pharma-
ceutical, cosmeceutical and nutraceutical actives are loaded on these lipid 
nanoparticles. Actives are mainly loaded in fatty acid chains or in between 
lipid layers and imperfections of lipid matrix. Lipid nanoparticles offer, 
improvement in chemical stability of actives, controlled/sustained deliv-
ery of active, occlusion and hydration properties to skin (Figure 10.3). 
These lipid carriers can encapsulate flavors, perfumes, colors and various 
UV blockers. Several methods like high-pressure homogenization (HPH), 
microemulsion technique, emulsification-solvent evaporation, solvent 
displacement method, phase inversion method, ultrasonication and mem-
brane contractor technique offer production of lipid nanoparticles. Various 

FIGURE 10.3 Dermal mechanism of action of lipid nanoparticles.
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oils can be used as composition units or for encapsulation of actives in 
NLCs. Some e.g. are listed in Table 10.1.

Lutein was incorporated in various nanocarriers (150–300 nm) like 
SLNs, NLCs and nanoemulsions which were prepared by high pressure 
homogenization. Permeation studies on fresh pig ear skin showed, that no 
(for SLNs, NLCs) or very little lutein (0.4% after 24 h) permeated through 
skin. Thus the active remained in the skin and is not systemically absorbed. 
SLN, showed 0.06% degradation after irradiation with 10 MED (Minimal 
Erythema Dose), in NLC 6–8%, compared to 14% in the NE, and to 50% 
as lutein powder suspended in corn oil, this confirmed UV blocking effects 
of formulations (Mitri et al., 2011, 2012). Several other actives are incorpo-
rated in lipid nanoparticles like CoQ10, lutein, resveratrol, lycopene, sacha-
inchi oil, curcumin, quercetin, etc. (Hommoss et al., 2007, Hommoss, 2008).

Marine algae possess potent antioxidative activity beside rich in poly-
unsaturated fatty acids and proteins (Mercurio et al., 2015; Wang, 2015). 
Shegokar et al., developed algae extract from species Nannochloropsis 
oculata and Chaetocerous diatom loaded NLC dispersions (200–300 nm) 
for topical treatment. Feasibility of production by homogenization and 
stability of dispersion was studied (unpublished lab data). Several compa-
nies like Oceanwell, L’Oreal’s, La Mer Jason Natural Cosmetics, Beauty 
au Naturel, body-shop and blue lagoon Iceland stores offer seaweed-based 
cosmetic products. NLC technology-based product called NanoLipid 
Restore CLR® (produced by Chemisches Laboratorium Dr. Kurt Richter, 
Germany/distributed by Pharmacos, India). It uses black current seed oil 
which is rich in ω-3 and ω-6 fatty acids. This skin care product is designed 
for regenerative skin especially the dry and aged skin. It acts by restor-
ing the skin barrier and reducing transepidermal water loss. The same 
NLC product is used in leading cosmetic line IOPE® from Amore Pacific, 
South Korea. Additionally, other NLC based products like Nanorepair 
Q10® (cream and serum) and Nanovital Q10® (cream) from Cutanova® 
(Dr. Rimpler, Germany) and Surmer® from Isabelle Lancray (France) 
(Kaur and Saraf, 2011) are available in market.

Zingiber zerumbet oil has antiinflammatory and antioxidant properties. 
To explore these properties, Zingiber zerumbet oil was encapsulated in 
lipid nanoparticles. The NLCs of mean particle size ~ 97 nm and of zeta 
potential around – 40 mV zeta potential were prepared by ultrasonication 
technique for transdermal delivery (Rosli et al., 2015).
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Lipid-based nanosystems were studied for transdermal drug delivery. 
In one of the study, NLCs encapsulated lappacontine and ranaconitine 
isolated from Aconitum sinomontanum. Cellular uptake of fluorescence-
labeled nanoparticles using laser scanning confocal microscopy and fluo-
rescence-activated cell sorting confirmed faster and significant penetration 
of active in the form of NLC (Guo et al., 2015). Green coffee oil is another 
active used in cosmetic application for its emollient property. To improve 
its regenerative, moisturizing, UV protection and cellulite reducer in cos-
metic applications Nosari and Freitas prepared lipid nanoparticles (mean 
particle size 250 to 770 nm). The production feasibility of green coffee oil 
encapsuled lipid nanoparticles was assessed by hot melt nano-emulsion 
method (Nosari and Freitas, 2013).

10.5.4 NANOCRYSTALS

Nanocrystals (100 to 1000 nm) comprises surfactant stabilized drug par-
ticles without any polymer or lipid matrix. Nanocrystal technology is 
increasingly growing area in cosmetic market; it offers not only solubility 
enhancement but also penetration and stability improvement. Nanocrystals 
(nanosuspension) can be produced by variety of top down and bottom up 
approaches, like homogenization, milling, solvent precipitation, microflu-
idization and combination of them. This industrially feasible technology 
offers formulator ease of production and formulation of poorly soluble 
active (Shegokar and Müller, 2010). In pharma already several poorly 
soluble compounds are processed as nanocrystals. Cosmetic actives like 
flavonoids (antioxidants), lutein, beta carotene, coenzyme Q10 and api-
genin are produced as nanocrystals and exhibited improved features of 
compound (Mitri et al., 2011; Shegokar, 2014). Figure 10.4 shows mecha-
nism of action and benefits of nanocrystals when applied dermally.

Nanocrystals of lutein, a potent antioxidant active was produced 
by Mitri et al. (2011) to improve solubility after dermal application. 
Nanosuspensions were processed by two techniques HPH to produce par-
ticle size below <500 nm. Type of production method and production set-
tings significantly affected the particle size distribution of final product. 
The increased saturation solubility (by ~26 fold) of lutein after application 
dermally resulted in 18 times higher skin penetration compared to coarse 
drug (Mishra et al., 2012).
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Several attempts to improve solubility and dissolution rate of curcumin 
which is another potent antioxidant were done. Wei et al., employed wet 
ball milling for production of oily nanosuspension (Wei et al., 2013), 
homogenization and milling by Rachmawati et al. (2013, nanoprecipita-
tion by Moorthi et al. (2013), Spray dried curcumin nanocrystals prepared 
by high-pressure homogenization technique (Ravichandran, 2013), by sol-
vent evaporation technique (Chidambaram et al., 2013; http://sphinxsai.
com/2014/PTVOL6/PT=56(842–849)AJ14.pdf) for various administra-
tion routes of curcumin.

Nanocrystals of glycyrrhetinic and glycyrrhizic acids were developed 
using three different processes (homogenization, milling, smartCrystal® 
technology) to exert improved skin whitening effects. smartCrystal process 
resulted in smallest particle size of 158 nm followed by milling 270 nm 
and homogenization 325 nm. Glycyrrhetinic acid (5% w/w) was dispersed 
in aqueous plantacare 2000 UP solution 1% (w/w). Combination tech-
nique resulted in sharp reduction in particle size up to 158 nm compared 
to 269 nm by milling and 325 by homogenization. Overall solubility was 

FIGURE 10.4 Dermal mechanism of action of nanocrystals.
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increased by 20 fold and penetration in human skin by 11 fold compared 
to coarse active.

In another study, apigenin nanosuspensions of mean size 300–400 nm 
was produced by smartCrystal technology at industrial batch size. The 
effect of various preservatives like ethanol, alkyl polyglyceride, TPGS, 
cetyl pyridium chloride, 1,3 pentandiol (hydrolite-5), triclosan, Euxyl 
9010 and multiEx on stability was evacuated. Two-fold increase in antiox-
idant activity and 3.4 fold enhancement in skin penetration were observed 
(Al Shaal et al., 2011)

Zhang et al. (2014) found that baicalin, a flavonoid can reduce UVB-
induced epidermal thickening in mouse model upon topical application. 
Baicalin processed as nanocrystals (248 nm) by high-pressure homogeni-
zation showed improved bioavailability in Wister rat over coarse drug, 
this could be due to increased dissolution kinetics (Jin et al., 2013). 
Similar effect was also observed when baicaline nanocrystals produced 
by ultrasonic-homogenization-fluid bed drying technology (Shi-Ying et 
al., 2014).

Several other cosmetic actives like resveratrol (Kobierski et al., 2011; 
http://abstracts.aaps.org/Verify/aaps2013/postersubmissions/W4097.pdf), 
hesperetin (Chen et al., 2013, http://www.conference.net.au/chemeca2011/
papers/401.pdf, http://abstracts.aaps.org/Verify/AAPS2014/Poster Submis-
sions/M1191.pdf), ursorlic acid (Song et al., 2014), oleanolic acid (Jun, 
2005), quercetin (Corrias, 2014; Kakran et al., 2012; Sahoo et al., 2011), 
Coenzyme Q10 (ubiquinone) (Lai et al., 2013; Mauludin, 2008; http://
mt.china-papers.com/2/?p=244461), magnolol ((Lin 2013) and tretenoin 
(Lai et al., 2013) are produced as nanocrystals and exhibited increased 
solubility. Juvena, Switzerland, introduced four cosmetic products-based 
on rutin nanocrystal.

10.5.5 OTHER NANOPARTICLES

A lecithin-capsule nanoparticulate systems was developed for delivery 
of actives from Zanthoxylum piperitum, Torilis japonica fruit, Salvia 
miltiorrhiza, Safflower, Canidium officinale makino, Green tea leaf, 
Pomegranate, Pine tree leaf, Red ginseng, Ginseng, Angelicae, vitamin 
mixture of nicotinamide and tocopherol acetate by Kim (2010) for 

http://www.conference.net.au/chemeca2011/papers/401.pdf
http://mt.china-papers.com/2/?p=244461
http://mt.china-papers.com/2/?p=244461
http://abstracts.aaps.org/Verify/AAPS2014/PosterSubmissions/M1191.pdf
http://abstracts.aaps.org/Verify/AAPS2014/PosterSubmissions/M1191.pdf
http://www.conference.net.au/chemeca2011/papers/401.pdf
http://abstracts.aaps.org/Verify/aaps2013/postersubmissions/W4097.pdf
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alopecia treatment. Lecithin-based nanoparticles can stimulate and acti-
vate hair follicles thereby increasing metabolism and inhibited depilation 
to promote hair growth. Nanoparticles helped to increase penetration 
through these follicles (Hommoss, 2008). In another study, mesoporous 
microparticulate systems were formed-based on silicon and were loaded 
with extracts from Aloe vera, Asian ginseng, Capsicum species, Cascara 
sagrada, Garlic, Ginger by Canham et al. (Canham et al., 2011) to treat 
skin problems like acne, oily skins, wrinkles (Corrias, 2014). Micellar 
dispersion was prepared by hydrating mixture of various oils (almond 
oil, coconut oil, corn oil, cottonseed oil, linseed oil, olive oil, soybean 
oil, peanut oil, mineral oils) and stabilized it using tween 60, tween 80, 
and nonylphenol polyethylene glycol ethers, and mixture of them. The 
dispersion produced has particle distribution between 10–1000 nm. The 
micellar dispersion can improve skin penetration due to small size.

10.6 VARIOUS “SOMES”

10.6.1 NIOSOMES

Niosomes are structurally similar to liposomes, however the composition 
is different (Figure 10.1). Niosomes are prepared mainly using nonionic 
surfactants (with single hydrophobic tail) and cholesterol. Liposomes are 
mainly composed of phospholipid (with two hydrophobic tails) and may 
or may not contain cholesterol. Niosomes are more stable than liposomes, 
as the phospholipids are more susceptible to oxidation. Niosomes can 
encapsulate lipophilic and amphiphilic actives. Various techniques like 
thin film hydration, microfluidization, reverse phase evaporation tech-
nique, transmembrane pH ingredient, bubble methods, etc. are used for 
preparation of niosomes.

To explore the bioactivity of curcuminoids transdermally niosomes 
(~12 µm) based on sorbitan monooleate, cholesterol, and Solulan C-24 
was prepared by Rungphanichkul et al. (2011). In vitro permeability 
through shed snake skin showed improved penetration while no penetra-
tion effect was observed for methanolic solution. High flux was observed 
for curcumin niosomes followed by desmethoxy curcumin, and bis-des-
methoxycurcumin niosomes.
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Sucontphunt et al. (2013) encapsulated Piper nigrum extract which has 
potential antielastase and antioxidant activities in nano-niosomes. Stable 
nano-niosomes were composed on sorbitan monooleate and PEG 400 and 
showed particle size around 200 nm. Beside Piper nigrum, author evalu-
ated various other thai plants for similar properties.

In another separate study, skin antiaging properties of gallic acid 
sourced from Terminalia chebula Retz. (Combretaceae) extract loaded 
niosomes in gel were studied. Two types of niosomes were prepared; elas-
tic and nonelastic. Author determined skin antiaging of loaded niosomes 
in human volunteers by measuring the skin elasticity and roughness. Skin 
irritation test using the closed patch test in rabbit showed that niosomes 
loaded formulations are nonirritant while pure gallic acid fraction (without 
encapsulation) showed irritation to skin. Skin elastic recovery was faster 
for elastic niosomes loaded gels compared (32.57%) due to easy penetra-
tion compared to nonelastic niosomes gels (28.73%). Similar improve-
ment pattern was observed in skin elastic extension for elastic (~23%) 
and nonelastic gels (~21%). A significant decrease in skin roughness was 
observed for gels loaded with elastic and nonelastic gels. Niosomes offered 
chemical stability, biosafety and improved antiaging activity to gallic acid 
due to improved penetration in targeted skin layers (Manosroi et al., 2011).

In other work, Bhramaramba et al. (2015), prepared uniformly spread-
able gels-based on Terminalia chebula leave extract to exert antibacterial 
and antifungal, analgesic, antiinflammatory, sun burns and wound healing 
were prepared. Skin irritation degree was determined in rats after continu-
ous application of gel on skin once a day for upto 7 days showed no sign 
of skin irritation. Gels can be loaded up to 5% of plant extract.

Naturalis Life Technologies, an Italian-based cosmetic company offers 
several niosomes and phytosome-based compositions for improved per-
formance (http://www.naturalislife.com/nio-active.html).

10.6.2 ETHOSOMES

Ethosomes are phospholipid-based elastic nanovesicles. They contain 
a high amount of ethanol/or isopropyl alcohol (20–50%), which aid elastic 
behavior to ethosomes. This elastic behavior or deformability allows them 
to permeate intact through the human skin. Ethosomes can be prepared by 

http://www.naturalislife.com/nio-active.html
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cold or hot method and is used various transdermal and cosmetic applica-
tion. It is a carrier of choice for pilosebaceous targeting.

Topical application of ethosomes encapsulated with tetrandrine was 
explored against liposomes. The drug flux after in terms of ex vivo per-
meation and deposition was higher for ethosomes compared to liposomes. 
Furthermore, results were confirmed by confocal scanning microscopy 
observations on skin. The study outcome verifies the potential of etho-
somes for delivery of actives, synthetic or herbal (Fan et al., 2013). 
Curcuma longa extract was incorporated in ethosomes to exert antiwrinkle 
effect on skin by penetrating into deeper layers. Ethosomes of mean par-
ticle size around 216 nm (zeta potential −30 mV) were prepared-based 
on soya phosphatidylcholine and ethanol. Increase in viscoelasticity prop-
erty on human skin was evaluated by Cutometer and showed that cream 
incorporated with ethosomes could improve skin condition by 10–50% in 
terms of elasticity and sagginess. This could be due to improved penetration 
of encapsulated active (Jeswani and Saraf, 2014). Builders et al. (2014), 
explored hair growth promoting activity of Moringa oleifera leaf extract in 
ethosomal composition. Skin irritation study lasting 1 month in rat (n = 5) 
showed that ethosomal extract exhibited concentration dependent activity 
and improved hair growth indicated by increasing number of follicles in 
anagen phase compared to positive control minoxidil. No skin irritation 
sign in terms of edema or odema or irritation was observed. Table 10.2 
lists herbal actives, which are incorporated in various “SOMES” vesicles 
for, improve active delivery to skin.

Blue-green Klamath algae constituent C-phycocyanin, a high molecu-
lar weight protein phycocyanin was isolated and encapsulated in various 
phospholipid vesicles of 100–200 nm in size like liposomes, ethosomes 
and penetration enhancer (like propylene glycol or Transcutol P) contain-
ing vesicles. Rhodamine labeled vesicles showed enhanced penetration 
and distribution throughout skin layers confirmed by confocal laser scan-
ning microscopy. Penetration enhancer containing vesicles showed supe-
rior performance in terms of penetration and hydration compared to the 
other lipid vesicles (Caddeo et al., 2013). Similar type of vesicles were 
prepared for delivery of quercetin (80–200 nm) to target deeper skin lay-
ers and results were confirmed by release and tape striping experiments 
in one-day-old Goland–Pietrain hybrid pigs. In this study, vesicles based 
on four-penetration enhancer like propylene glycol, polyethylene glycol 
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TABLE 10.2 List of Herbal Actives Encapsulated in Various “SOMES”

Name of plant Active Reference

Ethosomes
Glycerrhiza 
glabra

Ammonium 
glycyrrhizinate

World J Pharm Pharmaceutical Sci, 4(6), 
972–989

Cannabis sativa tetrahydrocannabi-
diol

J Control Release, 2003, 93(3), 377–387

Tripterygium 
wilfordii

Triptolide African J Pharm and Pharmacol, 2012, 6(13), 
998–1004

Sophora 
alopecuerides

Alkaloid extract AAPS Pharm Sci Tech, 2010, 11(3), 1350–1358

Curcuma longa Curcumin J Cosmet Dermatol, 2011, 10(4), 260–265
Liposomes

Magnolol https://mibellebiochemistry.com/app/
uploads/2015/03/MAXnolia_Magnolia_
Derived_Honokiol_and_Magnolol_
Fight_Against_Skin_InflammAging_
CosmeticsDesign_Feb_2010.pdf

Nux vomica Acta Pharmacologica Sinica 2007, 28,  
1851–1858

Quercetin J Photochem and Photobiol B: Biol, 2013, 127, 
8–17

Diospyrin Int. Res J Pharm. App Sci, 2013, 3(4), 40–50
Myrtus 
communis

Microbiol Res, 2014, 169(4), 240–254

Artemisia 
arborescens

Int J Nanomedicine, 2007, 2(3), 419–425

Puerarin Int J Cosmetic Science, 2008, 30(4), 285–295
Nanoparticles

Berberine Int J Nanomedicine, 2009, 4, 227–232
Quercitrin Int J Nanomedicine, 2011, 6, 1621–1630
Hypocrellin US 20140170229 A1
Silybin Alternative Medicine Review, 16(3), 239–249
Ginseng EP 2218447 A1

Radix Salvia 
miltiorrhiza

Int J Nanomedicine, 2014, 9, 1–15

https://mibellebiochemistry.com/app/uploads/2015/03/MAXnolia_Magnolia_Derived_Honokiol_and_Magnolol_Fight_Against_Skin_InflammAging_CosmeticsDesign_Feb_2010.pdf
https://mibellebiochemistry.com/app/uploads/2015/03/MAXnolia_Magnolia_Derived_Honokiol_and_Magnolol_Fight_Against_Skin_InflammAging_CosmeticsDesign_Feb_2010.pdf
https://mibellebiochemistry.com/app/uploads/2015/03/MAXnolia_Magnolia_Derived_Honokiol_and_Magnolol_Fight_Against_Skin_InflammAging_CosmeticsDesign_Feb_2010.pdf
https://mibellebiochemistry.com/app/uploads/2015/03/MAXnolia_Magnolia_Derived_Honokiol_and_Magnolol_Fight_Against_Skin_InflammAging_CosmeticsDesign_Feb_2010.pdf
https://mibellebiochemistry.com/app/uploads/2015/03/MAXnolia_Magnolia_Derived_Honokiol_and_Magnolol_Fight_Against_Skin_InflammAging_CosmeticsDesign_Feb_2010.pdf
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Name of plant Active Reference

Lipid nanoparticles
Curcumin Res J of Pharmaceutical, Biological and Chem 

Sci, 2013, 4(1), 784–801
Curcumoids Int J Pharm. 2012, 28, 423(2), 440–451
Beta carotene Braz. Arch. Biol. Technol, 2013, 56(4), 663–671
Lycopene Pharmazie, 2013, 68(9), 723–31

Phytosomes
Quercetin Pharmaceutical Sciences, 2014, 20, 96–101
Oxymatrine Res J of Pharm Dosage Forms and Technol, 

2014, 6(1), 44–49
Ginkgo biloba Phytother Res. 2006, 20(11), 1013–6.

Marsupium AAPS Pharm Sci Tech. 2008, 9(1), 129–137.
Embelin J. Incl. Phenom. Macrocycl. Chem. 2011, 69, 

139–147.
Naringenin Phytosome: Drug Delivery System for 

Polyphenolic Phytoconstituents, 2011, 7(4), 
209–219.

Silibium 
marianum

Silybin World J Gastroenterol, 2011, 17(18),  
2288–2301.

Vitis vinifera Catechin, 
epicatechin

Int Res J Pharm, 2011, 2(6), 28–33

http://leucoselect.phytosome.info/
Curcuma longa Curcumin http://www.nowfoods.com/Curcumin-

Phytosome-60-Veg-Capsules.htm
Thea sinensis Epigallocatechin, 

epicatechin
http://greenselect.phytosome.info/

Altern Med Rev, 2009, 14(2), 154–60
Panax ginseng Ginseng http://www.indena.com/products/personal-care/

ginselect-phytosome-ginseng-idb-2/
Ginko biloba Ginkgoic acid http://naturalfactors.com/product/ginkgo-biloba-

phytosome/
Transfersome
Capsicum 
annum

Capsaicin China Journal of Chinese Materia Medica, 
2006, 31(12)

Curcuma longa Curcumin African Journal of Pharmacy and Pharmacology, 
2011, 5, 1054–1062

Catharanthus 
roseus

Vincristine Chinese Journal of Experimental Traditional 
Medical Formulae, 2012

TABLE 10.2 (Continued)

http://naturalfactors.com/product/ginkgo-biloba-phytosome/
http://www.indena.com/products/personal-care/ginselect-phytosome-ginseng-idb-2/
http://naturalfactors.com/product/ginkgo-biloba-phytosome/
http://www.indena.com/products/personal-care/ginselect-phytosome-ginseng-idb-2/
http://greenselect.phytosome.info/
http://www.nowfoods.com/Curcumin-Phytosome-60-Veg-Capsules.htm
http://www.nowfoods.com/Curcumin-Phytosome-60-Veg-Capsules.htm
http://leucoselect.phytosome.info/
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400, labrasol and Transcutol showed potential in formation of vesicles 
(Chessa, 2009).

10.6.3 PHYTOSOMES

Phytosomes are molecular complexes of lipids mostly phosphatidylcho-
line and phytoconstituents (Gupta et al., 2007). Conjugation/chemical 
linkage in complexes offers the stability to colloidal system due to which 
drug loading is quite high compared to other carriers. Quercetin phy-
tosomes were investigated by Maiti et al. (2005) for its hepatoprotec-
tive effects and bioavailability enhancement. Same group also reported 
use phytosomes for naringenin and curcumin to exert antioxidant effects 
(Maiti et al., 2007). Cao et al., investigated various ways of topical deliv-
ery of Oxymatrine, a quinolizidine alkaloid compounds (Sophora fla-
vescens). Oxymatrine-phospholipid complex and microemulsion were 
chosen to improve skin permeation and occlusion (Fa-Hao et al., 2010).

Various other phytosomes-based studies evaluated effectiveness 
of phytosomes in delivery of herbal actives. Some of the examples include 
phytosomes of Gingko biloba terpenes for topical application (Loggia 
et al., 1996), silymarin phytosomes with biological effects and activity 
toward skin phospholipid (Yanyu et al., 2006), improved transdermic 
action of ginseng saponin phytosomes due to improved penetration and 
hydration of cutaneous layer (Kidd, 2009). Gupta and Dixit evaluated lipo-
somes, niosomes, and phytovesicles for encapsulation of curcumin. They 
observed that phytovesicles composed of phosphatidylcholine could exert 
improved antioxidant and anti aging properties are due to the amphiphilic 
nature of the complex compared to liposomes and niosomes (Gupta and 
Dixit, 2011). Similar results were obtained by Zaveri et al. (2011) for cur-
cumin-phospholipid complex which showed 60% improved permeation 
through rat skin. Curcuma longa extract (0.5 to 2%) loaded liposomes, 
ethosomes, and transfersomes in size range of 167 to 262 nm are prepared 
by Saraf et al. (2011) and Kaur and Saraf (2011). The photoprotective 
effect of vesicles incorporated in cream was determined by assessing skin 
hydration (Cutometer) and sebum content (Sebumeter) up to 6 weeks. All 
the vesicles excreted improved skin hydration effect, the effect was much 
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more noteworthy for transfersomes loaded creams flowed by ethosomes 
and liposome-based creams.

10.6.4 PHARMACOSOMES

Pharmacosomes are either micelles, vesicles or form of hexagonal assem-
bly of colloidal drug attached covalently to the phospholipid. They can 
be loaded with active or attached covalently to the active (Sharma, 2013). 
Microparticulate lipoidal carriers or lipid-based supramolecular vesicular 
systems can serve as other interesting drug delivery platforms for topical 
applications (Kumar et al., 2012). These particles are currently evolving 
in cosmetic research.

10.7 LIMITATIONS OF NANOTECHNOLOGY IN HERBAL 
COSMETICS

Application of nanotechnology to herbal cosmetics is growing very fast 
and can be seen by increasing number of publications and products in 
the market. Nanoparticles due to smaller particle size, large surface area 
and lipophilic nature could cross skin barriers and exert multifold increase 
in beneficial effects. Various carriers like liposomes, SLNs/NLCs, nano-
emulsions, ethosomes, niosomes, micelles and many others showed prom-
ising results in delivering herbal actives to different skin layers.

With the advent of novel drug delivery systems and new methods of 
preparation several patents in cosmetics have been granted in the recent 
years. Some examples to state are like compositions and methods for 
administering collagen to humans have been developed by Pinksky et al. 
(EP1951762 A1/2008). The collagen-containing lipid vesicles could 
deliver the human collagen which eliminates problems of chemical and 
physical instability of the collagen as well as immune responses to nonhu-
man collagen. Recently, Kim et al., has patented a cosmetic composition 
(WO 2010093065 A1/2010), which contains xanthan gum up to 5 parts of 
the herbal powder for dead cell removal and skin regeneration with DDS 
mechanism, in which irritation relief, efficiency, effects, and usability 
are improved. Xanthan gum, along with a hydrophilic moisturizer, a skin 
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regenerative/functional ingredient or a natural antiinflammatory ingre-
dient (Portulaca Oleracea extract), and natural herb oil (kalrip deuce, 
tea tree) are mixed in an herbal powder at predetermined ratio, which 
is a mixture of nine kinds of herbal powders. A multi component con-
trolled release system for anhydrous cosmetic compositions patented 
by Shefer & Shefer of Salvona LLC (WO 2003088894/A2/2003) which 
describes an improved controlled release system that can be incorporated 
into anhydrous cosmetic formulations and can encapsulate different types 
of fragrances, flavors, active ingredients, or combinations of them. The 
controlled delivery system is a free-flowing powder of solid hydropho-
bic nano-spheres that are encapsulated in a moisture sensitive microspheres 
composition. The fragrances, flavors, and active ingredients encapsulated 
in the nano-spheres can be the same or different from those encapsulated 
in the microsphere. A Chinese patent (CN 103230355 B/2015) on cos-
metic composition discloses a sunscreen cosmetic composition compris-
ing nano-crystalline cellulose, including nano-crystalline cellulose, and 
titanium dioxide. The composition of the present invention includes glyc-
eryl monostearate, petrolatum, xanthan gum, aloe gel, glycerol, Span-60, 
Tween-60 and paraben. The formulation protects from 320 ~ 400 nm UVA 
and UVB region area of 280 ~ 320 nm UV irradiation, its sun protec-
tion factor (SPF) values > 15 showing high sunscreen efficiency. Another 
Chinese patent (CN 104116651/2014), discloses a herbal essence skin 
care product composed of a nano-liposome and water-soluble active mat-
ters, that comprise, by weight, 4–6 parts of Rhodiola rosea, 3–5 parts 
of Herba Leonuri, 2–4 parts of Lonicera japonica, 1–3 parts of Salvia 
miltiorrhiza and 1–2 parts of Centella asiatica. The nano-liposome car-
rier has good physiological compatible safety, and can enter hypodermal 
cells in a physical form. The transmission and the efficacies of the active 
substances can be well and fast performed by adopting a nano-liposome 
loading technology. The water-soluble part comprised Rhodiola rosea, 
Herba Leonuri, Lonicera japonica, Salvia miltiorrhiza and Centella asi-
atica are wrapped by a nano-liposome wrapping technology, so the above 
five-kinds herbal essence has the characteristics of no irritation to skins, 
fine, smooth, nature comfortable hand feeling, and increase of the skin 
residence time and the absorption utilization rate by times. These patents 
are a testimony of the advances in the field of herbal nanocometics show-
ing promising future and changes in the global cosmetics research.
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Beside ongoing discussion on toxicity related nanoparticle, scalabil-
ity is another issue. Till date, only few papers describe about produc-
tion scalability of herbal nanoparticles. PharmaSol GmbH, Germany and 
Dr. Rimpler offers scaling up for lipid-based formulations and scaled up 
till date CoQ10, argan oil loaded SLNs beside several flavonoid and ascor-
bic acid nanocrystals for dermal applications. In exploring nanoparticles 
for cosmetic delivery, excipient compatibility of herbal active or extract 
especially with synthetic excipients should be evaluated to avoid for-
mation of any harmful complex or product formation during stability. 
Long-term stability studies on formulation are equally important which 
are studied limitedly. The threshold toxicological concern and dermal 
sensitization threshold can be considered as important parameters for the 
assessment of nanoparticle safety at long-term. Beside local skin irritation 
test, it is highly recommended to be aware of allergy issue for particular 
herb constituent or plant. An optimized nanotoxicity study in vivo testing 
protocol needs to be designed to get complete idea on irritation, toxicity 
and allergy of nanoparticle by selecting optimum study methodology, cell 
line or animal model (Shegokar et al., 2015). In addition to that, testing 
protocol for both in vitro and in vivo evaluation of herbal cosmetics needs 
to be properly set up to get trustworthy results and complete information 
of product performance. Table 10.3 lists various tests that are currently 

TABLE 10.3 List of Test Used in Evaluation of Skin Care Products

Test Use

Transepidermal water loss (TEWL) To measure transdermal water loss

Occlusion effect To Determine occlusion effect by various tests 
like hydration Or by Microdialysis methodology 
which measures dermal interstitial fluid or by 
skin conductance, electrical impedance

Strip testing- penetration To determine in vivo penetration of active in 
skin layers

Franz diffusion release To check release kinetics of formulation either 
using artificial membrane or pig, human 
cadever skin, etc.

Skin irritation It is a vivo test to determine irritation index of 
formulation when applied topically on shaved 
rat, rabbit, mouse and human skin
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used in cosmetic evaluation. However, available literature data on safety 
studies shows that herbal nanoparticles are safe for topical application, 
based on the excipients chosen. Green chemistry is another eye catching 
research area which is used to synthesize nanoparticles mainly mediated 
by microbes, plants, and chemical routes via sonication, microwaving, 
and many others methods could be another safe way to produce metals 
nanoparticles and natural vesicles.

10.8 CONCLUSION

Modern world is fascinated by herbal cosmetic products and they are well 
accepted by consumer for their application effects. Variety of drug delivery 
system offers delivery of active on skin surface or in deeper layers of skin 
besides offering physical chemical stability to active. Herbal active asso-
ciated challenges like physical and chemical instability, solubility can be 

Test Use

Rabbit eye test It is a in vivo test to determine irritation index 
of nanomaterials for ocular care formulations

Skin whitening effect It is a vivo test to determine skin whitening by 
determining malanine content and or biomarker 
effect or by using Chromameter® CR 400

Anti Wrinkle effect To determine the wrinkle reduction before 
and after application of formulation using 
techniques like skin autofluorescence (SAF) 
or high frequency ultrasound measurement 
of digital dermal thickness

Hair loss or thinning analysis To determine hair growth by epiluminescence 
microscopy (ELM) and other techniques

Skin pH determination To determine skin pH using pH meter

Skin firmness To determine antiwrinkle effect and occlusive 
effect indirectly by Twistometer or Dermal 
Torque Meter

Skin firmness To determine viscoelasticity property on human 
skin by Cutometer

TABLE 10.3 (Continued)
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overcome by encapsulation in vesicles or lipid nanoparticles. Till date differ-
ent carriers like nanocrystals, liposomes, lipid nanoparticles and niosomes 
have been explored for dermal delivery and found to be safe and effective 
carriers. Skin surface or stratum corneum localization is relatively nontoxic 
and stable. However, Cosmetic formulations based on herbal actives needs 
to follow standard set of testing and strict protocol to avoid any complica-
tions. Till date limited research has been performed on dose dependent and 
repeated exposures of herbal or synthetic actives. Nonetheless, future of 
herbal natural cosmetic actives in form of nanoparticles is bright and most 
awaited by consumer worldwide as next beauty regime.
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11.1 INTRODUCTION

The nanoscience is the basic scientific study between one and hundred 
nanometers, aiming acquire and create theories, concepts, fundamen-
tals and technical knowledge which help in understanding, creation and 
manipulation of nanostructures. Also exhibit fundamental control on 
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the physical and chemical properties of structures on a molecular scale 
(Ratner and Ratner, 2003). The prefix “nano” is related to a measure-
ment scale where one nanometer represents 1 billionth of a meter or 
10–9 of meter.

The nanotechnology is a new term and refers to the ability to manipu-
late individual atoms and molecules to produce nanostructured materials 
with different chemical and physical-chemical properties and different 
behavioral those shown in bulk form. The matter on nanoescale, change 
their properties creating materials have greater surface area, higher reac-
tivity, increased conductivity (Safari and Zarnegar, 2014).

11.2 HISTORY AND APPLICATIONS

The year 1959 is considered the starting point of nanotechnology, when 
Richard Feynman held a lecture entitled “There’s Plenty of Room 
at Bottom” at the annual meeting of the American Physical Society. 
Feynman discussed the possibilities to condense on a pin head, all pages 
of the Encyclopedia Britannica, suggesting a technology able to build 
nano-objects atom by atom, molecule by molecule extrapolating the 
known physical laws. Feynman also referred to different objects and sci-
entific areas that could be optimized with the development of technology 
at the nanoscale, such as faster computers and advances in the biological 
sciences (Toumey, 2008).

Years later, in 1981, Gerd Binnig and Heinrich Rohrer developed the 
scanning tunneling microscope in laboratories of International Business 
Machines (IBM) in Switzerland. The microscope was very advanced 
for its time, as well as produce images at the atomic scale, allowing 
individual movement of atoms, as suggested by Feynman in 1959, the 
microscope was awarded the Nobel Prize in 1986. Thus nanotechnol-
ogy found the path of development using these new tools (Binnig and 
Rohrer, 1982).

Nanotechnology is one of emerging technologies of the last decades, 
show an inter and multidisciplinary field, it covers areas such as Chemistry, 
Physics, Biology, Computer Science, Engineering and Medicine, which 
act simultaneously in the search for new materials and products con-
tributing to the rapid development of this science (Basavaraj, 2012). 
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Nanotechnology and nanoscience are increasingly present in the media 
because they are attracting interest not only scientific but also industrial 
and financial.

The use of this technology also comes revolutionizing the field of 
pharmaceutical sciences, pharmaceutical nanotechnology is involved in 
the development, characterization and application of therapeutic systems 
in nanometric scales, aimed to direct and control the release of drugs 
became the therapy more effective (Kumar, 2010). There are many mate-
rials used in the production of nanostructures and these determine the type, 
the properties and characteristics of incorporated drug release (Vauthier 
et al., 2003). The main reason for the differences in behavior between the 
composite materials and nanocomposites is related to the large surface 
area of the material, resulting in intense interaction between the matrix and 
nanoparticles (Jena et al., 2013).

The main types of nanostructures used by the pharmaceutical indus-
try for the encapsulation of active are: liposomes, polymeric nanopar-
ticles, lipid nanoparticles, cyclodextrins and the nanoparticles which 
the drugs can be associated with metals, fullerenes, dendrímers and car-
bon nanotubes (Domingo and Saurina, 2012). The nanostructures have 
a promising future in the pharmaceutical industry, especially in the drug 
vectorization, which may be synthesized to improve the pharmacological 
and therapeutic properties of the drug, cause they have a sustained and 
controlled release, a higher selectivity (thus increasing the therapeutic 
index), a decrease of side effects and protection of degradation in the gas-
trointestinal tract, thus increasing bioavailability, the possibility of incor-
porating hydrophilic and lipophilic substances in the devices, reducing 
the therapeutic dose, number of doses and increase acceptance of therapy 
by the patient (Jena et al., 2013).

11.2.1 ANTIMICROBIAL ACTIVITY

The discovery of antimicrobial drugs provided a great advance in medicine 
reducing significantly the mortality rates, revolutionizing the treatment of 
infectious diseases. However, these drugs have limitations as increased 
bacterial resistance, high production costs, limited accessibility and adher-
ence issues of patient (Alvan et al., 2011).
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Use of nanoparticles is one of the strategies to overcome resistance 
to antimicrobial drugs in patients with cystic fibrosis (CF). It represents 
a promising approach to overcome the mucus barrier and to extend the 
antibiotic retention in the lung. The mucus buildup results in chronic lung 
infections caused by pathogenic bacteria, among which the most prevalent 
are the Pseudomonas aeruginosa (Lyczak et al., 2002).

The powder Terramycin is an important antibiotic used for the treat-
ment of pulmonary infections caused by Gram-negative bacteria by inha-
lation. However, in CF patients its effectiveness is limited due to the low 
ability to achieve sufficient concentrations at the site infection, the rapid 
elimination of free drug and difficulty of penetration on mucus (Hadinoto 
and Cheow, 2014; Tseng et al., 2013). The study developed nanoparticles-
based alginate and chitosan containing tobramycin (NP) and evaluated the 
antimicrobial activity in vitro and in vivo. The antimicrobial activity of 
NP against P. aeruginosa PA01 was equivalent to non-encapsulated tobra-
mycin (minimal inhibitory concentration of 0.625 mg/mL). However, the 
in vivo model performed with Galleria mellonella, the NP showed a pro-
tective effect, providing 80% survival while free drug showed only 40% 
of survival after 96 h. The NPs were then functionalized with dornase 
alpha (recombinant human deoxyribonuclease I, DNase), which reduces 
the viscoelasticity of mucus by DNA cleavage demonstrating improve 
the penetration of NP in the sputum. The NPs tobramycin, both with 
and without functionalized DNase, exhibited anti-Pseudomonas effects. 
Demonstrating that the polymeric NP has the potential to provide a pro-
longed action on the sites of infection, a sustained release and therapeutic 
effect on the specific target (Deacon et al., 2015).

This technology has been used to improve the stability of natural prod-
ucts such as curcumin which is a yellow-orange powder extracted from 
the root of Curcuma or turmeric and has antimicrobial (Gunes et al., 2015) 

and healing (Kulac et al., 2013) activities. However, healing potential cur-
cumin for therapeutic use has been difficult by poor oral bioavailability, 
poor water solubility and rapid degradation, limiting the clinical appli-
cability. Then they were produced and characterized curcumin nanopar-
ticles (CURC-NP) which inhibited in vitro growth of methicillin resistant 
Staphylococcus aureus (MRSA) and Pseudomonas aeruginosa in dose-
dependent manner, in vivo inhibited MRSA growth and improved healing 
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in a model of wound in mice. This may be related to the reduced size 
and increased surface area of the nanoparticles promoting passage through 
biological barriers, and also with the increase of interaction with host cells 
and microbial agents (Krausz et al., 2015).

In a research performed by Low et al. (2013), the authors produced two 
different types of liposomes, one with the essential oil of Melaleuca alter-
nifolia and another with the same oil associated to silver. All liposomes 
demonstrated a controlled release improving their antimicrobial efficacy 
as well as reduced the required effective concentration. These findings 
may have an impact on the toxicity caused by the need for high doses 
of free drugs, or the microbial resistance, where long-term application 
is necessary.

Other research in the production of solid lipid nanoparticles contain-
ing Melaleuca alternifolia essential oil showed that these nanostructures 
enhance the stability of the essential oil while avoiding or reducing vola-
tilization. Furthermore it keeps antimicrobial activity against 6 species of 
Mycobacterium and 11 fungal, indicating that the use of nanotechnology 
may represent an alternative for the treatment of mycobacterial and fungal 
diseases (de Souza et al., 2014).

Nanotechnology is also being used to produce biodegradable films 
derived from quinoa seeds. The use of these films is applied primarily 
on cover and food packaging, in order to maintain quality. Current trends 
include the development of packaging which interact with foods, may 
incorporate antimicrobials and antioxidants in these films, or additives 
that tend to retard the deterioration of product (Kechichian et al., 2010). 
The development of a biodegradable film of quinoa starch with the active 
packaging with gold nanoparticles (AuNPs) showed a significant increase 
in tensile strength comparing to standard film, an increase in UV absorp-
tion and a decreased solubility, which provides improved protection for 
food packaging increasing the possibilities of application. Also the thermal 
stability of these films was impressive, around 270°C. Simultaneously, the 
films containing gold nanoparticles showed positive results for antimicro-
bial activity, showing the effectiveness in inhibiting the growth of patho-
genic organisms, particularly S. aureus (Pagno et al., 2015).

The copper-based nanoparticles are increasingly recognized due to its anti-
microbial activity, the mechanism of action is not fully known. The bactericidal 
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activity of these nanoparticles depends on the size, morphology, stability and 
concentration (Misra et al., 2014). Laha et al. (2014) developed a spherical 
copper oxide nanoparticles and on shaped sheets. The spherical nanoparticles 
showed higher bacterial activity against Gram-positive bacteria, while the 
nanoparticles in sheet form showed greater antimicrobial property front 
Gram-negative bacteria. It is suggested that a large release of ions, followed 
by a production of reactive oxygen species, causing DNA damage and breaks 
the membrane is the main cause of the bactericidal action of both forms of 
particles. However, nanoparticles may join with bacteria via various types of 
interactions, such as Van der Waals forces, hydrophobic and electrostatic inter-
actions that help to damage the cell membrane (Singh et al., 2012).

Many antimicrobial agents of high molecular weight, shows difficulty 
in penetrating the cell membrane, it occurs in some species of microorgan-
isms that carry this inherent strength. The fusogenic liposomes consist of 
lipid which becomes the bilayer more fluid and can promote destabilization 
of biological membranes releasing the active inside the cell. Experimental 
results of fusogenic liposomes loaded with fusidic acid demonstrated that 
the liposomes maintained the in vitro effect of free drug, becoming active 
against Gram-negative bacteria which the free drug is inactive. It is sug-
gested that these vesicles are capable to interact with the cell membrane 
through a fusion mechanism, promoting diffusion of the drug into the 
cytoplasm (Nicolosi et al., 2015).

Inorganic nanomaterials exhibit physical properties which demonstrate 
advantages in biological applications. The multi-walled carbon nano-
tubes (MWNTs), for example, have a low antimicrobial activity, although 
limited, this can be increased with the use of drugs or nanoparticles 
(Yuan et al., 2004). A research group developed MWNTs with Cephalexin 
immobilized on its surface using PEG as a linker. The NTCM-Cephalexin 
improved significantly the antimicrobial activity also act by inhibiting 
bacterial adherence preventing the biofilm formation (Qi et al., 2012).

11.2.2 ANTIBIOFILM ACTIVITY

Research covering the use of nanodrugs for the prevention and treat-
ment of biofilms has been growing steadily in recent years. The biofilm 
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is a community of bacterial cells adhered to a surface enclosed by 
a extracellular self-secreted matrix of polymeric substances (Dunne 
et al., 2002). The structure of the biofilm, as well as certain communica-
tion mechanisms between microorganisms and their phenotypic changes 
are factors which inhibit the penetration of antimicrobials (Lewis, 2001). 
The biofilm formation involves a coordinated process of molecular 
events, starts with microbial adhesion to surface (reversible and irre-
versible), the slightly adhered microorganisms materialize the accession 
process with the exopolysaccharides production starting the maturation 
process (micro colonies and macro colonies) and dispersion (Monds and 
O’Toole, 2009).

The vast majority of infections caused by biofilms are associated with 
the use of invasive medical implants. The bacterial infection begins with the 
membership, so it is important to inhibit the adhesion of bacteria on the 
surface of the implant, producing implants with antimicrobial surfaces 
(Guo et al., 2014). Faced with this, one of the strategies that have been stud-
ied to overcome these limitations is orthopedic implants titanium coated 
with titanium nanotubes (NT-Ti). In this study the implant was coated 
with two layers of NT-Ti, a loaded with an antimicrobial (Gentamicin) 
and the other with a coating-based on biopolymers (PLGA and chitosan) 
to improve adhesion of osteoblasts. The coated device showed a simulta-
neous capacity, providing release of gentamicin over a prolonged period 
(i.e., upto 3–4 weeks), excellent osteoblast adhesion, and effective anti-
bacterial properties, becoming potential candidates for future biomedical 
applications (Kumeria et al., 2015).

Using silver nanoparticles (AGNPS), researchers evaluated the anti-
microbial activity in different maturation stages of biofilm formed by 
Pseudomonas putida. The phases were identified from ATP activity data, 
number of cells, expression of genes associated with biofilm and EPS 
amount. Biofilms presenting the stages 2 and 3 showed little or no reduc-
tion in ATP activity after exposure to silver nanoparticles. However, the 
same treatment reduced the ATP activity on more than 90% in less mature 
biofilms phase (Thuptimdang et al., 2015). In contrast studies in Candida 
biofilms intermediate stages of biofilm maturation and development did 
not affect the susceptibility of C. albicans and C. glabrata the AGNPS 
(Monteiro et al., 2015).
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With the increasing number of products containing silver nanoparticles 
in recent years is unavoidable that domestic and industrial leavings reach to 
the effluent, may endanger the biological wastewater treatment process that 
is performed by the microbial community (Chen et al., 2013). A relatively 
large proportion of current biological wastewater treatment systems, such as 
biological disks (RBCs) and biological filters use the biofilms. Thus an anal-
ysis was performed on biofilms of industrial water treatment, which were 
exposed to the AGPNS. The tests provided the same pH, ionic strength, 
and natural organic matter present in the plant. It was observed that bio-
films were not significantly damaged in the presence of silver nanoparticles. 
A large part of the nanoparticles suffer aggregation and sulfidization in the 
EPS matrix, not reaching the microbial cells. Furthermore, the structural 
stability of the wastewater biofilm probably contributed to the AGNPS toler-
ance. However, some bacteria were killed, and there may be a reduction of 
the compositional diversity biofilms making them more sensitive and poten-
tially reduce the stability of the system (Sheng and Liu, 2015).

Alhajlan et al. (2013) developed liposomes of Clarithromycin with 
negative charge, reducing toxicity, improving the activity of clarithro-
mycin against P. aeruginosa highly resistant when compared with the 
antimicrobial agent in free form. Also eradicated completely the biofilm, 
meanwhile clarithromycin only reduced the formation. The improved 
efficacy of liposomal formulations probably occurs due to the constant 
contact of the liposomes with the target and the slow release of clarithro-
mycin, accelerating the penetration of the antimicrobial in the biofilm.

The metal nanoparticles have antimicrobial activity against a wide vari-
ety of species (Vargas-Reus et al., 2012), are able to support high tempera-
tures and have low toxicity to mammalian cells when stabilized at surfaces 
(Manusadžianas et al., 2012). Front of these properties a study was per-
formed using zinc oxide nanoparticles and hydroxyapatite as nanoscale 
coating on the titanium dental implants. Dental implants are prone to failure, 
favoring the colonization by pathogenic oral bacteria that can lead to biofilm 
formation, bone destruction and ultimately failure of the implant (Lindhe 
and Meyle, 2008). The results demonstrated several benefits in using com-
posites which consist of multiple nanoparticles, promoting prevention of 
infection opportunistic pathogens, due to the synergistic effect of nanopar-
ticles and providing greater osseous integration (Abdulkareem et al., 2015). 
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Another study conducted a porous coating aggregation of titanium surfaces 
with nanoparticles and chlorhexidine hexametaphosphate. This coating 
maintained a sustained release of chlorhexidine throughout the duration 
of the study, reducing the growth of Streptococcus gordonii on the surface 
of titanium coated with titanium as compared to exposed to an aqueous 
solution of chlorhexidine (Wood et al., 2015).

The reduced size allows for manipulation of magnetic properties of 
materials, making them a potential for diagnostic, noninvasive treatments 
also may be used as any pharmaceutical delivery vehicle. The magnetic 
nanoparticles have a greater biological stability. With this magnetic 
nanoparticles of iron oxide were coated with Cy5.5 azide, an infrared dye, 
showing through a super resolution microscopy (Leica SR GSD 3D Super 
Resolution 3D Ground State Depletion Microscope) they can be used to 
observe the fate of nanoparticles inside the biofilm, allowing direct obser-
vation of individual nanoparticles in 3D with individual bacteria within 
the biofilm (Stone et al., 2015). Several studies show that nanoparticles 
of various compositions are able to disrupt the bacterial biofilms, but 
the mechanisms are still unknown (Raftery et al., 2013). This study will 
assist future investigations using labeled magnetic nanoparticles and high-
resolution microscopy helping to clarify the form of association between 
the nanoparticles and bacteria inside biofilms.

11.2.3 ANTIVIRAL STRATEGIES

The constant appearance of new viruses with the general absence of avail-
ability of specific antiviral therapeutics for a variety of viruses has made 
the search for antiviral drugs and therapeutics a challenging research task. 
Viral infections cause a considerable challenge to the body’s immune sys-
tem as they hide inside cells, making it difficult for antibodies to reach 
them. In contrast to bacterial infections, which are mostly treated using 
antibiotics, immunization against viral infections is not always possi-
ble. Moreover, some viruses are capable of mutating from one person to 
the next, making vaccination a difficult task as the viruses have already 
changed their format by the time vaccines are available (Milroy and 
Featherstone, 2002).
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Efforts in the search of new alternatives strategies are crucial for the 
development and improved antiviral therapy. A well-known strategy is to 
change the physic-chemical properties of antiviral drugs such as acyclovir 
or vidarabine by chemical modifications (Shen et al., 2009; Zhang et al., 
2014). Another alternative for the delivery of antiviral drugs is the use 
of controlled-release delivery vehicles in the form of tablets and patches. 
Such formulations reduce the administered dose and aim to overcome 
problems of noncompliance and loss of drug activity. The ideal delivery 
platform would release the antiviral drug at a constant dose over a long 
time. Acyclovir delivery vehicles-based on silicone polymer were pro-
posed as implants for viable and long-time suppressive therapy of HSV-1 
(Johnson et al., 2007).

The design of nanomaterials-based delivery systems has several advan-
tages. Nanomaterials have the characteristics of high surface-to-volume 
ratios, enabling the packaging of multiple antiviral agents onto the same 
nanoparticles. Using these nanomaterials, it might be possible to over-
come problems associated with the use of high doses of antiviral drugs.

The dendrimers has shown primarily as complexing carrier mole-
cules. They have been shown to possess an inherent biological activity, 
which could be seen to have a significant contribution in the antiviral field 
(Bourne et al., 2000; Marx, 2008; McCarthy et al., 2005). The antiviral 
activity of dendrimers is attributed to the synthetic modification of den-
drimer molecules such that they include functional groups in the surface 
layer, which are capable of forming complexes with cell or viral recep-
tors, pivotally resulting in the disruption of normal virus–cell interactions, 
including the initial virus–cell binding. The primary antiviral mechanism 
of dendrimers thus occurs early in the infection process through block-
ade of the virus attachment to the cell, or interference with adsorption. 
However, certain compounds may possess secondary mechanisms of 
action (Bourne et al., 2000).

Dendrimers has been demonstrated in vitro activity of against the 
influenza virus, respiratory syncytial virus (RSV), measles virus, and HIV 
(Marx, 2008; McCarthy et al., 2005). The stark resemblance between the 
three-dimensional architecture of dendrimers and natural bio-macromol-
ecules, particularly proteins, has instigated ‘bio-inspired’ applications. 
One such dendrimer-based application that is significant in the field of 
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topical microbicides is VivaGel™ (Starpharma, Melbourne, Australia), 
a topical microbicide, which has been granted ‘Fast Track’ status as an 
Investigational New Drug (IND) for the prevention of HIV transmission 
and other STDs (McCarthy et al., 2005).

After dendrimers, fullerenes are the most investigated as potential 
nano-microbicides. Marcorin et al. (2000) synthesized fullerene deriva-
tives and exploited their potential as inhibitors of HIV aspartic protease 
enzyme for the elucidation of a novel anti-HIV system. They defined the 
active region of HIV-protease as a cylindrical hydrophobic cavity (diam-
eter ~10 Å), containing two amino acid residues, aspartate 25 and aspar-
tate 125. Binding at these sites caused suppression of protein slicing and 
inhibited viral replication. The side chains (containing NH2 or NH3 + 
groups) of the water-soluble fullerene derivatives which were synthesized 
underwent electrostatic and/or hydrogen bond interactions with Asp 25 
and Asp 125 (Bakry et al., 2007; Marcorin et al., 2000).

The results appear positive in terms of their large surface area. However, 
as carbon derivatives, the toxicological definition for fullerene is still quite 
controversial. Recently, fullerenes have been suggested to be carcinogenic 
(Burlaka et al., 2004; Sayes et al., 2004) and genotoxic, but only upon 
photosensitization (Sayes et al., 2004).

The anti-HIV activity of noble-metal nanoparticles has been showed 
(Elechiguerra et al., 2005). Bowman et al. (2008) have documented the 
first application of small-molecule coated gold nanoparticles as effec-
tive inhibitors of HIV fusion. Their concept arose from the premise of 
Mammen et al. (1998) that ‘biological systems exploit multivalency in 
the synthesis of high-affinity ligands, because they allow an organism to 
take advantage of an existing set of monovalent ligands without the need 
for evolving completely new molecules for every required function.’ The 
concept of ‘multivalent therapeutics’ is well conceived by the described 
system. The gold nanoparticles employed as a platform (2.0 nm diameter, 
mercaptobenzoic acid modified gold particles) transformed a weakly bind-
ing and biologically inactive small molecule into a multivalent conjugate 
that effectively inhibited HIV-1 fusion to human T-cells. Of significance 
is the similarity of this class of gold particles to proteins and dendrimers 
in terms of their atomic precision and mono-disperse nano-size (Bowman 
et al., 2008).
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The concept of surface chemistry of silver nanoparticles predictabil-
ity of interactions with external systems has been challenged in their 
investigation via the development and testing of silver nanoparticles with 
three different surface chemistries, namely, foamy carbon, poly (N-vinyl-
2-pyrrolidone) (PVP), and bovine serum albumin (BSA). Contrary to 
expectations, they established congruency among all the formulations 
in that only nanoparticles below ~10 nm attached to the viral envelope 
and this occurred independently of the formulations’ surface chemistry. 
Additionally, a regular spatial arrangement with equivalent center-to-cen-
ter distances between the nanoparticles bound to the virus–cell was found. 
They ameliorated their findings with regard to both the spatial arrange-
ment of nanoparticles and the size dependence of interaction in terms 
of the HIV-1 viral envelope. These investigations ultimately provided 
a deeper understanding into the mode of interaction between the virus and 
nanoparticles. Silver nanoparticles proposed undergo specific interaction 
with HIV-1 via preferential binding with the gp120 subunit of the viral 
envelope glycoprotein, through interaction of the silver nanoparticle with 
the exposed disulfide bonds of the gp120. This indicated the aforemen-
tioned probability that other noble-metal nanoparticles may also exhibit 
similar activity (Elechiguerra et al., 2005).

However, the toxicity and inhibition results differed, despite the con-
gruency among the surface modified nanoparticles with reference to their 
interaction with HIV-1 (Elechiguerra et al., 2005). The differential behav-
ior was attributed to the capping agents employed for each nanoparticle 
preparation. BSA- and PVP-protected nanoparticles displayed slightly 
lower inhibition because the nanoparticle surface was directly bound to 
and encapsulated by the capping agent. Contrarily, the carbon-coated 
nanoparticles exhibited a greater inhibitory effect due to their essentially 
free surface area. The free surface nanoparticles demonstrate higher cyto-
toxicity because of their surface chemistry, and the carbon-coated form 
shows comparatively free surfaces, which is able to interact strongly with 
the host cells, thus increasing their toxicity (Elechiguerra et al., 2005).

Liposomes composed of phospholipid bilayer structures were investi-
gated as antiviral agents due to discovery that certain lipid compositions 
can bind to HIV particles and modulate their infectivity. Moreover, lipid-
based nanoparticles have been designed for vaginal delivery of drugs or 
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small interfering RNA to silence HIV gene expression and prevent the 
establishment of primary infection (Malavia et al., 2011; Wang et al., 2011).

Finally, the nanoparticles are under development as useful and pow-
erful tools in the field of antiviral microbicides, they display a series of 
limitations that should be addressed because they can affect the transfer 
of these platforms to clinical trials. These limitations include toxicity, 
the appearance of nondesirable biological interactions, bioaccumula-
tion, the enzymatic degradation of these nanosystems, their penetrance 
and absorption features into different tissues and their high manufacturing 
cost; this last limitation is especially a problem for scale-up production 
(Mamo et al., 2010).

11.2.4 ANTIFUNGAL STRATEGIES

Antifungal drugs are considerably fewer in number because of emergence 
of newer pathogenic fungi causing deep-seated mycosis. Clinically used 
major groups of antifungal agents are polyene antibiotics, azole deriva-
tives, allylamines-thiocarbamates, morpholines and miscellaneous com-
pounds such as 5-fluorocytosine and griseofulvin. Polyenes and azoles are 
most commonly used. Polyene antifungal agents used for the treatment of 
human diseases are amphotericin B (AmB) nystatin and natamycin. The 
only parenteral preparation with broad range of antifungal activity is AmB. 
Over the past several years, augmented efforts in both basic and clinical 
antifungal pharmacology have resulted in a number of exclusively new, 
reengineered or reconsidered compounds, which are at various stages of 
preclinical and early clinical development (Georgopapadakou and Walsh, 
1996; Hay, 1994; Maesaki, 2002).

New et al. (1981) examined for the first time, the effects of liposome 
of AmB (L-AmB), using leishmania model and reported that L-AmB had 
a lower toxicity than AmB itself and the treatment with a higher dose 
of L-AmB could be feasible. Afterward, the validity of the L-AmB for 
mice histoplasmosis (Taylor et al., 1982), cryptococcosis (Graybill et al., 
1982), and candidiasis (Lopez-Berestein et al., 1983) was assessed. In 
all cases, the L-AmB showed a lower toxicity than AmB to the host ani-
mals and thus could be administered at higher doses. Drugs incorporated 
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in liposome were also shown to distribute mainly to reticule endothelial 
tissues including liver, spleen, and lung (Abra and Hunt, 1981). Later, 
a clinical trial performed in cancer patients who co-developed fungal 
infection confirmed that the L-AmB showed a higher tolerance than AmB 
even in human (Lopez-Berestein et al., 1985).

The development of new formulations of liposomes with specific proper-
ties has been encouraged. Immunoliposomes is one of these, contains fungus-
specific antibodies on their surface which target them directly to the fungal 
cells. AmB coated with immunoliposomes abridged mortality appreciably 
in mice with invasive pulmonary aspergillosis as compared conventional 
liposomes of AmB(L-AmB) (100% vs. 16.7% survival rate). AmB coated 
with immunoliposomes was also more effective than AmB integrated with 
long-circulating liposomes (100% vs. 83.3% survival rate) (Otsubo et al., 
1998). Likewise, treatment of murine candidiasis and cryptococcosis with 
AmB integrated with immunoliposomes proved enhanced activity compared 
to that with conventional L-AmB (Belay et al., 1993; Dromer et al., 1990).

The econazole (ECN; commonly used as nitrate salt) is an imidazole 
antifungal structurally related to another imidazole derivative, miconazole 
(Thienpont et al., 1975) and used to treat fungal infections such as tinea 
pedis and cruris, pityriasis versicolor. Several nano-formulation strate-
gies have been studied for delivering econazole through targeted skin sites 
(Bachhav et al., 2011; Kumar et al., 2014; Passerini et al., 2009; Sanna 
et al., 2007; Yordanov, 2012). The first nano-carrier-econazole prod-
uct for antimycotic therapy (Epi-Pevaryl C1 Lipogel) marketed in 1988 
was a liposome preparation produced by Cilag company in Switzerland 
(Müller et al., 2002; Naeff, 1996).

The antifungal activity of chitosan is also augmented when incorporated 
into nanomaterials. Previous investigations suggest that these nanomateri-
als exert their antifungal activity in much the same way as chitosan itself. 
It has been proposed that chitosan nanoparticles have tighter membrane 
binding with fungal cells, and diffuse into fungal cells at a higher rate-based 
on in vitro studies (Ma and Lim, 2003; Qi et al., 2004). These findings have 
been attributed to their higher surface charge density and small size. Ing 
et al. (2012) showed that the MIC90 (minimum concentration needed to 
inhibit 90% of growth) of chitosan nanoparticles was significantly less than 
chitosan alone when used against C. albicans and F. solani. Interestingly, 
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they showed that C. albicans was more easily inhibited by nanoparticle 
preparations made from lower molecular weight chitosan, while F. Solani 
was more susceptible to nanoparticles made with higher molecular weight 
chitosan. This relationship was not seen in treatments made from chito-
san alone. It was also found that nanoparticles of smaller sizes more eas-
ily inhibited the growth of both species, supporting the hypothesis that 
nanoparticle size itself imparts more antifungal activity. However, the same 
study showed resistance of A. niger to chitosan nanoparticles. This resis-
tance is explained by the fact that A. niger contains 10% of chitin in its cell 
wall, a factor that has been associated with resistance to chitosan by other 
fungi (Allan and Hadwiger, 1979; Klis et al., 2007). Chitosan nanopar-
ticles have also been shown to inhibit mycelial growth and germination 
of Alternaria alternata, Macrophomina phaseolina and Rhizoctonia solani 
in vitro (Saharan et al., 2013). These results taken together suggest that 
the versatility of chitosan and the ease of its manipulation allow for spe-
cific formulations to address different pathogens. However, these prepara-
tions do not show universal antifungal activity. Chitosan nanoparticles can 
also be used as a vehicle to optimize other antifungal treatments. Modi 
et al. have developed a ketoconazole-loaded chitosan nanoparticle that 
overcomes poor gastric absorption of the drug (Modi et al., 2013). They 
showed high binding of the nanoparticles to pig mucin. An ex vivo mucosal 
diffusion assay using mouse stomachs showed sustained diffusion of the 
nanoparticle drug after gastric emptying. However, when treated with keto-
conazole alone, diffusion was halted after gastric emptying. The nanopar-
ticle formulation also showed sustained release over time. A similar study 
done by Zhou et al. (2013) studied amphotericin-B loaded poly(lactic 
acid)-grafted-chitosan nanoparticles and their ocular use. They similarly 
found high interaction between their nanoparticles and mucin, showing 
a decrease in mucin’s negative charge when exposed to nanoparticles. This 
supports the notion that the positive surface charge of the nanoparticles is 
a primary mechanism of their mucosal adherence.

Nanosilver is an effective antifungal agent against a broad spectrum of 
common fungi. Kim et al. (2009) investigated nanosilver particles (NSP) 
antifungal properties on a total of 44 strains of six fungal species, and 
found that NSPs can inhibit the growth of Candida albicans, Candida 
glabrata, Candida parapsilosis, Candida krusei, and Trichophyton 
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mentagrophytes effectively (Kim et al., 2008). Nasrollahi et al. (2009) and 
Kim et al. (2009) observed that NSPs can disrupt cellular membrane and 
inhibit the normal budding process; however, the exact mechanisms of 
action of nanosilver against fungi are still not clear.

A study with Ag Nanoparticles (AgNPbio) produced by Fusarium oxy-
sporum was shown to have fungicidal effect against Fluconazole resis-
tant C. albicans, with no cytotoxicity to mammalian cells. This inhibitory 
effect of AgNPbio on FLC-susceptible C. albicans had been previously 
described (Kim et al., 2009; Musarrat et al., 2010). Similar to our results, 
Ishida et al. (2014) reported a fungicidal effect of AgNPbio produced by 
F. oxysporum on C. albicans, with MIC and MFC values of 1.68 and 3.40 
μg/ml, respectively. Cytotoxic concentration of AgNPbio found for HEp-2 
cells was similar to Marcato et al. (2013). Besides, Lima et al. also showed 
non-cytotoxicity up to a concentration of 10 μg/ml of silver biogenic 
nanoparticles on 3T3 cells (Lima et al., 2013). Interestingly, our results 
highlight the decrease of FLC MIC of FLC-resistant C. albicans when com-
bined to AgNPbio. The resistance to FLC in C. albicans is strongly asso-
ciated with overexpression of genes encoding efflux pumps or lanosterol 
14α-demethylase (Odds et al., 2003). On the other hand, the mechanisms 
of C. albicans death induced by Ag-NPs are not completely understood. 
AgNP-treated C. albicans exhibits a disrupted cell wall and cytoplasmic 
membrane (Kim et al., 2008). In addition, AgNPs cause an increase in 
reactive oxygen species and hydroxyl radical production, which can also 
contribute to cell membrane damage (Hwang et al., 2012). Since AgNPbio 
can alter the permeability of the cell membrane, we can hypothesize that 
they may facilitate the entry of FLC, which interferes with ergosterol bio-
synthesis. Regarding the effect of AgNPbio effect against biofilm, previous 
studies have shown an antifungal effect of chemically produced AgNPs in 
initial stages of biofilm formation of C. albicans (Monteiro et al., 2011). 
Importantly, silver nanoparticles produced by F. oxysporum are stable for 
several months due to protein capping, which occurs in the biogenic pro-
cess, as observed by transmission electron microscopy (Marcato et al., 
2012). Therefore, these results indicate the potential of AgNPbio for the 
development of new strategies for the treatment of FLC resistant C. albi-
cans infections. Further studies are needed to establish the mechanism of 
yeast death and the usefulness of AgNPbio in medicine.
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11.3 PROSPECTS

Against the growth number of researches which has been developed in 
last years, is possible visualize that the nanotechnology study associated 
with the science of life has been opening doors to many applications, lead-
ing a great impact in biomedical area, improving many troubles related 
to diagnosis of diseases, therapies, drug delivery system offering interest 
solutions to many disorders which threaten the life. This technology has 
been developing and changing a wide range of products, improving the 
life quality of people, clinical practice and public health.

The investment evolving the nanotechnology in the entire world is 
funded by billions of dollars (Gao et al., 2016). Therefore, there no have 
doubts that this science tends further advance. It is possible that soon 
has to be a better understanding of the physical concepts, chemical and 
biological related phenomena manifested on the nanoscale. However, 
there are challenges involving ethics, safety standards, cost-effective, and 
toxicological tests must be overcome before these new materials reach 
the market.
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ABSTRACT

Drug targeting is a promising strategy for efficient treatment of various 
serious diseases such as cancer. The primary goal of this concept is to 
provide precise delivery of therapeutic agents into pathological area, while 
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avoiding negative impact onto healthy tissues. Through this approach, high 
therapeutic efficacy of the drug can be attained while experiencing mini-
mum side effects. Recently, nano-sized carriers have received great atten-
tion as delivery systems which can load, bring, and release the drugs in 
a localized area. Accurate drug delivery can be achieved either via passive 
targeting, which is-based on enhanced vascular permeability in affected 
zone, or active targeting, which can be achieved by decoration of nanocar-
riers surface with ligands that have high affinity toward the targeted area. 
In this chapter, general methods and means of drug targeting-based on 
nanomedicine have been discussed.

12.1 INTRODUCTION

Use of conventional drugs raises many problems, which are mainly asso-
ciated with their biodistribution throughout the body. Thus, in order to 
reach the pathological site, pharmaceutical drug has to overcome many 
biological barriers, such as organs, cells, and intracellular compart-
ments which lead to its inactivation and reducing therapeutic efficacy. 
Therefore, in order to achieve required therapeutic result, the concen-
tration of the drug should be enhanced, which in turn, will lead to the 
drug’s increased interaction with normal tissues and as a result, the risk 
of undesirable side effects will be increased. Altogether, these factors 
heavily influence, the overall therapeutic effect largely determined by 
precise drug accumulation.

Drug targeting can offer a new way to overcome the challenges, 
associated with the lack of drug specificity. Using this approach in the 
therapy of certain diseases has following advantages: (a) a higher concen-
tration of the drug at the site of action, while the total dosage of admin-
istrated drug is low; (b) reduced drug’s toxicity toward healthy tissues 
and, as a result, minimized side effects; (c) simplified drug administra-
tion protocols; (d) decreased cost of therapy (Torchilin, 2000). Nowadays, 
drug targeting is-based on applying pharmaceutical nanocarriers, whose 
function includes: (1) improved delivery of poorly water-soluble drugs; 
(2) targeted delivery of drugs specifically to their site of action at a high 
dose; (3) protection of a drug from the environment (e.g., acidic envi-
ronment in the stomach or high levels of enzymes in the bloodstream); 
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(4) controlled drug release; (5) co-delivery of multiple agents for combi-
nation therapy and diagnostics. Drug delivery systems include liposomes, 
micelles, nanoparticles, dendrimers, polymer-drug conjugates, carbon 
nanotubes and others. The physicochemical properties of nanomateri-
als can be tuned to achieve required conditions for successful delivery 
of therapeutic agents. For example, size, structure, shape, morphology, 
surface and stimuli-responsive properties can be controlled when fabricat-
ing nanotherapeutics (Sun et al., 2014).

Drug targeting delivery, i.e., drug accumulation at site of action with 
a sufficient dose, can be accomplished in two ways: passive and active 
targeting (Figure 12.1). Passive targeting – drug accumulation in the 
areas with leaky vasculature. This phenomenon has been called enhanced 

FIGURE 12.1 Schematic illustration of passive and active targeting strategies.
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permeability and retention (EPR) effect (Matsumura et al., 1986; Maeda 
et al., 2001; Maeda et al., 2009). Active targeting involves the use of dif-
ferent ligands, which have high affinity toward the targeted area. The 
following substances can be used as targeting ligands: small molecules, 
antibodies, and their fragments, peptides, aptamers, etc. (Allen, 2002; 
Blanco et al., 2012; Zhong et al., 2014). In addition, active targeting can 
be associated with either internal physical parameters, such as, altered pH 
or temperature in pathological area, or with external magnetic field, which 
can influence on transport of carriers possessing ferromagnetic properties 
(Morachis et al., 2012).

Tumor targeting, as an example, can fully demonstrate the potential of 
drug targeting strategies.

12.2 PASSIVE TARGETING

In order to accumulate in certain area, drugs need to cross through vascu-
lar walls into the target site. However, the structure of normal blood ves-
sels allows only small molecules to extravasate through the tight junctions 
between endothelial cells. Under certain conditions, blood vessels can be 
formed with defective structure, and this is due to increased permeability 
which causes them to be leaky (Jain, 1987). Irregular vasculature is a typi-
cal feature of neoplastic progression. Once tumor reached the certain size 
(3 mm3) it needs a growing number of nutrients and oxygen to supply the 
rapidly proliferating cells (Bergers et al., 2003). In order to initiate angio-
genesis, neoplastic tissue secretes multiple growth factors that trigger the 
formation of new blood vessels (Bates et al., 2002). Thus, tumor creates 
favorable conditions to sustain further growth and development. However, 
newly formed blood vessels have highly disorganized structure which is 
characterized by lack of pericytes and absent or defective basement mem-
brane (Jain et al., 2010). These abnormalities lead to enhanced vascular 
permeability due to presence of fenestrations between endothelial cells. 
When blood components, including macromolecules and relatively large 
nanocarriers (e.g., liposomes and micelles), reach such areas they can 
extravasate and accumulate inside the interstitial space (Jain et al., 2010). 
Moreover, unlike normal tissues in which constant drainage renews inter-
stitial fluid, tumor tissues have a dysfunctional lymphatic system, resulting 
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in inefficient drainage from the tumor tissue (Noguchi et al., 1998; Padera 
et al., 2004; Swartz et al., 2007). Therefore, large molecules and nanocar-
riers that entered into the tumor tissue cannot be removed efficiently and 
hence are retained in the tumor. This spontaneous drug accumulation in 
leaky areas has been widely known as EPR effect, which was first dis-
covered by Maeda and Matsumura (Maeda et al., 2001, 2009; Matsumura 
et al., 1986). The EPR effect is the basis of passive targeting.

Unlike normal tissues, tumor tissue has high interstitial fluid pressure 
that hinders diffusion-mediated transport of drugs toward tumor cells. 
Increased interstitial pressure, especially at the center of the tumor, 
reduces extravasation of drugs and decreases their uptake into solid tumor. 
In general, high oncotic pressure pulls the fluid back from the tumor center 
towards the periphery, thus preventing the interaction between therapeu-
tics with tumor cells (Heldin et al., 2004; Jain, 1987). As a result, drugs, 
including nanocarriers, should overcome enhanced pressure and migrate 
through interstitial space and reach neoplastic cells in sufficient concen-
tration in order to be considered as successful passive targeting agents. 
Due to their great size, nanocarriers bearing the pharmaceutical drug 
are less affected by enhanced interstitial pressure (Noguchi et al., 1998; 
Padera et al., 2004; Swartz et al., 2007). In this regard, nanotherapeutics’ 
size can be concluded as one of the most important parameters in pas-
sive targeting. Indeed, the particle size has a crucial importance in both 
the interstitial and vasculature transport and extravasation. For successful 
extravasation, the size of the material should be smaller than the usual cut-
off of the fenestrations in the neo-vasculature, which size usually ranges 
from 100 nm to 2000 nm and depends on the type and stage of the cancer 
(Haley et al., 2008; Hashizume et al., 2000). Moreover, large particles can 
be eliminated from the blood stream by spleen and liver more rapidly. On 
the other hand, small nanoparticles can be inactivated by kidneys (Sun et 
al., 2014). In addition, small agents will be able to rapidly diffuse back 
from interstitial space into the vascular compartment due to enhanced 
interstitial pressure (Dreher et al., 2006). Overall, it was found that the 
most optimal particle size in passive targeting ranges between 30 and 200 
nm (Jain et al., 2010).

Among physicochemical parameters, surface charge of nanocarriers 
plays a significant role in EPR-based drug targeting. Surface charge can 
influence circulation at the time of intravenously administered drug, and 
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therefore this can change the intra tumoral profile. Tumor cells surfaces 
are generally charged negatively due to presence of inner layer anionic 
components such as phosphatidylserine, glycoproteins and proteogly-
cans, anionic phospholipids. Nano-carriers with positive surface charge 
are preferentially seized by the tumors and retained for a longer time in 
comparison to neutral or negatively charged nanoparticles. Moreover, the 
extracellular pH is lower in neoplastic cells than in normal cells. Since 
the pH gradient becomes acidic, the electrostatic potential of nanopar-
ticles becomes positive, which in turn, facilitates electrostatic interaction 
between nanoparticles and cancer cells (Honary et al., 2013, 2013). Since 
the surface charge of endothelial cells is negative, this is consistent with 
the fact that specific tumor vasculature targeting is conducted by primar-
ily positively charged nanoparticles loaded with antiangiogenic drugs 
(Bertrand et al., 2014; Honary et al., 2013). Thus, the positive charged 
nanocarriers appears to be effective for tumor-specific passive targeting 
approach. On the other hand, negatively charged plasma proteins and 
cells in the organs of mononuclear phagocyte system (MPS) can increase 
blood clearance toward positively charged particles, thus reducing their 
therapeutic efficacy. In contrast to positively charged nanocarriers, nega-
tively charged particles have prolonged blood circulation time due to 
less formation the aggregates with blood proteins and are recognized 
by cells of MPS (Bertrand et al., 2014). In order to achieve stability of 
nanoparticles in suspensions and prevent their aggregation, the average 
electrostatic potential (zeta potential) should be above 30 mV (positive 
or negative), hence enabling the particles to repel one another (Sun et al., 
2014). In addition, it was demonstrated that transport of charged agents 
(either positive or negative) in the interstitium is limited due to interac-
tion with extracellular matrix, while neutral compounds do not linger 
in the interstitial space and hence, can diffuse faster through the tissue 
(Lieleg et al., 2009).

Another parameter which was demonstrated to have an ability to affect 
biodistribution is the nanocarriers shape. Some studies suggested that the 
extravasation and penetration into tumor tissue of elongated agents is 
more efficient than that of spherical one (Chauhan et al., 2011; Decuzzi 
et al., 2009; Shukla et al., 2012). However, rod-like nanoparticles are 
hydro-dynamically more unstable while traveling in the blood stream 
(Sun et al., 2014). Taking this into account, it is clear that the geometrical 
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parameters of nanocarriers also should be considered in order to improve 
their ability to cross the gaps in the vascular wall and penetrate deeply 
into the tumor tissues.

The strategy of passive targeting is based on EPR effect, which is one 
the most significant features of tumor angiogenesis. In order to achieve 
maximum therapeutic effect using passive targeting approach, nano-
therapeutics should have appropriate parameters, such as size, surface 
charge, and shape. Moreover, to improve EPR effect the circulation time 
of drug-carrier should be prolonged by coating drug carriers mostly with 
polyethylene glycol (PEG) (Gref et al., 2000). The approach of passive 
targeting facilitates solving the problem associated with effective delivery 
of pharmaceutical drugs to the site of the tumor. Transport through vascu-
lar walls in areas with increased vascular permeability can help to avoid 
non-specific drug accumulation. Retained amount of drugs in the intersti-
tial space can maintain sufficient therapeutic concentration, and therefore 
can leads to enhanced therapeutic index. Despite many advantages of this 
strategy, passive targeting still has its limitations. In particular, uneven dis-
tribution of blood vessels in solid tumors results in inhomogeneous drug 
permeability throughout the tumor, which in turn, leads to incomplete 
therapeutic effect. Also, in cases of small tumors or metastatic lesions, 
where strong angiogenesis is not exhibited, passive targeting EPR effect is 
ineffectual to the lack of numerous blood vessels.

12.3 ACTIVE TARGETING

The concept of active targeting is rather simple: conjugate the drug with 
another molecule, capable to recognize and bind to the specific site, and as 
the result, the affected drug will be selectively directed to the area of inter-
est. This method increases the therapeutic index of the nanocarrier, and is 
widely regarded as the most promising strategy, since minimal side effects 
are manifested, and this method compensates for the lack of drug specificity.

In case of cancer, conjugation with targeting moiety provides prefer-
ential accumulation of nanotherapeutics in tumor microenvironment or 
tumor cells, which expresses an appropriate receptor. Targeting ligand 
will enhance binding affinity and facilitate receptor-mediated endocyto-
sis, and thereby, will increase intracellular drug concentration (Nori et al., 
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2003). In addition, the specificity towards certain factors, located in tumor 
microenvironment, also can be achieved, resulting in reduced support of 
tumor development.

There are several methods of targeting ligand conjugation. One the most 
common approaches is to attach targeting moiety to the surface of nanocar-
rier, which bears the cytotoxic drug. In recent years many works, regarding 
antitumor therapy by using targeted nanotherapeutics, have been reported. 
However, just few of them reached clinical trials (e.g., doxorubicin-loaded 
immuno-liposomes, modified with human monoclonal antibody or trans-
ferrin-targeted oxaliplatin liposomes) (Matsumura et al., 2004; Suzuki 
et al., 2008). Another approach relies on direct coupling of a therapeutic 
molecule to a targeting moiety. For example, radio-immuno-therapeutic 
agent ibritumomab tiuxetan (Zevalin®), which is used for treating of lym-
phoma, is a conjugation between monoclonal antibody ibritumomab with 
the chelator tiuxetan, that is functionalized with radioactive isotope (either 
yttrium-90 or indium-111). Some other monoclonal antibodies, such as 
trastuzumab (Herceptin®) or bevacizumab (Avastin®), can play the role of 
both targeting ligand and drug (Allen, 2002; Danhier et al., 2010).

12.3.1 ACTIVE TUMOR CELLS TARGETING

Active tumor cell targeting can be achieved by modifying the nanocarri-
ers with specific targeting ligands such as peptides, aptamers, antibodies, 
small molecules (e.g., folic acid), and polysaccharides (Gu et al., 2007). 
Some of the ligands such as antibodies or aptamers are highly specific, 
while other ligands, such as folic acid, are less target specific. The aim 
of targeting moieties is to recognize the cell-surface receptors, overex-
pressed by cancer cells and bind these moieties which have high affinity to 
these receptors, to trigger receptor endocytosis. As a result, cellular uptake 
and intracellular accumulation occurs through the use of these moieties. 
Thus, by using nanocarriers, which are decorated with targeting ligands, 
these nanocarriers are considered as an attractive medium for specific 
delivery of anticancer agents. The ability of nanotherapeutics to enhance 
intracellular accumulation leads to higher antitumor efficacy of the drugs 
with less impact on normal cells. Usually selection of the targeting ligand 
depends on the type of cellular receptors. Targeting nanosized carriers can 
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be prepared by grafting ligands onto their outer surface via diverse link-
ers. In the case of prodrugs, targeting moiety can be attached to the carrier 
backbone.

The most established cell proliferation receptors which are widely 
used for active targeting schemes include folate receptor, human epider-
mal receptors, transferring receptor and glycoproteins (Table 12.1).

12.3.1.1 Folate Receptor

The folate receptor is one of the most extensively investigated tumor mark-
ers that bind to the vitamin folic acid (FA), which is required for essential 
cell function- synthesis of purines and pyrimidines. FA binds with a high 
affinity to the glycosylphosphatidylinositol-linked folate receptor, which is 
significantly overexpressed on the many cancer cells compared to healthy 
tissues. Unlike normal cells, which cannot transport folate conjugates of any 
type, neoplastic cells can easily transport folate conjugates through the cell 
membrane via folic acid receptor (Low et al., 2004). Moreover, folic acid 
ligands are nontoxic, nonimmunogenic, easy to attach to the carrier, stable 
in circulation and inexpensive. All these features led to the establishment 
of many nanomedicines decorated with the folic acid ligand for specific 
drug targeting. Nanocarriers functionalized with folic acid usually exhibit 
enhanced selectivity and cytotoxicity toward tumor cells. For example, 
folate ligand-modified polyamidoamine (PAMAM) dendrimers conjugated 
with cytotoxic agent methotrexate demonstrated high accumulation levels 
in tumor and significant inhibition of tumor growth as compared to non-
targeting counterparts when treated mice with folate-positive human KB 
tumor xenografts (Kukowska-Latallo et al., 2005). Moreover, methotrexate 
dendrimers displayed lower systemic toxicity and noticeably higher effi-
cacy compared to free methotrexate at an equal cumulative dose. In another 
study FA-conjugated nanoparticles composed of mixed lipid monolayer shell 
and biodegradable PLGA core have been fabricated for receptor mediated 
delivery of anticancer drug docetaxel (Liu et al., 2010). The results demon-
strated 50.91% and 93.65% more effectiveness of targeting ability of func-
tionalized particles to human MCF-7 breast tumor cells, in comparison to 
non-targeted and free docetaxel, respectively. Zhou et al. (2013) designed 
FA-functionalized PEG-PCL micelles with conjugated via pH-sensitive 



392 Drug Delivery Approaches and Nanosystems: Volume 1
TA

B
LE

 1
2.

1 
Ex

am
pl

es
 o

f N
an

ot
he

ra
pe

ut
ic

s U
se

d 
fo

r A
ct

iv
e 

C
an

ce
r C

el
ls

 T
ar

ge
tin

g 
vi

a 
D

iv
er

se
 R

ec
ep

to
rs

Ty
pe

 o
f r

ec
ep

to
r/

Ta
rg

et
in

g 
lig

an
d

Fo
rm

ul
at

io
n

D
ru

g
Ty

pe
 o

f c
an

ce
r 

ce
lls

Fo
la

te
 r

ec
ep

to
r

Fo
lic

 a
ci

d
PA

M
A

M
 d

en
dr

im
er

s
M

et
ho

tre
xa

te
K

B
 

D
LP

C
/D

SP
E-

PE
G

2k
/D

SP
E-

PE
G

5k
-

FO
L 

sh
el

l a
nd

 P
LG

A
 c

or
e

D
oc

et
ax

el
M

C
F-

7 

FA
-P

EG
-P

C
L-

hy
dr

az
on

e-
D

O
X

D
ox

or
ub

ic
in

H
um

an
 n

as
op

ha
ry

ng
ea

l 
ep

id
er

m
oi

d 
ca

rc
in

om
a 

ce
ll 

lin
e 

K
B

E
pi

de
rm

al
 g

ro
w

th
 

fa
ct

or
 r

ec
ep

to
r 

(E
G

FR
)

EG
F

EG
F-

PE
G

-P
C

L
El

lip
tic

in
e

M
D

A
-M

B
-4

68
EG

FR
 m

A
b

PL
G

A
-P

VA
R

ap
am

yc
in

M
C

F-
7

Fa
b′

 fr
ag

m
en

ts
 o

f 
C

et
ux

im
ab

 (m
A

b)
Im

m
un

ol
ip

os
om

es
-b

as
ed

 o
n 

M
al

-
PE

G
-C

ho
l

B
or

on
 a

ni
on

F9
8 EG

FR

H
E

R
-2

Tr
as

tu
zu

m
ab

D
PP

C
/T

PG
S/

TP
G

S-

tra
st

uz
um

ab

D
oc

et
ax

el
SK

-B
R

-3

Tr
as

tu
zu

m
ab

PL
A

-T
PG

S/
TP

G
S-

C
O

O
H

D
oc

et
ax

el
SK

-B
R

-3
Tr

an
sf

er
ri

n 
re

ce
pt

or
Tr

an
sf

er
rin

PE
G

-P
C

L 
po

ly
m

er
so

m
es

D
ox

or
ub

ic
in

C
6 

gl
io

m
a

Tr
an

sf
er

rin
Tf

-L
-D

O
X

/V
ER

D
ox

or
ub

ic
in

, v
er

ap
am

il
K

56
2

Tr
an

sf
er

rin
Tf

-P
EG

-P
H

D
C

A
H

yd
ro

xy
ca

m
pt

ot
he

ci
n

K
B

, K
56

2,
 S

18
0

G
ly

co
pr

ot
ei

ns
G

al
ac

to
sa

m
in

e
N

-(
2-

hy
dr

ox
yp

ro
py

l)
m

et
ha

cr
yl

am
id

e 
(H

PM
A

)
D

ox
or

ub
ic

in
Li

ve
r c

an
ce

r (
ph

as
e 

I 
cl

in
ic

al
 st

ud
y)

G
al

ac
to

se
PE

G
-P

C
L

D
ox

or
ub

ic
in

H
ep

G
2

H
ya

lu
ro

ni
c 

ac
id

H
A

-S
S-

D
O

C
A

Pa
cl

ita
xe

l
M

D
A

-M
B

-2
31



Drug Targeting: Principles and Applications 393

linker-hydrozone doxorubicin (FA-PEG-PCL-hydrazone-DOX) (Guo et al., 
2013). This nanosystem showed improved cellular uptake and higher cyto-
toxicity to human nasopharyngeal epidermoid carcinoma (KB) cells, sug-
gesting that FA-functionalized system achieved highly selective anticancer 
drug delivery.

12.3.1.2 Human Epidermal Receptor

The human epidermal receptor (HER) family of receptor tyrosine kinases 
can offer two targets for active drug targeting located on cancer cell sur-
faces. Two receptor tyrosine kinases, epidermal growth factor receptor 
(EGFR) and human epidermal receptor-2 (HER-2) have been widely stud-
ied for anticancer therapy. These receptors mediate a cell signaling path-
way for growth and proliferation in response to the binding of the growth 
factors (Byrne et al., 2008).

The EGFR is a member of tyrosine kinase receptors family. Its activa-
tion promotes key processes involved in tumor growth and progression, 
such as proliferation, angiogenesis invasion and metastasis (Lurje et al., 
2009). EGFR is overexpressed in many solid tumors such as non-small cell 
lung cancer, breast, squamous cell carcinoma of the head and neck, ovarian, 
kidney, prostate, and pancreatic cancer. Usually EGFR expression charac-
terizes a more advanced disease stage and its presence corresponds directly 
to the metastatic capabilities in various types of cancer (Byrne et al., 2008). 
Expression of EGFR on tumor cells is much higher than normal cells mak-
ing EGFR appropriate candidate for selective drug delivery.

EGFR has six known ligands: EGF, transforming growth factor-α 
(TGF-α), heparin-binding EGF (HB-EGF), epiregulin, amphiregulin, 
and betacellulin (Laskin et al., 2004). Any of these ligands can be used 
as targeting ligand for EGFR specific drug delivery. For example, EGF-
conjugated PEG-poly(ε-caprolactone) (EGF-PEG-PCL) micelles loaded 
with chemotherapeutic agent ellipticine exhibited potent antiproliferative 
effect against EGFR-overexpressing MDA-MB-468 cells in comparison 
to cells expressing a low level of EGFR (Lee et al., 2007). EGFR also 
offers an attractive target for monoclonal antibody-based therapeutic 
strategies. For example, EGFR mAb-functionalized rapamycin-loaded 
PLGA-poly(vinyl alcohol) nanosystem (EGFR mAb-PLGA-PVA) 
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displayed 17 times higher uptake by breast cancer cells (MCF-7) than the 
non-targeting counterparts (Acharya et al., 2009). In addition, targeted 
nanoparticles showed significant antiproliferative activity toward MCF-7 
cells in comparison to free drug rapamycin and non-functionalized 
nanoparticles. A well-known antiEGFR monoclonal antibody Cetuximab 
also was employed as targeting moiety. Immunoliposomes decorated 
with Fab′ fragments of Cetuximab exhibited higher delivery efficacy in 
EGFR positive cells (F98EGFR) than non-targeted IgG immunoliposomes 
(Pan et al., 2007).

HER-2 is also overexpressed in variety of solid tumors, including 
breast, lung, gastric and ovarian cancer. HER-2 plays a significant role in 
the pathogenetic processes of many types of cancers. Utilizing of mono-
clonal antibodies as antiHER-2 targeting moieties shows high selective 
capabilities of functionalized nanosystems in cancer therapy. Trastuzumab 
(Herceptin®) an FDA approved monoclonal antibody have been developed 
for cancer treatment as well as active anticancer drug delivery (Harries et 
al., 2002; Li et al., 2012). For example, trastuzumab-conjugated vitamin E 
TPGS-coated liposomes bearing anticancer drug docetaxel demonstrated 
longer half-life and greater apoptotic activity as compared to non-targeting 
nanoparticles and free docetaxel (IC50= 0.08 ± 0.4, 3.74 ± 0.98, 20.23 ± 
1.95 μg/ml respectively) in Her2 overexpressing SK-BR-3 cells (Raju 
et al., 2013). In a similar way, PLA-D-α-tocopheryl poly(ethylene glycol) 
succinate (PLA-TPGS) was decorated with herceptin as a targeting ligand 
(Mi et al., 2012). This system showed an obvious targeting delivery of 
docetaxel in Her2 receptor overexpressed breast cancer cells.

12.3.1.3 Transferrin Receptor

Transferrin receptor (Tf) is a serum nonheme iron-binding glycoprotein 
that transports iron into proliferating cells via receptor-mediated endocy-
tosis. Tf is involved in iron homeostasis, the regulation of cell growth, and 
is overexpressed in neoplastic cells much higher than that in normal cells 
due to increased requirement of iron, that makes this receptor an attractive 
target for tumor therapy (Daniels et al., 2006; Gatter et al., 1983). Tf has 
been used as target for drug delivery for various formulations. For example, 
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it was reported that doxorubicin-loaded Tf-conjugated biodegradable PEG-
PCL polymersomes exhibited enhanced intracellular delivery and the high-
est cytotoxicity in C6 cells than those of free drug and non-functionalized 
polymersomes (Pang et al., 2011). In another study Tf-conjugated liposomes 
coencapsulated with doxorubicin and verapamil (Tf-L-DOX/VER) showed 
improved cellular uptake of Tf-L-DOX/VER and greater cytotoxicity in 
comparison to non-targeted liposomes with doxorubicin and verapamil 
and Tf-conjugated liposomes loaded with doxorubicin alone in a chronic 
myelogenous leukemia cell line (K562 cells) (Wu et al., 2007). Pei et al. 
fabricated Tf-targeted niosomes by conjugating Tf to poly(ethylene gly-
col) cyanoacrylate-cohexadecyl cyanoacrylate (PEG-PHDCA) for deliv-
ery of hydroxycamptothecin (Hong et al., 2009). The results of cell lines 
experiments revealed that unlike non-targeted noisomes, non-stealth nio-
somes and free drug, Tf-functionalized niosomes had the greatest intracel-
lular uptake and the highest cytotoxicity in all three carcinoma cell lines 
(KB, K562, and S180 cells). Further in vivo experiments in S180 tumor-
bearing mice displayed significant tumor inhibition as compared to the free 
drug and non-targeted counterparts (Hong et al., 2010).

12.3.1.4 Glycoproteins

During neoplastic process cancer cells often express different glycopro-
teins compared to normal cells. Saccharides are able to recognize and 
specifically bind to carbohydrate moieties attached to glycoproteins 
(Rutishauser et al., 1975). Thus, saccharides can be attached onto the 
nanocarriers surface as targeting moieties that are directed to cell-surface 
carbohydrates. For example, saccharides, such as galactose and galac-
tosamine can be employed as targeting ligands against hepatocellular 
carcinoma cells that overexpress asialoglycoprotein receptors (ASGP-R) 
(Li et al., 2008). A number of various drug-loaded nanomedicines have 
been fabricated for liver cancer therapy. It was reported that doxorubicin 
conjugated with N-(2-hydroxypropyl)methacrylamide polymer modi-
fied with galactosamine as a targeting ligand, has been tested for clinical 
phase I study (Seymour et al., 2002). The results exhibited that target-
ing the anticancer drug doxorubicin using polymers functionalized with 
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galactosamine can effectively target the liver and can achieve higher drug 
levels in tumors than using non-galactosylated polymers or free doxoru-
bicin. In another study biodegradable micelles-based on poly(ethylene 
glycol)-poly(ε-caprolactone) (PEG-PCL) copolymer decorated with 
galactose have been used for active targeting delivery of doxorubicin in 
(ASGP-R)-overexpressing HepG2 cells (Zhong et al., 2013). Targeted 
micelles revealed much lower half maximal inhibitory concentration of 
doxorubicin, in comparison to free drug and non-targeting counterparts. 
Flow cytometry showed increased doxorubicin level in HerG2 cells than 
that of non-targeting control. The data suggests that galactose functional-
ized micelles have an apparent targetability and significantly enhanced 
antitumor efficacy toward tumor cells that overexpress an asiaglycopro-
tein receptor.

Besides saccharides, polysaccharides, in particular, hyaluronic acid 
(HA), a natural polymer with excellent biodegradability and biocompati-
bility, also has received great interest as a targeting moiety for specific drug 
delivery (Mizrahy et al., 2012). Since HA can recognize and bind recep-
tors, such as CD44 and RHAMM, which are overexpressed on the cell 
surface of several metastatic tumors, many different HA-functionalized 
formulations have been fabricated (Oh et al., 2010). Thus, HA-modified 
liposome, micelles, polymersomes have been used as drug carriers for 
various cytotoxic drugs against different tumor types, including breast 
cancer, colon cancer, squamous cell carcinoma and glioma. It was dem-
onstrated that high inhibition activity of modified nanomedicines against 
tumor cells has been achieved by selective targeting via high binding 
affinity between overexpressed receptors on cancer cells surface and 
targeting ligand HA. For example, paclitaxel loaded micelles-based on 
HA-deoxycholic acid (HA-SS-DOCA) significantly enhanced intracel-
lular accumulation and antitumor activity of paclitaxel in human breast 
MDA-MB-231 (Li et al., 2012).

12.3.2 ACTIVE TUMOR MICROENVIRONMENT TARGETING

Active targeting is essential to improve therapeutic efficacy of drugs and 
reduce their side effects. Tumor microenvironment-selective compounds 
are focused on molecular and physiological differences existing between 
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cancer and normal tissues. The main purpose of drug targeting is to sup-
press the ability of tumor microenvironment to support the neoplastic pro-
gression. Due to a large number of various factors, many strategies of active 
targeting have been developed. One of the approaches includes exploiting 
molecular drugs, such as peptides, antibodies, and proteins, for specific 
inhibition of diverse components and pathways, related to cancer develop-
ment (Allen, 2002). Other approach involves applying nanotherapeutics, 
such as liposomes, nanoparticles, or micelles, with surface modified by 
various ligands for targeted delivery of anticancer drugs (Brannon-Peppas 
et al., 2012; Byrne et al., 2008). It is worth noting that molecular drugs 
can be used as targeting moiety for nanocarriers. Generally speaking, 
targeting molecules can play the role of both targeting ligand and drug. 
Herein, the main constituents of tumor microenvironment and their target-
ing approaches are presented (Table 12.2).

12.3.2.1 Targeting Cancer-Associated Fibroblasts

Cancer-associated fibroblasts (CAFs) are heterogeneous subpopulation of 
fibroblasts, which derived from various cells, such as normal fibroblasts, 
bone marrow-derived stromal cells, endothelial cells, and malignant or 
normal epithelial cells either via endothelial-mesenchymal transition 
(EndMT) or epithelial–mesenchymal transition (EMT) (Allen et al., 2011; 
Marsh et al., 2013; Quante et al., 2011; Räsänen et al., 2010). CAFs are 
one of the most abundant cell types in tumor microenvironment and play a 
key role in tumor progression. There is abundant evidence, that CAFs can 
support tumor growth, by secreting multiple factors. Among them are clas-
sical growth factors, such as epidermal growth factor (EGF), hepatocyte 
growth factor (HGF), and transforming growth factor beta (TGF-β) 
(Kalluri et al., 2006). Moreover, cancer-associated fibroblasts produce 
a number of additional factors, which can improve proliferative, metastatic 
and invasive properties of cancer cells. Among these factors are chemo-
kines and cell surface molecules like integrin α11 or syndecan-1; prote-
ases, like matrix metalloproteinase-2 (MMP2); mitogenic factors, such 
as secreted frizzled-related protein 1 (SFRP1); insulin-like growth factor 
1 (IGF1) and insulin-like growth factor 2 (IGF2) (Östman et al., 2009). 
In order to facilitate angiogenesis, CAFs release proangiogenic factors, 
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TABLE 12.2 Examples of Therapeutics Used for Tumor Microenvironment Targeting

Category Target Targeting agents/
nanocarriers

Drug’s classification

Cancer-associated 
fibroblasts 
(CAFs)

Fibroblast 
activation protein 
(FAP)

Sibrotuzumab Humanized 
monoclonal antibody

FAP5-DM1-
maytansinoid

Monoclonal antibody- 
cytotoxic agent

Val-boro Pro; PT630 Chemical inhibitors
Z-Gly Pro-dox Prodrug (FAP-specific 

dipeptide-dox)
PDGF-PDGFR 
signaling pathway

Imatinib Tyrosine kinase 
inhibitor

TGFβ-TGFβR 
signaling pathway

1D11 Anti-TGFβ 
neutralizing antibody

Angiogenesis VEGF Bevacizumab Humanized anti-
VEGF monoclonal 
antibody

VEGFR-2 Anti–Flk-1 MAb-
NP-90Y

Nanotherapeutics 
(Monoclonal 
antibody-radiolabeled 
NPs)

VEGFR/PDGFR Sunitinib Tyrosine kinase 
inhibitorsSorafenib

Pazopanib
VEGFR/FGFR Brivanib
VCAM-1 Liposomes modified 

with anti-VCAM-1 
antibody

Nanotherapeutics

Hypoxia HIF-1α (mRNA) EZN-2968 Antisense 
oligodeoxynucleotide

HIF-1α (FRAP/
mTOR)

Rapamycin FRAP/mTOR 
inhibitor

Hypoxic region Etoposide loaded 
chitosan NPs

Nanotherapeutics

Hypoxic region Tirapazamine Bioreductive prodrug
Inflammation NF-κB activity 

(IKKβ)
PS-1145 Small-molecule 

inhibitor of IKKβ
NF-κB activity 
(26 s proteasomes)

Bortezomib Proteasome inhibitor
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Category Target Targeting agents/
nanocarriers

Drug’s classification

NF-κB activity 
(NF-κB)

Curcumin Suppressor of NF-
κB–dependent gene 
expression

IL-6/JAK/STAT3 
signaling pathway 
(IL-6)

Siltuximab Monoclonal 
neutralizing antibody

IL-6/JAK/STAT3 
signaling pathway 
(JAK) 

Ruxolitinib Small-molecule 
inhibitor of JAK

TNF-α signaling 
pathway 

Infliximab Monoclonal antibody
Etanercept Fusion protein, 

inhibitor of  
TNF-α receptors

Extracellular 
matrix (ECM)

αvβ3, αvβ5 integrins Nanocarriers 
modified with RGD 
peptide

Nanotherapeutics

LOX enzyme PLGA NPs modified 
with anti-LOX 
antibody

Nanotherapeutics

MMPs  
(MT1-MMP)

Liposomes coated 
with GPLPLR 
peptide 

Nanotherapeutics

Liposomes coated 
with anti-MT1-
MMP antibody

Nanotherapeutics

such as vascular endothelial growth factor (VEGF), fibroblast growth fac-
tors (FGF), and platelet-derived growth factor (PDGF). In addition, CAFs 
can recruit bone marrow-derived cells or immune cells into the tumor pro-
gression (Cirri et al., 2012). Thus, it can be concluded, that the role of 
CAFs in tumor progression is significant and hence, targeting to various 
CAFs factors is a promising strategy in cancer therapy.

There are many agents, which can be used for targeting the CAFs’ activity. 
For example, sibrotuzumab, a humanized monoclonal antibody, have been 
used to inhibit the activity of CAFs-expressed-fibroblast-activated-protein 

TABLE 12.2 (Continued)
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(FAP), that is not detected in normal fibroblasts, and which contributes 
in promoting the tumorigenesis. FAP inhibition leads to a retardation 
of tumor growth through improving tumoral immune response (Togo et 
al., 2013). Other agents have been demonstrated to have FAP-inhibitive 
properties, including monoclonal antibody FAP5-DM1 conjugated with 
cytotoxic agent maytansinoid (Ostermann et al., 2008); FAP chemical 
inhibitors [Val-boro Pro (Narra et al., 2007) and PT630 (Santos et al., 
2009)]; prodrugs, such as doxorubicin conjugated with a FAP-specific 
dipeptide (Z-Gly Pro) (Huang et al., 2011). Moreover, targeting diverse 
signaling pathways to reduce the impact of CAFs on tumor progression 
plays an important role in cancer therapy. Thus, disturbing PDGF-PDGFR 
signaling pathway by imatinib, a tyrosine-kinase inhibitor, or TGFβ-
TGFβR signaling pathway by anti-TGFβ neutralizing antibody (1D11) 
leads to a reduction in tumor growth and assisted intratumoral drug deliv-
ery (Pietras et al., 2008). In addition, targeting SDF-1-CXCR4 and HGF-
Met signaling pathways by neutralizing antibodies exhibited decreased 
tumor growth, angiogenesis and drug resistance (Orimo et al., 2005; Wang 
et al., 2009; Wilson et al., 2012).

12.3.2.2 Targeting Hypoxia and Angiogenesis

Angiogenesis is a process of new blood vessel formation. Insufficient 
blood supply during the tumor growth causes the deficiency of nutrients 
and oxygen to the cancer cells. Moreover, high metabolic activity and 
oxygen consumption by rapidly proliferating neoplastic cells are compli-
mentary factors of hypoxia in tumor tissues. Hypoxia promotes genomic 
instability and the expression of proto-oncogenes in cancer cells. In order 
to satisfy the needs of tumor tissues, the compensatory formation of new 
blood vessels needs to be developed. Hence, hypoxia induces vascular-
ization by stimulation of hypoxia-inducible transcription factors (HIF), 
which respond to hypoxic condition in the cellular microenvironment. 
Among this class of proteins, HIF-1α is the most ubiquitously expressed 
and its main role in angiogenesis is to up-regulate the proangiogenic 
factors, such as VEGF, FGF, angiopoietin 2 (Ang-2), and PDGF, and 
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down-regulate antiangiogenic factors, such as thrombospondin (Ruan et 
al., 2009; Liao et al., 2007).

VEGF is a key proangiogenic factor, and its activation and binding to 
receptor (VEGFR), is specifically expressed in endothelial cells, and this 
causes proliferation and migration of endothelial cells. After endothelial 
cells migrate to surrounding tissues, they begin to divide and form hollow 
tubes that soon organize a network of blood vessels (Nishida et al., 2006). 
Non-hypoxia mediated mechanisms, such as up-regulation of VEGF by 
oncogene activation, are also involved in angiogenesis process. Moreover, 
VEGF induce antiapoptotic molecules in order to protect the tumor vas-
culature from apoptosis, and thus cause degradation of the extracellular 
matrix through promotion of certain enzymes to facilitate tumor angio-
genesis (Carmeliet, 2005). In addition, vascular cell adhesion molecule-1 
(VCAM-1), an immunoglobulin-like transmembrane glycoprotein that is 
expressed on the surface of endothelial cancer cells, mediates cell-cell 
adhesion, and thereby, promotes angiogenesis (Dienst et al., 2005).

Considering the crucial role of aforementioned signaling pathways in 
tumor angiogenesis, the strategy of disturbing these pathways makes it rea-
sonable for anticancer therapy. One of the first agents used in clinical trials 
for targeting angiogenesis was recombinant humanized anti-VEGF mono-
clonal antibody bevacizumab (Shih et al., 2006). It has been approved 
by U.S. Food and Drug Administration (FDA) in combination with cyto-
toxic drugs for the treatment of metastatic colon cancer and several other 
metastatic cancers. Other FDA approved inhibitors of VEGF signaling 
include small molecule receptor tyrosine kinase inhibitors (e.g., sunitinib, 
sorafenib, and pazopanib), which offer a clinical benefit in renal cell car-
cinoma therapy (Fang et al., 2013). However, anti-VEGF therapy demon-
strated rather modest therapeutic results. This phenomenon is associated 
with microenvironmental defense mechanisms, in particular, resistance 
to anti-VEGF therapy through upregulation of other proangiogenic fac-
tors, such as fibroblast growth factor (FGF) (Sounni et al., 2013). Thus, 
emerging challenges in targeting VEGF have necessitated the expansion 
of an arsenal of antiangiogenic drugs against other signaling pathways. 
For example, brivanib, a dual tyrosine kinase inhibitor, demonstrates 
simultaneous inhibition of VEGF and FGF receptors, which in turn, leads 
to inhibition of tumor growth in hepatocellular carcinoma (Huynh et al., 
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2008). Nanoparticle-based approach also has been applied to improve the 
therapeutic efficacy of antiangiogenesis therapy. Li et al. (2004) demon-
strated high treatment efficiency of nanoparticle-based targeting agents 
radiolabeled with 90Y. The small molecule integrin antagonist, which binds 
to the integrin αvβ3, and a monoclonal antibody against vascular endothelial 
growth factor receptor 2 (VEGF-2), have been used to target nanoparticles.

PDGF is also of interest as a target in antiangiogenic treatment. In solid 
tumors PDGF regulates angiogenesis by promotion pericyte recruitment 
to blood vessels. Targeting the PDGF by low molecular inhibitors of the 
receptor kinases, such as imatinib, sunitinib, sorafenib, and pazopanib, 
makes PDGF a promising in antitumor therapy. However, all of these 
inhibitors have the lack of specificity, which accordingly leads to side 
effects. Alternatively, other PDGF signaling antagonists, such as antibod-
ies or DNA aptamers, can bind receptors with high specificity. But the use 
of these types of antagonists is associated with a number of issues, includ-
ing their high cost and difficulty for targeted administration (Heldin, 2013).

VCAM-1 was targeted by immunoliposomes, which were decorated 
with anti-VCAM-1 antibody. Liposomes display specific targeting ability 
to tumor vasculature in vivo, which make them a promising candidate for 
targeted drug delivery against tumor vasculature (Gosk et al., 2008).

Hypoxia is another hallmark of malignant progression. It is well 
established, that hypoxic cells are more resistant to anticancer therapy 
(Kizaka-Kondoh et al., 2003). Under low oxygen tension conditions, 
the cytotoxicity of drugs whose activity is mediated by free radicals 
is decreased (Trédan et al., 2007). Moreover, low oxygen concentration 
decreases cell proliferation and as a consequence, the activity of these 
drugs that selectively target highly proliferating cells is also reduced. 
Therefore, hypoxia-targeted therapy is-based on two main approaches. 
The first one is to enhance oxygen concentration in tumor tissues by 
improving oxygenation and combining it with chemotherapy (Kizaka-
Kondoh et al., 2003). The second approach involves targeting the 
hypoxic tumor microenvironment. Hypoxia-targeted strategy is-based 
on exploitation of bio-reductive prodrugs or HIF-1α-targeted compounds 
(Guise et al., 2014; Chen et al., 2003). Bioreductive prodrugs are agents, 
which under hypoxic conditions, turns into active cytotoxic metabolites by 
enzymatic reduction. For example, tirapazamine, a bireductive prodrug, 
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has been activated under hypoxic conditions and reduced form of this 
prodrug causes DNA damage (Reddy et al., 2009). Other effective strat-
egy is targeting the HIF-1α signaling pathway components. For instance, 
by targeting HIF antisense mRNA with EZN-2968 or FRAP/mTOR by 
rapamycin, can block HIF-1α function and can attenuate tumor growth 
(Kizaka-Kondoh et al., 2003; Wilson et al., 2011).

Nano-therapeutics also had been used for targeting hypoxia in tumor 
microenvironment. Lin et al. fabricated hypoxia-activated photores-
ponsive chitosan nanoparticles for drug delivery (Lin et al., 2013). This 
system consists of hypoxic sensor or a phototrigger lock, a coumarin 
phototrigger, and a caged drug (etoposide). The results showed that the 
anticancer drug release specifically in hypoxic tumor cells, but not in 
aerobic healthy cells. In another work, Poon et al. demonstrated an ability 
of layer-by-layer assembled polyelectrolyte nanoparticles to target low 
pH in the hypoxic tumor microenvironment (Poon et al., 2011).

12.3.2.3  Targeting Cancer-Associated Inflammation

An inflammatory component is present in the microenvironment of many 
tumors. It is now well established that inflammatory cells, such as cyto-
kines, chemokines, and enzymes, can also promote tumor initiation, pro-
gression, and metastasis (Coussens et al., 2002). One of the key players of 
cancer-associated inflammation is the transcription factor – nuclear fac-
tor-kappa B (NF-κB), which induces expression of wide range of agents, 
including cytokines, adhesion factors, enzymes, and angiogenic factors 
(Karin, 2006). In addition, NF-κB can activate the expression of antiapop-
totic and growth factor genes (Lu et al., 2006). Thereby, NF-κB is also able 
to mediate inflammatory processes, stimulate cell proliferation, promote 
tumor invasion, metastasis, and survival of transformed cells. Along with 
NF-κB, another transcription factor, known as signal transducer activator 
of transcription3 (STAT3) protein, plays a pivotal role during the inflam-
mation process (Yu et al., 2007). Prior literature suggests that STAT3 con-
tributes to cancer progression by promoting cell proliferation and apoptosis 
resistance (Becker et al., 2004; Hodge et al., 2004; Wang et al., 2004). 
Another proinflammatory cytokine TNF-α has protumoral properties. 
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TNF-α at physiologic doses regulates the production of cytokines, che-
mokines (e.g., IL-6), proteases, and proangiogenic factors, such as VEGF, 
FGF, etc. (Balkwill, 2009; Kulbe et al., 2007; Balkwill, 2006). Conversely, 
high doses of TNF-α may cause damage of tumor vasculature and have 
an antitumor activity (Balkwill, 2002). During the development of cancer-
associated inflammation, it is difficult to underestimate the role of tumor-
associated macrophages (TAMs), which are derived from monocytes that 
are recruited by chemokines (Colotta et al., 2009). TAMs are an essential 
component in most tumor tissues, that release many tumor-promoting fac-
tors, including angiogenic factors (e.g., VEGF) to facilitate blood vessels 
formation, epidermal growth factors to induce tumor cell proliferation and 
migration, matrix metalloproteinases (e.g., MMP2, MMP9) to promote 
tumor cell invasion and metastasis, IL-10 and prostaglandin E2 to down 
regulate antitumor response (Allen et al., 2011; Colotta et al., 2009).

It is clear that inflammation associated with neoplastic progression is 
a complex phenomenon. The microenvironment, which contains a large 
number of cells and mediators, also are implicated in these inflammatory 
processes since diverse pathways influence tumor development. Targeting 
the cancer-associated inflammation certainly will contribute to anticancer 
therapy generally. Since inflammation is a complex process, agents can 
be targeted in different pathways. For example, NF-κB activity can be 
reduced by various compounds, which exert their activity through diverse 
mechanisms, such as inhibition of IKKβ (NF-κB kinase subunit β), inhibi-
tion of proteasomes to disrupt the degradation of IκB or direct targeting 
of NF-κB-dependent gene expression (Fang et al., 2013). However, sus-
tained NF-κB inhibition can lead to severe side effects caused by immune 
deficiency (Greten et al., 2007). The IL-6/JAK/STAT3 signaling path-
way plays an important role in cancer-associated inflammation (Yu et al., 
2009) and can be disrupted at different levels. Through the demonstrated 
use of siltuximab, as IL-6 ligand-blocking antibody (Sansone et al., 2012) 
which can neutralize IL-6, and that ruxolitinib (Verstovsek, 2009) that 
blocks Janus activated kinase (JAK) phosphorylation of STAT3, tumor-
associated inflammation can be significantly reduced. In order to reduce 
inflammation and its protumoral influence, TNF-α antagonists, such as, 
monoclonal antibody- infliximab, or fusion protein-etanercept, also have 
been applied. Moreover, inhibition of tumor-associated macrophages 
(TAMs) through targeting recruitment factors, including CSF-1, CCL2, 
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or MCP-1, makes this approach potentially useful for the treatment of 
cancer-associated inflammation (Fang et al., 2013).

12.3.2.4 Targeting Extracellular Matrix 

The extracellular matrix (ECM) is another major component of the tumor 
microenvironment, which surrounds cells and consists of various macro-
molecules, including proteins, glycoproteins, proteoglycans, and poly-
saccharides (Lu et al., 2012). Under normal conditions, ECM controls 
tissue development and homeostasis. During tumor progression ECM 
undergoes significant remodeling largely mediated by matrix-degrading 
enzymes, such as matrix metalloproteases (MMPs), and proteases of cys-
teine and serine. ECM degradation by MMPs facilitates angiogenesis and 
metastasis of tumor cells (Joyce, 2005; Pickup et al., 2014). However, 
some MMPs exhibit tumor suppressor properties by releasing antiangio-
genic proteins such as endostatin, angiostatin, and tumstatin (Joyce, 2005). 
This evidence may explain the failure of broad-spectrum MMP inhibitors 
during clinical trials (Coussens et al., 2002). Remodeled ECM contributes 
to neoplastic progression by interaction between various ECM’s proteins 
(e.g., fibrinogen, vibronectin) and cell surface receptors, such as αvβ3 and 
αvβ5, which are expressed on endothelial and tumor cells (Desgrosellier 
et al., 2010). Along with composition, ECM’s biomechanical properties 
also impact on tumor progression. For example, overexpression of lysyl 
oxidase (LOX) by fibroblasts leads to cross-linking collagen fibers and 
elastin, which, in turn, increases ECM’s stiffness and promotes cancer cell 
invasion and progression (Lu et al., 2012; Xiao et al., 2012). In order to 
reduce density and rigidity and thereby, improve transport of therapeutic 
agents into tumor tissues, co-delivery enzymes such as collagenase and 
gelatinase with drugs loaded nanoparticles has been used (Goodman et al., 
2007; Liu et al., 2012).

Other strategies of targeting extracellular matrix are based on inac-
tivation of its components. For example, cyclic or linear derivatives of 
RGD (Arg–Gly–Asp) peptide have been developed for binding αvβ3 and 
αvβ5 integrins. RGD moiety has been widely applied as a targeted ligand 
of nanocarriers, including liposomes, micelles and nanoparticles, for 
efficient delivery of anticancer drugs (Danhier et al., 2009; Xiong et al., 
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2005). It was also revealed that suppression of LOX enzyme activity 
results in reduction of tumor growth by decreasing cross-linking of colla-
gen fibers and restoration of normal-like tissues. For this purpose PLGA-
based nanoparticles have been used as carriers for anti-LOX antibodies, 
which exhibited tumor suppressive properties in in vivo experiments 
(Kanapathipillai et al., 2012). MMPs are considered as a potential aim 
for anticancer therapy. Nanoparticles-based approaches have been widely 
used for targeting MMPs. For example, targeting membrane type 1 matrix 
metalloproteinase (MT1-MMP), which is expressed on endothelial tumor 
cells, by liposomes coated with GPLPLR peptide (Kondo et al., 2004), 
or by liposomes modified with anti-MT1-MMP antibody for doxorubi-
cin delivery (Hatakeyama et al., 2007), demonstrated comparatively high 
antitumor activity.

12.4 CONCLUSION

In the field of medicine, specific drug targeting became an important tool 
for efficient therapy. Selective exposure on certain organs, tissues and cells 
can significantly reduce impact on healthy tissues, resulting in decreas-
ing of undesirable side effects. Specific effects on pathological area may 
reduce administered drug’s dose, which in turn leads to decrease in the 
drug’s concentration throughout the body without reduction of therapeutic 
index. Precise drug targeting offers the possibility to enhance the thera-
peutic efficacy and minimize damage of healthy tissues.

In this chapter, we focused on treatment of cancer using targeted 
molecular drugs and nanotherapeutics. Drug targeting approach is based 
on distinctive features of tumors which can differentiate it from normal tis-
sues. Passive and active drug targeting approaches make them very effec-
tive strategies in cancer treatment. Passive targeting is-based on enhanced 
vascular permeability, which is a distinctive property of angiogenesis in 
neoplastic progression. In order to achieve efficient extravasation through 
the leaky vasculature and homogeneous penetration into the tumor site, 
agents need to have appropriate physicochemical properties, such as size, 
shape, surface charge. Active targeting is-based on use of agents with high 
affinity for certain distinctive factors of neoplastic progression. Some of 
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these agents can be used either as an independent drug or targeting moiety 
of nanocarrier. The purpose of active targeting is to incapacitate the mech-
anisms, which play a significant role in tumor development. Drugs can 
be specifically targeted either intracellular or extracellular constituents of 
tumors, and subsequently may cause cellular dysfunction followed with 
apoptosis. Usually it is difficult to address passive and active targeting 
methods independently, since for efficient active targeting, agents need to 
extravasate and diffuse deep into the tumor tissue.

The utilization of nanocarriers for medical purposes opens new per-
spectives in the treatment of such diseases as cancer. The nanosized car-
riers can be designed according to the terms of use. In particular, they 
can offer such properties as co-loading of various drugs and imaging 
agents, specific targeting, and controlled drug release. Thus, nanomedi-
cines can provide effective and less toxic treatment. In order to achieve 
efficient comprehensive treatment, nanomedicines can be combined with 
radiotherapy or conventional chemotherapy. Moreover, nanomedicine is 
expected to have a significant progress in cancer immunotherapy.

Despite evident benefits, drug-targeting strategies still have a number 
of challenges. Especially in the case of cancer, highly accurate targeting 
is difficult to achieve due to presence of targeted components that exist in 
both cancer and normal tissues. Thereby, simultaneous specificity to more 
than one tumor constituents becomes a reasonable and appropriate strategy 
for drug targeting and delivery. In vivo application of nanotherapeutics is 
also rather limited. Biocompatibility of many nanocarriers are still remains 
an issue. For successful further use of nanocarriers it becomes important 
to study the impact of nanocarriers on biological components. To present 
day only some of nanotherapeutics received approvals demonstrating their 
biocompatibility. Another challenge of nanocarriers is that they do easily 
biodegrade within the tissue. Many nanocarriers can be fabricated through 
the use of biodegradable polymers, and through this method, challenges 
to drug targeting can be overcome. For non-biodegradable systems (e.g., 
inorganic nanoparticles), the following solution can be offered: fabrica-
tion of comparatively big carriers from a number of small particles using 
biodegradable linkers. Such a system can be passively targeted through the 
facilitation of the EPR effect. Then these carriers can penetrate inside the 
tumor tissue, while the biodegradable linkers will be degraded by tumor 
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specific enzymes, thus causing the disassembly of these small particles, 
which can be easily eliminated from the body via renal filtration.

Looking into the past and noting impressive progress made in nano-
medicine, in the future of is indeed optimistic, and we can expect the 
emergence of new types of efficient treatment of different diseases, based 
on personalized nanomedicine technologies.
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