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Preface

Pharmaceutical technology is based on the use of different technologies for the

preparation and development of pharmaceutical products. It is a branch of the

pharmaceutical sciences constantly linked to the development and use of innovative

technologies for the production and development of products with maximum

effectiveness, adequate dosage, and stable formulations, aiming at different appli-

cations in living beings.

Nanotechnology is a recent, highly interdisciplinary and versatile branch of

science that allows to develop products with interesting and novel structural

characteristics totally different from those obtained by the compounds in their

conventional form, a fact that attributes differentiated properties and specific

interaction mechanisms, which adds technological value to the newly developed

products. Thus, the use of nanotechnology in the pharmaceutical science promotes

the design and development of products known as nanopharmaceuticals, which are

composed of nanoscale properties with slow drug release systems, as stabilizers of

formulations, pharmaceutical activities, or systems for detection and evaluation.

The possibility of obtaining different mechanisms of response provided by the

nanotechnologically developed products allows varied combinations enriching the

range of products to be developed from this technology.

In this context, the book seeks to integrate the pharmaceutical sciences with

nanotechnology as a way to obtain innovative products and solutions applied to the

pharmacy. It provides the reader with a broad vision where nanotechnology is

employed with different perspectives and applications. This approach focuses on

the application of nanotechnology in pharmaceutical technology and also represents

an interdisciplinary nature that can be used by people interested in expanding their

knowledge in applied nanotechnology.
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The present book is highly interdisciplinary and would be very useful for a

diverse group of readers including pharmacologists, nanotechnologists, microbi-

ologists, biotechnologists, clinicians, and those, who are interested in development

of nanoproducts. The students should find this book useful and reader-friendly.

Amravati, India Mahendra Rai

Sorocaba, Brazil Carolina Alves dos Santos
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The original version of the book was revised.

The incorrect country name in preface “Sorocaba, India”

has been corrected as “Sorocaba, Brazil”.



Contents

Part I General

1 Bioinspired Metal Nanoparticles with Special Reference to

Mechanism . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

Magdalena Wypij and Patrycja Golinska

2 Nano-antimicrobials: A Viable Approach to Tackle

Multidrug-Resistant Pathogens . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31

Bushra Jamil and Muhammad Ali Syed

3 Nanoliposomes as a Platform for Delivery of Antimicrobials . . . . . 55

Adriano Brandelli, Cristian Mauricio Barreto Pinilla

and Nathalie Almeida Lopes

4 Synthesis of Metal Oxide Nanoparticles and Its Biomedical

Applications . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91

Zygmunt Sadowski and Agnieszka Pawlowska

5 Nanotechnology: A Tool for Targeted Drug Delivery . . . . . . . . . . . 113

Suchitra S. Mishra, Kunal B. Banode and Veena S. Belgamwar

6 Pharmaceutical Applications of Curcumin-Loaded

Nanoparticles . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 139

Mahendra Rai, Raksha Pandit, Priti Paralikar, Dipali Nagaonkar,

Farkhanda Rehman and Carolina Alves dos Santos

Part II Nanoparticles/Nanoformulations for Diseases and Patents

7 Nanoformulations for Cancer Therapy . . . . . . . . . . . . . . . . . . . . . . 157

Amaresh Kumar Sahoo, Arushi Verma and Prerna Pant

8 Nanoformulations for Vaginal Therapy . . . . . . . . . . . . . . . . . . . . . 183

Željka Vanić and Nataša Škalko-Basnet

ix



9 Nanoformulations for Wound Infections . . . . . . . . . . . . . . . . . . . . . 223

Avinash P. Ingle, Priti Paralikar, Raksha Pandit, Netravati Anasane,

Indarchand Gupta, Mahendra Rai, Marco V. Chaud

and Carolina Alves dos Santos

10 Lipid-Based Nanoformulations for Treatment of

Skin Diseases . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 247

Sajjad Janfaza and Seyedehhamideh Razavi

11 Anti-Proliferative Activity of Curcumin Loaded PLGA

Nanoparticles for Prostate Cancer . . . . . . . . . . . . . . . . . . . . . . . . . 267

Md. Asad Khan, Salman Ahmad, Irfan Ahmad

and M. Moshahid A. Rizvi

12 Nanotechnological Interventions for Drug Delivery in Eye

Diseases . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 279

Avinash P. Ingle, Priti Paralikar, Alex Grupenmacher,

Felipe Hering Padovani, Marilia Trindade Ferrer, Mahendra Rai

and Monica Alves

13 Role of Nanoparticles in Treatment of Human Parasites . . . . . . . . 307

M. E. Della Pepa, F. Martora, E. Finamore, M. Vitiello, M. Galdiero

and G. Franci

14 Patents Survey: Treatment of Alzheimer’s Disease Through

Nanotechnology-Based Drug Delivery System . . . . . . . . . . . . . . . . . 335

Rashmin B. Patel, Shivam D. Thakore and Mrunali R. Patel

Part III Toxicity

15 Nanomaterials: Properties, Toxicity, Safety,

and Drug Delivery . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 363

Luiza Helena da Silva Martins, Mahendra Rai, João Moreira Neto,

Johnatt Allan Rocha de Oliveira, Júlia Helena da Silva Martins,

Andrea Komesu, Debora Kono Taketa Moreira

and Paulo Weslem Portal Gomes

Index . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 383

x Contents



Contributors

Irfan Ahmad Department of Biosciences, Jamia Millia Islamia, New Delhi, India

Salman Ahmad Department of Biosciences, Jamia Millia Islamia, New Delhi,

India

Monica Alves Department of Ophthalmology and Othorrinolaringology, Faculty

of Medical Sciences, University of Campinas, Campinas, Brazil

Netravati Anasane Nanobiotechnology Laboratory, Department of Biotechnology,

SGB Amravati University, Amravati, Maharashtra, India

Md. Asad Khan Department of Biochemistry, Faculty of Dentistry, Jamia Millia

Islamia, New Delhi, India

Kunal B. Banode University Department of Pharmaceutical Sciences, Rastrasant

Tukadoji Maharaj Nagpur University, Nagpur, India

Veena S. Belgamwar University Department of Pharmaceutical Sciences,

Rastrasant Tukadoji Maharaj Nagpur University, Nagpur, India

Adriano Brandelli Laboratório de Bioquímica e Microbiologia Aplicada, Instituto

de Ciência e Tecnologia de Alimentos, Universidade Federal do Rio Grande do Sul,

Porto Alegre, Brazil

Marco V. Chaud LabNUS School of Pharmaceutical Sciences—Biomaterials and

Nanotechnology Laboratory, University of Sorocaba, Sorocaba, São Paulo, Brazil

M. E. Della Pepa Experimental Medicine Department, University of Campania

“Luigi Vanvitelli”, Naples, Italy

Marilia Trindade Ferrer Department ofOphthalmology andOthorrinolaringology,

Faculty of Medical Sciences, University of Campinas, Campinas, Brazil

E. Finamore Experimental Medicine Department, University of Campania “Luigi

Vanvitelli”, Naples, Italy

xi



G. Franci Experimental Medicine Department, University of Campania “Luigi

Vanvitelli”, Naples, Italy

M. Galdiero Experimental Medicine Department, University of Campania “Luigi

Vanvitelli”, Naples, Italy

Patrycja Golinska Department of Microbiology, Nicolaus Copernicus University,

Torun, Poland

Paulo Weslem Portal Gomes Center of Social Sciences and Education, State

University of Pará—UEPA, Salvaterra, PA, Brazil

Alex Grupenmacher Department of Ophthalmology and Othorrinolaringology,

Faculty of Medical Sciences, University of Campinas, Campinas, Brazil

Indarchand Gupta Nanobiotechnology Laboratory, Department of Biotechnology,

SGB Amravati University, Amravati, Maharashtra, India

Avinash P. Ingle Nanobiotechnology Laboratory, Department of Biotechnology,

SGB Amravati University, Amravati, Maharashtra, India

Bushra Jamil Department of Biogenetics, National University of Medical

Sciences (NUMS), Rawalpindi, Pakistan

Sajjad Janfaza Young Researchers & Elite Club, Pharmaceutical Sciences

Branch, Islamic Azad University, Tehran, Iran

Andrea Komesu School of Chemical Engineering, University of Campinas—

UNICAMP, Campinas, SP, Brazil

Nathalie Almeida Lopes Laboratório de Bioquímica e Microbiologia Aplicada,

Instituto de Ciência e Tecnologia de Alimentos, Universidade Federal do Rio

Grande do Sul, Porto Alegre, Brazil

Júlia Helena da Silva Martins School of Nutrition, Institute of Health Sciences,

Federal University of Pará—UFPA, Belém, PA, Brazil

Luiza Helena da Silva Martins Center of Natural Sciences and Technology, State

University of Pará—UEPA, Belém, PA, Brazil

F. Martora Experimental Medicine Department, University of Campania “Luigi

Vanvitelli”, Naples, Italy

Suchitra S. Mishra University Department of Pharmaceutical Sciences,

Rastrasant Tukadoji Maharaj Nagpur University, Nagpur, India

João Moreira Neto School of Chemical Engineering, University of Campinas—

UNICAMP, Campinas, SP, Brazil

Debora Kono Taketa Moreira School of Chemical Engineering, University of

Campinas—UNICAMP, Campinas, SP, Brazil

xii Contributors



Dipali Nagaonkar Nanobiotechnology Laboratory, Department of Biotechnology,

SGB Amravati University, Amravati, Maharashtra, India

Johnatt Allan Rocha de Oliveira School of Nutrition, Institute of Health

Sciences, Federal University of Pará—UFPA, Belém, PA, Brazil

Felipe Hering Padovani Department of Ophthalmology and Othorrinolaringology,

Faculty of Medical Sciences, University of Campinas, Campinas, Brazil

Raksha Pandit Nanobiotechnology Laboratory, Department of Biotechnology,

SGB Amravati University, Amravati, Maharashtra, India

Prerna Pant Department of Applied Sciences, Indian Institute of Information

Technology, Allahabad, Uttar Pradesh, India

Priti Paralikar Nanobiotechnology Laboratory, Department of Biotechnology,

SGB Amravati University, Amravati, Maharashtra, India

Mrunali R. Patel Ramanbhai Patel College of Pharmacy, Charotar University of

Science and Technology (CHARUSAT), Changa, Anand, Gujarat, India

Rashmin B. Patel Ramanbhai Patel College of Pharmacy, Charotar University of

Science and Technology (CHARUSAT), Changa, Anand, Gujarat, India

Agnieszka Pawlowska Department of Chemical Engineering, Wroclaw

University of Science and Technology, Wroclaw, Poland

Cristian Mauricio Barreto Pinilla Laboratório de Bioquímica e Microbiologia

Aplicada, Instituto de Ciência e Tecnologia de Alimentos, Universidade Federal do

Rio Grande do Sul, Porto Alegre, Brazil

Mahendra Rai Nanobiotechnology Laboratory, Department of Biotechnology,

SGB Amravati University, Amravati, Maharashtra, India

Seyedehhamideh Razavi Nanobiotechnology Research Centre, Baqiyatallah

University of Medical Sciences, Tehran, Iran

Farkhanda Rehman Nanobiotechnology Laboratory, Department of

Biotechnology, SGB Amravati University, Amravati, Maharashtra, India

M. Moshahid A. Rizvi Department of Biosciences, Jamia Millia Islamia, New

Delhi, India

Zygmunt Sadowski Department of Chemical Engineering, Wroclaw University of

Science and Technology, Wroclaw, Poland

Amaresh Kumar Sahoo Department of Applied Sciences, Indian Institute of

Information Technology, Allahabad, Uttar Pradesh, India

Carolina Alves dos Santos LabNUS School of Pharmaceutical Sciences—

Biomaterials and Nanotechnology Laboratory, University of Sorocaba, Sorocaba,

São Paulo, Brazil

Contributors xiii



Nataša Škalko-Basnet Faculty of Health Sciences, Department of Pharmacy,

University of Tromsø, The Arctic University of Norway, Tromsø, Norway

Muhammad Ali Syed Department of Microbiology, University of Haripur,

Haripur, Pakistan

Shivam D. Thakore A. R. College of Pharmacy & G. H. Patel Institute of

Pharmacy, Vallabh Vidyanagar, Gujarat, India

Željka Vanić Faculty of Pharmacy and Biochemistry, Department of

Pharmaceutical Technology, University of Zagreb, Zagreb, Croatia

Arushi Verma Department of Applied Sciences, Indian Institute of Information

Technology, Allahabad, Uttar Pradesh, India

M. Vitiello Department of Clinical Pathology, Virology Unit, “San Giovanni di

Dio e Ruggi d’Aragona Hospital”, Salerno, Italy

Magdalena Wypij Department of Microbiology, Nicolaus Copernicus University,

Torun, Poland

xiv Contributors



Part I

General



Chapter 1

Bioinspired Metal Nanoparticles

with Special Reference to Mechanism

Magdalena Wypij and Patrycja Golinska

Abstract The interest in metallic nanoparticles and their synthesis has greatly

increased over the past decades. Several physical and chemical methods for syn-

thesis of nanoparticles have been developed. However, involvement of toxic

chemicals, high-energy consumption, and costly equipments are the drawbacks to

their wide use. Therefore, “green” approach for the synthesis of metallic

nanoparticles by using plants and their extracts, algae, fungi, and bacteria, including

actinomycetes as well as viruses and biomolecules, is promising way, which is

quick, low-cost, and eco-friendly. The mechanism of synthesis of metal nanopar-

ticles by living organisms has not been fully explained, to date. However, the

bioreduction process with involvement of NADP-dependent nitrate reductase is

considered as a main step. The physical (e.g., morphology, zeta potential) and

chemical (composition of capping agents) properties of nanoparticles, which effect

on their activity, can be controlled during biosynthesis process. There are several

factors such as temperature, time, pH, and concentration of reagents used, which

influence the biological synthesis of metallic nanoparticles, mainly the size and

yield of synthesized nanoparticles.

Keywords Metallic nanoparticles � Biosynthesis � Bioreduction mechanisms

Reaction parameters � Physical factors � Chemical factors

Abbreviations

Ag Silver

Ag+ Silver ion

Ag0 Metallic state of silver

AgNO3 Silver nitrate

AgNPs Silver nanoparticles

Al Aluminum
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As Arsenic

Au Gold

BSA Bovine serum albumin

Cd Cadmium

CdS Cadmium sulfide

C-O Carbon oxygen bond

Cu Copper

Fe Iron

Fe2O3 Iron oxide

FTIR Fourier transform infrared spectroscopy

GC-MS Gas chromatography–mass spectrometry

HAuCl4 Chloroauric acid

Hg Mercury

NADP Nicotinamide adenine dinucleotide phosphate

NADP+ Nicotinamide adenine dinucleotide phosphate ion

NADPH Nicotinamide adenine dinucleotide phosphate reduced form

N-H Nitrogen hydrogen bond

NP Nanoparticle

NPs Nanoparticles

OH− Hydroxide ion

Pb Lead

-SH Sulfhydryl group

TMV Tobacco mosaic virus

Zn Zinc

ZnS Zinc sulfide

1.1 Introduction

Nanoparticles (NPs) are those particles, which have two or more than two

dimensions and are in the size range of 1–100 nm (Alanazi et al. 2010). Due to the

increased demand for various metallic and nonmetallic nanoparticles over the past

two decades, a wide range of physical and chemical techniques have been devel-

oped to produce nanoparticles of different sizes, shapes, and compositions.

Nanoparticles can be synthesized and stabilized via physical, chemical, and bio-

logical techniques. The physical approach includes techniques such as laser abla-

tion, lithography, and high-energy irradiation (Joerger et al. 2001), while the

chemical methods use chemical reduction, electrochemistry, and photochemical

reduction (Rajput 2015). Physical and chemical methods for synthesis of metal

nanoparticles are often extremely expensive and non-environmentally friendly due

to the use of toxic, flammable, and hazardous chemicals, which may pose potential

environmental and biological risk and high-energy requirement (Awwad et al.

2013). Additional drawbacks of chemical and physical approaches to nanoparticle

4 M. Wypij and P. Golinska



synthesis are low production rate, structural particle deformation, and inhibition of

particle growth (Keat et al. 2015). Thus, one of the primary goals of nanotech-

nology is to develop an eco-friendly production method that can provide

nanoparticles with low toxicity. Because physical and chemical methods use high

radiation or highly concentrated reductants and stabilizing agents that are harmful to

environment and to human health, the researchers have turned to biological systems

for inspiration of synthesis of metal nanoparticles, as these methods are rapid,

cost-effective, and eco-friendly. Biosynthesis of metal nanoparticles mediated by

living organisms such as bacteria, fungi, algae, plants or viruses and plant products

such as their enzymes, proteins, or carbohydrates becomes an important field of

nanotechnology (Iravani 2011, 2014). The green methods employ biological sys-

tems to fabricate nanostructures, which have the benefit of improving the bio-

compatibility of the nanomaterial (Xie et al. 2007). Prokaryotic and eukaryotic

organisms are considered as excellent candidates to be used to synthesize metallic

nanostructures by a purely enzymatic process (Ahmad et al. 2002). The important

advantage of using biological methods is that newly formed nanostructures are

stabilized by proteins, which act as capping agents and are also assumed to be

responsible for the bioreduction metal ions to metal nanoparticles (Ahmad et al.

2002; Xie et al. 2007; Mukherjee et al. 2008). Such stabilization protects

nanoparticles from aggregation and affects on their physical and chemical proper-

ties (Gole et al. 2001). It is known that any synthesis process, including synthesis of

metallic nanoparticles, depends on many physical and chemical factors such as pH,

reagent concentrations, temperature, and time (Joerger et al. 2001; Quester et al.

2016). The reaction conditions effect on nanoparticle morphology (Gericke and

Pinches, 2006). Therefore, it is necessary to control reaction parameters resulting in

desired nanoparticles (Sanghi and Verma, 2010; Quester et al. 2016).

Mechanisms of biological synthesis of metal nanoparticles have not been fully

explained. It is claimed that NADH-dependent nitrate reductase enzyme is an

important factor in biogenic synthesis of metal nanoparticles. The proposed mech-

anism is that bioreduction of metal ions (e.g., Ag+) is initiated by electron transfer

from NADH by NADH-dependent reductase as electron carrier. The metal ions

which receive electrons are reduced to metal (e.g., Ag0) and then to metal

nanoparticles (e.g., AgNPs) (Duran et al. 2011; Duran and Seabra 2012). However,

other non-enzymatic mechanisms are suggested to be involved in biogenic synthesis

of metal nanoparticles where proteins, amino acids, and sugars play a major role in

the reduction of metal ions (Mukherjee et al. 2001, 2008; Duran and Seabra 2012).

There is a long list of organisms (plants or plant extracts, micro- and macroalgae,

fungi, yeasts, bacteria, and actinomycetes) that have been used to synthesize various

metal nanoparticles such as silver, gold, platinum, lead, iron, titanium, cadmium

(Bhau et al. 2015; Zahir et al. 2015; Kumar and Kathireswari, 2016; Ali et al. 2016;

de Aragao et al. 2016; Quester et al. 2016; Składanowski et al. 2016; Wypij et al.

2017). However, synthesis of silver and gold nanoparticles has been mostly

reported to date.

In this chapter, the use of prokaryotic (bacteria and actinomycetes) and

eukaryotic (algae, fungi, yeast, and plants) organisms as well as viruses and
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biomolecules to the biosynthesis of metal NPs with special reference to mechanisms

is presented.

1.2 Fabrication of Metal Nanoparticles

Metal nanoparticles can be synthesized by using physical, chemical, or biological

methods (Iravani et al. 2014). From the structural point of view, methods of syn-

thesis of metal nanoparticles can be divided to “bottom-up” or “top-down” ap-

proach (Keat et al. 2015). Both chemical and biological syntheses of nanoparticles

rely on the bottom-up approach, which is based on the assembly of atom or

molecules to molecular structure in nanoscale range. Physical approaches to syn-

thesize metallic nanoparticles mostly use the top-down technique, which is based

on the mechanical method of size reduction by breaking down the bulk materials

gradually to nanoscale structure (Schröfel and Kratošová 2011).

The “bottom-up” technique is more preferable for the fabrication of nanoparti-

cles. This approach involves a homogeneous system wherein catalysts such as

reducing agent and enzymes synthesize nanostructures that are controlled by cat-

alyst properties, reaction media, and conditions (e.g., solvents, stabilizers, and

temperature) (Keat et al. 2015).

1.2.1 Physical Methods

Physical approaches to synthesize metallic nanoparticles include plasma arcing, ball

milling, thermal evaporation, spray pyrolysis, ultra-thin films, pulsed laser des-

orption, lithographic techniques, sputter deposition, layer–by-layer growth,

molecular beam epistaxis, and diffusion flame synthesis of nanoparticles (Joerger

et al. 2001).

The advantage of physical methods is narrow particle size distribution of the

produced NPs. The nanoparticles with high purity and desired size can be selec-

tively synthesized by using these methods (Sardar et al. 2014). The major drawback

of this approach is often imperfection of the obtained structure. The surface defects

significantly impact on physical and chemical properties of synthesized nanopar-

ticles (Schröfel and Kratošová 2011). The disadvantage of these methods is also the

need for expensive equipment (e.g., lasers) and higher-energy consumption for

maintaining the pressure and temperature conditions to obtain nanoparticles, which

may result in high operating costs. The lower productivity of physical methods for

nanoparticle synthesis compared to chemical ones is an additional limitation

(Schröfel and Kratošová 2011; Sardar et al. 2014).

6 M. Wypij and P. Golinska



1.2.2 Chemical Methods

The chemical methods such as electrodeposition, sol–gel process, chemical solution

deposition, chemical vapor deposition, and precipitation are used to synthesize

metallic nanoparticles (Rajput 2015).

Chemical reduction method is the most common synthetic pathway for metal

nanoparticle synthesis (Lal et al. 2011). This method is carried out based on the

reduction of aqueous metal ions (e.g., silver nitrate) in an appropriate operating

medium using chemical reductants such as sodium citrate or branched

polyethylenimine (Note et al. 2006; Nguyen et al. 2010). The use of sodium citrate

as a reductant leads to synthesis of negatively charged silver nanoparticles, while

the use of branched polyethylenimine to positively charged NPs (Moghaddam

2010). There are also other reducing agents reported as a suitable reducing agents

for metallic NP preparation, viz. methoxypolyethylene glycol (Mallick et al. 2004),

ascorbic acid (Wagner and Köhler 2005), stannous chloride (Vaskelis et al. 2007),

NaBH4 (Wagner et al. 2008), amine or hydroxyl-containing molecules (Note et al.

2006), azacryptand, amino acid (Selvakannan et al. 2004), or chitosan (Shih et al.

2009).

Chemical methods take a very short period of time for the synthesis of large

quantity of nanoparticles (Sardar et al. 2014). Chemical techniques, similar to

physical ones, allow to produce well-defined nanoparticles. Thus, the physio-

chemical properties, surface, and morphological characteristics of nanoparticles can

possibly be controlled depending on the subsequent application through variation in

precursor concentrations, reduction agent usage, and reaction conditions (Shah et al.

2015). However, in this method, capping agents are necessary for size stabilization

of the nanoparticles (Lalitha et al. 2013; Shah et al. 2015). These processes are

relatively inexpensive for large scale but involve the use of toxic chemicals, which

is hazardous to the environment (Schröfel and Kratošová 2011). The chemicals

used for synthesis of nanoparticles may lead to the presence of some toxic com-

pounds being adsorbed on the surface of nanoparticles. These toxic chemicals may

effect on adverse effects of use of metal nanoparticles in medical applications

(Sardar et al. 2014; Shah et al. 2015).

1.2.3 Biological Methods

Biological methods use less energy, non-toxic compounds, and environmentally

friendly resources such as plants, bacteria, fungi, micro- and microalgae

(Sathishkumar et al. 2009a, b; Iravani 2011). In all biological systems used for

synthesis of metal nanoparticles, the plant extract potential has been found to be

comparatively higher than the microbial culture (Keat et al. 2015). Moreover, the

microbial-based methods can be more harmful to the environment depending on the

type of microbes involved in the synthesis (Moghaddam 2010).

1 Bioinspired Metal Nanoparticles with Special Reference … 7



However, on reproducibility and stability of biogenic synthesis, as well, the rate

of bioreduction of metal ions using biological systems depends on synthesis con-

ditions, which are detailed afterward in this chapter.

Many microorganisms are known to be employed in the remediation of toxic

metals (Pérez-de-Mora et al. 2006). Therefore, fungi and bacteria were found as

possible nanofacilities for NP fabrication. Metallic nanoparticles can be synthesized

intra- or extracellularly (Ahmad et al. 2003, 2005; Golinska et al. 2014; Wypij et al.

2017). Fungi as a biological system for synthesis of metal nanoparticles possess

some additional attributes when compared to bacteria. They secrete large amounts

of proteins and enzymes per unit of fungal biomass, which results in larger amounts

of nanoparticles being produced (Narayanan and Sakthivel 2010). However, the

culture conditions can significantly influence the extra- or intracellular biosynthesis

process (Ahmad et al. 2005). Authors who studied gold nanoparticle synthesis

using Trichothecium sp. biomass observed that the reduction of Au ions performed

under stationary conditions led to extracellular synthesis of nanoparticles, but

agitation of the biomass tended to produce intracellular nanoparticles. It was con-

cluded that non-agitation promoted the release of enzymes and proteins, while

agitation prevented their release (Ahmad et al. 2005). The fluorescence spectra

studies of fungal mediated nanoparticles revealed that extracellular synthesis

resulted from the action of bioactive reducing agents secreted from the fungal cell

wall and fabricated nanoparticles were protein-stabilized. The same proteins

released by the fungal cells were present in the solution and bound to the surfaces of

nanoparticles (Kumar et al. 2003). The extracellular fabricated NPs are readily

recovered as they are fabricated at the cell surface or at the periphery of the cell. In

contrast, intracellular synthesis needs extraction process of nanoparticles from cells

which influence on low yield of obtained NPs (Dhillon et al. 2012).

Biological synthesis of metal nanoparticles is also a chemical approach as the

living cells are highly complex system with thousands of molecules. These mole-

cules with varied functional groups such as hydroxyl, amine can possibly facilitate

metal reduction (Schröfel and Kratošová 2011). Hence, it is very difficult to

determine a specific place of the cell or process responsible directly for NP syn-

thesis. The resulting product is usually mixture of cells or cell debris and NPs, and

separation of thousands of metabolic products or other molecules, which accom-

pany to biosynthesized nanoparticles, is extremely hard. Moreover, surrounding

matrix and capping proteins are responsible for stability of biosynthesized NPs

(Lynch and Dawson 2008) and can affect their properties.

The mechanisms of the synthesis of metal nanoparticles in biological systems

have not been fully described. However, the bioreduction is considered as a key

step (Mukherjee et al. 2008; Duran et al. 2011). Although mechanisms of biogenic

synthesis of nanoparticles have been mostly explained for silver and gold

nanoparticles, it is supposed that for other metal nanoparticles similar mechanisms

are involved (Golinska et al. 2016).

The NADH-dependent reductase from Fusarium oxysporum responsible for the

reduction of Ag ions and the subsequent formation of silver nanoparticles was the

first time proposed mechanism for the synthesis of silver nanoparticles both intra-

8 M. Wypij and P. Golinska



and extracellularly (Ahmad et al. 2003) (Fig. 1.1). The NADH-dependent reductase

enzyme was also proposed by Juibari et al. (2011) as a mechanism for the

reduction of silver ions to silver nanoparticles in Pseudomonas stutzeri AG259. The

biogenic AgNPs were also recorded when NADPH-dependent nitrate reductase,

anthraquinone, or hydroxyquinoline were present during biosynthesis process.

Both, quinones and NADPH, were donors of electron generated during the

reduction of silver ions to Ag0. The reduction of NADPH to NADP+ is required in

this process (Kumar et al. 2007). It is claimed that a non-enzymatic reduction

mechanism was involved in nanoparticle formation when Corynebacterium sp. was

used for synthesis (Sneha et al. 2010). The reduction of nanoparticles is believed to

be the result of a combination of several factors such as the presence of some

organic functional groups at the cell wall that induce reduction and the appropriate

environmental parameters such as pH and temperature that influence synthesis (Lin

et al. 2001). The action of functional groups present on the cell wall to produce

silver nanoparticles was supposed when the dried biomass of Lactobacillus sp. A09

and Bacillus megaterium D01 was used (Fu et al. 2000).

One of the hypothetical mechanisms responsible for mycosynthesis of metal

nanoparticles is the presence of proteins with amino acid possessing -SH bonds

(e.g., cysteine). Such biomolecules undergo dehydrogenation on reaction with sil-

ver nitrate, which leads to silver nanoparticle fabrication. The free amino acid

groups possibly serve as a capping agent for silver nanoparticles (Mukherjee et al.

2008; Duran and Seabra 2012; Golinska et al. 2016).

Chan and Mashitah (2012) who studied mycosynthesis of silver nanoparticles

suppose that in the reduction of silver ions to silver nanoparticles the diketone

compound was involved which was also confirmed by GC–MS analysis.

Fig. 1.1 A schematic diagram of a proposed mechanism for biomediated fabrication of metal

nanoparticles based on fungal biosynthesis of silver nanoparticles

1 Bioinspired Metal Nanoparticles with Special Reference … 9



The Michaelis–Menten type of mechanism for the synthesis of metal nanoparticles

has been also suggested (Mukherjee et al. 2008).

In intracellular synthesis, metal ions are firstly entrapped on the surface of cell,

which occurs due to the electrostatic interaction between lysine residues and metal

ions (Riddin et al. 2006), and then reduced below the cell surface by enzymes

present in the cell membrane, which leads to aggregation and formation of

nanoparticles (Mukherjee et al. 2001). It is also supposed that the cell wall sugars

play a major role in the reduction of metal ions (Mukherjee et al. 2001).

Interestingly, biologically synthesized nanoparticles tend to have higher

antimicrobial activity when compared with those obtained by using physical and

chemical methods. The higher antimicrobial activity is believed to be the result of

the action of synergistic proteins involved in capping and stabilizing the

nanoparticles (Kumar et al. 2013).

1.2.4 Synthesis by Plants

In recent years, biosynthesis of metal nanoparticles, especially silver and gold

nanoparticles, using plant extracts as nanofactories, is an important subject of

research in the field of bionanotechnology (Iravani 2011).

Plants have several cellular structures and physiological processes to combat the

toxicity of metals and maintain homeostasis. They also possess dynamic solutions

to detoxify metals, and hence, scientists have now turned into phytoremediation

(Abboud et al. 2013). The mechanisms of detoxification include immobilization,

exclusion, chelation, and compartmentalization of the metal ions and the expression

of more general stress response mechanisms, such as ethylene and stress proteins

(Sánchez et al. 2011). Heavy metals can be restricted by mycorrhizal association,

binding with plant cell wall and root excretions, metal efflux from the plasma

membrane, metal chelation by phytochelatins and metallothioneins, and compart-

mentalization within the vacuole (Shadid et al. 2017). The ability of plants to

accumulate high concentrations of essential metals, such as copper (Cu), iron (Fe),

zinc (Zn), as well as nonessential metals, such as cadmium (Cd), mercury (Hg), lead

(Pb), aluminum (Al), and arsenic (As), was observed (Sahayaraj et al. 2012; Oves

et al. 2016; Shadid et al. 2017).

Biosynthesis of nanoparticles can occur either on living or inactivated plant

biomasses. In plants or plant extracts, a wide range of metabolites with redox

potentials are present. These metabolites can act as reducing agents for the

reduction of metal ions to metal nanoparticles in the process of biogenic synthesis

of nanoparticles. Several bioorganic compounds in plant systems such as flavo-

noids, terpenoids, proteins, reducing sugars, and alkaloids were suggested to be

involved as either reducing or capping agents during the formation of nanoparticles

(Zhou et al. 2010; Duran et al. 2011). The plant-mediated synthesis of metal

nanoparticles using plants or plants-derived materials has been found to be most

effective, and produced nanoparticles are more stable when compared with

10 M. Wypij and P. Golinska



microbial synthesis (Ahmad and Sharma 2012). The aqueous plant extracts are

more frequently used for biogenic synthesis of metal nanoparticles than whole

plants as the availability of reducing agents is higher in the extracts than the whole

plants (Huang et al. 2007).

It is claimed that synthesis of metal nanoparticles in plants and plant extracts

includes three main phases: firstly, the activation phase in which the reduction of

metal ions and nucleation of the reduced metal atoms occur; secondly, the growth

phase, referring to the spontaneous coalescence of the small adjacent nanoparticles

into particles of a larger size, accompanied by an increase in the thermodynamic

stability of nanoparticles, or a process referred to as Ostwald ripening; and finally,

the termination phase in which the final shape of the nanoparticles is formed

(Makarov et al. 2014).

To date, a large number of plants and plants extracts have been used for

biosynthesis of various metal nanoparticles (e.g., silver, gold, platinum, lead, iron,

titanium) (Joglekar et al. 2011; Bhau et al. 2015; Naseem and Farrukh 2015; Zahir

et al. 2015; Ali et al. 2016; Kumar and Kathireshwari 2016). Plant-fabricated

nanoparticles were found in different sizes and shapes, which are detailed in

Table 1.1.

1.2.5 Synthesis by Algae

Algae are aquatic microorganisms and similar to plants not only accumulate heavy

metals, but also used them for synthesis of metallic nanoparticles (Shah et al. 2015).

Mainly gold and silver nanoparticle synthesis has been reported using both micro-

and macroalgae such as Chlorella vulgaris, Sargassum wightii, Kappaphycus

alvarezii and Fucus vesiculosus, Chondrus crispus, Spyrogira insignis, Tetraselmis

kochinensis, Enteromorpha flexuosa (Singaravelu et al. 2007; Xie et al. 2007;

Govindaraju et al. 2009; Mata et al. 2009; Rajasulochana et al. 2010; Luangpipat

et al. 2011; Senapati et al. 2012; Castro et al. 2013; Yousefzadi et al. 2014)

(Table 1.1). However, synthesis of Au/Ag bimetallic nanoparticles was also

observed from marine algae Sargassum wightii (Govindaraju et al. 2009). Most of

algae-fabricated nanoparticles have been synthesized extracellularly (Govindaraju

et al. 2009). Intracellular synthesis of gold nanoparticles was performed using

Tetraselmis kochinensis (Senapati et al. 2012).

1.2.6 Microbial Synthesis of Metal Nanoparticles

Microorganisms are frequently exposed to various and sometimes extreme envi-

ronmental factors. Their survival in such conditions depends on their ability to deal

with environmental stresses such as high concentration of metal ions (Dhillon et al.

2012; Shah et al. 2015).

1 Bioinspired Metal Nanoparticles with Special Reference … 11



T
a
b
le

1
.1

P
la
n
t,
p
la
n
t
ex
tr
ac
t,
an
d
al
g
ae

u
se
d
fo
r
sy
n
th
es
is
o
f
v
ar
io
u
s
m
et
al

n
an
o
p
ar
ti
cl
es

O
rg
an
is
m

T
y
p
e
o
f
N
P
s

S
iz
e
(n
m
)

S
h
ap
e

R
ef
er
en
ce

P
la
n
ts

N
ep
en
th
es

kh
a
si
a
n
a

L
ea
v
es

A
u

5
0
–
8
0

T
ri
an
g
u
la
r
an
d
sp
h
er
ic
al

B
h
au

et
al
.
( 2
0
1
5
)

G
re
w
ia

fl
a
vi
sc
en
ce
s

L
ea
f

A
g

5
0
–
7
0

S
p
h
er
ic
al

S
an
a
et

al
.
(2
0
1
5
)

L
a
w
so
n
ia

in
er
m
is

L
ea
f

A
g

1
3
–
6
1

S
p
h
er
ic
al

K
u
m
ar

an
d

K
at
h
ir
es
w
ar
i
( 2
0
1
6
)

H
yd
ra
st
is
ca
n
a
d
en
si
s

W
h
o
le

p
la
n
t

A
g

1
1
1

S
p
h
er
ic
al

D
as

et
al
.
( 2
0
1
3
)

C
u
rc
u
m
a
lo
n
g
a

T
u
b
er

P
d

1
0
–
1
5

S
p
h
er
ic
al

S
at
h
is
h
k
u
m
ar

et
al
.
(2
0
0
9
b
)

Ja
tr
o
p
h
a
cu
rc
a
s

L
at
ex

P
b

1
0
–
1
2
.5

S
p
h
er
ic
al

Jo
g
le
k
ar

et
al
.
(2
0
1
1
)

G
ly
ci
n
e
m
a
x

L
ea
f

P
d

1
5

S
p
h
er
ic
al

P
et
la

et
al
.
(2
0
1
2
)

D
io
p
yr
o
s
ka
ki

L
ea
f

P
t

1
5
–
1
9

C
ry
st
al
li
n
e

S
o
n
g
et

al
.
( 2
0
1
0
)

T
er
m
in
a
li
a
a
rj
u
n
a

B
ar
k

C
u

2
3

S
p
h
er
ic
al

Y
al
la
p
p
a
et

al
.
(2
0
1
3
)

S
te
rc
u
li
a
u
re
n
s

C
u
O

4
.8

S
p
h
er
ic
al

(P
ad
il
an
d
C
er
n
ík

2
0
1
3
)

A
n
n
o
n
a
sq
u
a
m
o
sa

P
ee
l

T
iO

2
2
3

S
p
h
er
ic
al

R
o
o
p
an

et
al
.
(2
0
1
2
)

E
u
p
h
o
rb
ia

p
ro
st
ra
te

L
ea
f

T
iO

2
8
3
.2
2

S
p
h
er
ic
al

Z
ah
ir
et

al
.
(2
0
1
5
)

P
si
d
iu
m

g
u
a
ja
va

L
ea
f

T
iO

2
3
2
.5
8

S
p
h
er
ic
al

S
an
th
o
sh
k
u
m
ar

et
al
.
(2
0
1
4
)

C
a
lo
tr
o
p
is
p
ro
ce
ra

Z
n
O

5
–
4
0

S
p
h
er
ic
al

S
in
g
h
et

al
.
( 2
0
1
1
)

A
lo
e
b
a
rb
a
d
en
si
s

L
ea
f

Z
n
O

1
5

S
p
h
er
ic
al

A
li
et

al
.
( 2
0
1
6
)

L
a
w
so
n
ia

in
er
m
is

L
ea
v
es

F
e

2
1

H
ex
ag
o
n
al

N
as
ee
m

an
d
F
ar
ru
k
h
(2
0
1
5
)

G
a
rd
en
ia

ja
sm

in
o
id
es

L
ea
v
es

F
e

3
2

S
h
at
te
re
d
ro
ck

N
as
ee
m

an
d
F
ar
ru
k
h
( 2
0
1
5
)

E
u
p
h
o
rb
ia

m
il
ii

S
te
am

F
e

1
3
–
2
1

S
p
h
er
ic
al

S
h
ah

et
al
.
(2
0
1
4
)

A
lg
a
e

C
h
lo
re
ll
a
vu
lg
a
ri
s

D
ri
ed

ce
ll
ex
tr
ac
t

A
u

4
0
–
6
0

T
et
ra
h
ed
ra
l,
d
ec
ah
ed
ra
l,

ic
o
sa
h
ed
ra
l

L
u
an
g
p
ip
at

et
al
.
(2
0
1
1
)

C
h
o
n
d
ru
s
cr
is
p
u
s

D
ri
ed

al
g
ae

A
u

3
0
–
2
0
0

S
p
h
er
ic
al
,
tr
ia
n
g
u
la
r
an
d
h
ex
ag
o
n
al

C
as
tr
o
et

al
.
(2
0
1
3
)

E
n
te
ro
m
o
rp
h
a
fl
ex
u
o
sa

S
ea
w
ee
d

A
g

2
–
3
2

ci
rc
u
la
r

Y
o
u
se
fz
ad
i
et

al
.
( 2
0
1
4
)

S
p
yr
o
g
ir
a
in
si
g
n
is

D
ri
ed

al
g
ae

A
g

3
0

sp
h
er
ic
al

C
as
tr
o
et

al
.
(2
0
1
3
)

G
ra
ci
la
ri
a
b
ir
d
ia
e

A
g

d
e
A
ra
g
ã
o
et

al
.
( 2
0
1
6
)

12 M. Wypij and P. Golinska



Microbial strategies for dealing with high concentrations of metallic ions include

changes in metal ion concentration via redox state changes, efflux systems, intra-

cellular precipitation, accumulation of metals, and extracellular formation of

complexes (Dhillon et al. 2012).

Although nanoparticles synthesized by microorganisms are very stable, there are

drawbacks to microbial synthesis. Amajor problem is the difficulty in providing good

control over size distribution, shape, and crystallinity of nanoparticles and the rates at

which they are synthesized. The manipulation of reaction parameters such as pH and

temperature might inactivate the microbes and suppress the bioreduction process.

Specialized facilities and long incubation are required for maintaining the growth of

microorganisms and subsequent formation of nanoparticles. Understanding the

mechanism by which these microbes synthesize the nanoparticles at the cellular,

biochemical andmolecular level may provide information on how to improve the rate

of synthesis, and the quality and intrinsic properties of the nanoparticles produced

(Narayanan and Sakthivel 2010). In addition, special precautions must be taken when

it is necessary to handle some bacteria or viruses that might be harmful to humans.

Hence, the associated biological safety issue should also be addressed for the

implementation of microorganism-mediated synthesis of nanoparticles on a large

scale and for commercial applications (Sardar et al. 2014).

1.2.6.1 Synthesis by Fungi

A large number of different genera of fungi, including yeasts, have been investi-

gated for the synthesis of metal nanoparticles. It has been found that fungi are

extremely good candidates (Table 1.2). Nanoparticles synthesized by fungi are

characterized by good monodispersity and well-defined dimensions (Mukherjee

et al. 2001; Shah et al. 2015). To date, several types of metallic nanoparticles

fabricated from different genera and species of fungi have been reported (Table 1.2)

both intra- and extracellularly (Ahmad et al. 2005; Agnihotri et al. 2009; Pimprikar

et al. 2009; Rai et al. 2015a; Golinska et al. 2016; Quester et al. 2016).

1.2.6.2 Synthesis by Bacteria

Many bacterial species, viz. Escherichia coli, Serratia nematodiphila, Halomonas

salina, Rhodopseudomonas sp., Lactobacillus sp., Bacillus sp., B. cereus,

Pseudomonas putida,Myxococcus virescens, Rhodobacter sphaeroides, Shewanella

algae, including actinobacterial ones, namely, Nocardiopsis valliformis,

Streptomyces kasugaensis, Pilimelia columellifera subsp. pallida, have been used for

the synthesis ofmetallic nanoparticles,mainly of silver and gold, but also of lead, zinc,

titanium, platinum, cadmium, copper etc. (Shankar et al. 2004; Bai et al. 2006;

Deplanche et al. 2010; Rajamanickam et al. 2012; Sunkar and Nachiyar 2012;

Das et al. 2014; Wrótniak-Drzewiecka et al. 2014; Rathod et al. 2016; Składanowski

et al. 2016; Wypij et al. 2017) (Table 1.2). Bacteria are known to synthesize metallic

1 Bioinspired Metal Nanoparticles with Special Reference … 13
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nanoparticles by either intracellular or extracellular mechanisms (Juibari et al. 2011;

Abdeen et al. 2014; Golinska et al. 2014; Karthik et al. 2014; Wypij et al. 2017), with

extracellular synthesis being the more common pathway. Intracellular reduction of

metallic Au ions by the Rhodococcus sp. has revealed that Au nanoparticles were

predominantly reduced on the cell membrane and cell wall, but not in the cytosol

(Abdeen et al. 2014).

1.2.6.3 Synthesis by Viruses

The use of viruses in the synthesis of metallic nanomaterials such as cadmium sulfide

(CdS), iron oxide (Fe2O3), zinc sulfide (ZnS), gold nanoparticles, and platinum nan-

otubes has been also reported overfifteen years (Lee et al. 2002;Mao et al. 2003;Gorzny

et al. 2010; Kobayashi et al. 2012). An attractive feature of viruses is their dense surface

covering of capsid proteins that form a highly reactive surface capable of interactingwith

metallic ions (Makarov et al. 2014). The capsid proteins can act as attachment points for

the deposition of materials (Aljabali et al. 2010; Gorzny et al. 2010; Kobayashi et al.

2012). Love et al. (2014) who studied the influence of tobacco mosaic virus (TMV) on

the synthesis of silver and gold nanoparticles showed that low concentrations of TMVs

added to Ag or Au salts before mixing with plant extracts of Nicotiana benthamiana

(round-leaved native tobacco) or Hordeum vulgare (Barley) decreased the size and

highly increased the yield of the synthesized nanomaterials compared to the non-virus

solutions. Their study also revealed that at higher virus concentrations fewer free

nanoparticles were formed, and at the same time, the TMV acted as a biotemplate that

underwent metallization to form nanowires (Love et al. 2014).

1.2.6.4 Synthesis by Biomolecules

It is claimed that different sugars such as monoses, dioses, and oligoses and pro-

teins, including enzymes, can act as a reducing agents for synthesis of various

metallic nanoparticles with different sizes and shapes (Panigrahi et al. 2004;

Wangoo et al. 2008; Bar et al. 2009; Tan et al. 2010).

Panigrahi et al. (2004) demonstrated that the presence of fructose during syn-

thesis process affects on the formation of uniform metallic nanoparticles, while

glucose and sucrose on production of variable-sized nanoparticles. Authors studied

sucrose as a non-reducing sugar for synthesis of silver and gold nanoparticles. The

AgNPs were not formed when sucrose and AgNO3 were present in the solution.

However, in combination with HAuCl4 as an Au precursor and sucrose, biosyn-

thesized gold nanoparticles were observed. Obtained results suggested that sucrose

was hydrolyzed by the chloroauric acid to glucose and fructose. Those compounds

were responsible for the bioreduction of nanoparticles (Panigrahi et al. 2004).

The formation of Ag nanoparticles was demonstrated using succinoglycan,

which is polysaccharide of Sinorhizobium meliloti consisting of one galactose and

seven glucose residues (Panigrahi et al. 2004). The proposed mechanism of
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bioreduction was that one reducing sugar in the succinoglycan provided one

electron to reduce Ag+ to Ag0. Some authors claimed that the aldehyde group of

reducing sugar, which was oxidized to carboxyl group by nucleophile addition of

OH−, was responsible for the reduction of Ag+ to Ag0 (Kwon et al. 2009). Shankar

et al. (2004) suggested that tetrachloroaurate ions could be bioreduced by the

aldehyde or ketone groups of reducing sugars present in the lemongrass extract and

lead to Au nanotriangles formation.

Many authors by FTIR analysis observed the amide I and amide II as well as the

C–O-stretching bands and amino groups (N-H) on the surface of biosynthesized

nanoparticles, which indicate the presence of protein functional groups (Golinska

et al. 2015; Wypij et al. 2017). This suggests that Ag nanoparticles can bind to

proteins through their free amine groups or carboxylate ions of the amino acid

residues. It was reported that amino acids like phenylalanine, tyrosine, tryptophan,

and histidine are the key players during synthesis of metallic nanoparticles as well

as their stabilization (Das et al. 2009). Highly stable and monodispersed Au

nanoparticles were obtained by electrostatic stabilization via surface-bound amino

acids (Mandal et al. 2002). Cyclic peptides in the latex of Jatropha curcas were

used as a bioreducing and biocapping agents to produce Ag nanoparticles (Bar et al.

2009). Similarly, in the presence of glutamic acid as both the reducing and the

stabilizing agent, the Au nanoparticle formation was observed (Wangoo et al.

2008). The reduction and binding capabilities of 20 natural amino acids to Au ions

were also screened by Tan and Lee (2010). It was found that the reduction process

was determined by the extent of complexation between the peptide and metal ions.

For synthesis of shape- and size-controlled Au nanoparticles, protein—bovine

serum albumin (BSA)—rich with cysteine, tyrosine, and charged residues was used

(Carter and Ho 1994; Xie et al. 2007, 2009).

Many authors found that several enzymes such as b-glucosidase (Govindaraju

et al. 2011), trypsin (Li and Weng 2010), pepsin (Kawasaki et al. 2011), ser-

rapeptase (Ravindra 2009), and lysozyme (Das et al. 2009) were successfully used

for synthesis of gold nanoparticles. Rangnekar et al. (2007) found that the enzymes

with free exposed thiol groups were able to catalyze the synthesis of gold

nanoparticles when compared with those without free exposed thiol groups.

Similarly, silver nanoparticles were synthesized using various enzymes like

lysozyme (Das et al. 2009), fibrinolytic enzyme produced by Bacillus cereus NK1

(Deepak et al. 2011), alpha amylase isolated from Aspergillus oryzae (Mishra and

Sardar 2012). The nanosilver particles synthesized using alpha amylase were

monodispersed, 22–44 nm in diameter, and with triangular and hexagonal shape.

Moreover, hydrogenase enzyme was used for the fabrication of platinum

nanoparticles (Govender et al. 2010).

The use of biomolecules to the biosynthesis leads to the production of

high-quality metal nanoparticles (good control of shape and size) which can be use

for a wide variety of applications.
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1.3 Factors Affecting Biosynthesis of Metal Nanoparticles

There is a number of controlling factors involved in the nucleation and subsequent

formation of stabilized metal nanoparticles and their size and shape during bio-

logical synthesis process. These factors include pH, reactant concentrations (e.g.,

dosage of plant biomass or salts), reaction time, and temperature as well as growth

in the light or dark, and composition of the culture medium (Joerger et al. 2001;

Quester et al. 2016). By establishing the relationship of these factors to the size and

shape of nanoparticles, it is possible to produce nanoparticles with desired prop-

erties in a controlled manner (Shah et al. 2015).

1.3.1 pH

The pH value of the reaction medium plays a significant role during the formation

of nanoparticles (Gardea-Torresdey et al. 1999). It has been reported that varying

the pH of the reaction medium leads to the synthesis of nanoparticles with various

shape and size. Generally, larger particles were produced at a lower acidic pH

values compared to higher pH values. Gurunathan et al. (2009a, b) reported that at

acidic pH the size of nanoparticles synthesized from Escherichia coli was of 45 nm,

whereas at alkaline pH of 15 nm. Gericke and Pinches (2006) obtained different

shape morphologies (triangle, hexagons, spheres, and rods) of metallic

nanoparticles by modulating the pH of reaction mixture between 3 and 9.

Sathishkumar et al. (2009a) reported that the number of synthesized silver

nanoparticles from Cinnamon zeylanicum bark extract increased with increasing

concentrations of bark extract and at higher pH values (>pH 5). On the other hand,

when palladium nanoparticles were synthesized from the bark extract of Cinnamon

zeylanicum at various pH values, a slight increase in particle size was observed. At

pH less than 5, the particles ranged from 15 to 20 nm, meanwhile at pH higher than

5 particles ranged from 20 to 25 nm (Sathishkumar et al. 2009b).

1.3.2 Temperature

This factor is important during any synthesis, including biological synthesis of

metal nanoparticles, which determine the size, shape, and yield of biosynthesized

nanoparticles (Gericke and Pinches 2006; Song et al. 2009). Generally, reaction rate

and particle formation rate appear to become faster when reaction temperature

increases; however, the average particle size decreases with increasing temperature

(Shah et al. 2015). Some authors demonstrated that at higher temperature of 65 °C

the yield of biosynthesized nanoparticles was lower when compared to synthesis

process at 35 °C (Riddin et al. 2006). However, Gericke and Pinches (2006) who
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studied gold nanoparticle synthesis observed that higher temperatures promote the

higher formation rate of nanoparticles. At lower temperatures, spherical-shaped Au

nanoparticles were predominantly formed, while at higher temperatures rodlike and

platelike nanoparticles were formed. It was observed that bigger particles (35 and

50 nm) were biosynthesized at room temperature of 25 °C than at 60 °C (10 and

15 nm) using both, bacteria (E. coli) and plants (Citrus sinensis) (Gurunathan et al.

2009a, b; Kaviya et al. 2011). However, Song et al. (2009) using leaf extract of

Diospyros kaki were able to synthesize stable AgNPs over a reaction temperature

ranging from 25 to 95 °C.

The size-controlled synthesis of silver nanoparticles by controlling the envi-

ronment is due to the formation of many seed crystals. At acidic pH and lower

temperatures, there will be less nucleation for silver crystal formation on which new

incoming silver atoms deposit to form larger sized particles. But as the pH and

temperature increase, the dynamics of the ions increase and more nucleation regions

are formed due to the availability of −OH ions and increased temperature. The

conversion of Ag+ to Ag0 increases followed by increase in the kinetics of the

deposition of the silver atoms (Rai et al. 2011). However, studies by Quester et al.

(2016) did not supported above statement. Authors observed synthesis of smaller

nanoparticles (1–6 nm) at low temperature and pH (4 °C and pH 3, respectively)

than at 25 °C and pH 6 or 10 (1–10 and 1–13 nm, respectively) using fungal extract

of Neurospora crassa.

1.3.3 Reagent Concentration

There are reports that the concentration of biomolecules found in plants or fungal

extracts can significantly influence the formation ofmetallic nanoparticles (Chandran

et al. 2006; Huang et al. 2007; Quester et al. 2016). It was observed that various

amount of Cinnamomum camphora or Aloe vera leaf extract in the reaction medium

significantly influenced the shape of the synthesized silver or gold nanoparticles

(Chandran et al. 2006; Huang et al. 2007). When the precursor chloroauric acid was

added to increasing concentrations of plant extract, the resulting nanoparticle shape

changed from triangular to spherical. The study also found that the carbonyl com-

pounds present in the extract assisted in shaping particle growth. Various extract

concentrations modulated particle size between 50 and 350 nm. Quester et al. (2016)

demonstrated that ratio of fungal extract to metal precursor (AgNO3) influenced the

size of biosynthesized silver nanoparticles. Smaller particles were formed at ratio 1:3

than 1:2, respectively.

It is known that higher concentrations of precursors for biosynthesis of metal

nanoparticles such as AgNO3 can be toxic for target organisms. Thus, the con-

centration of silver ions used for the nanoparticle synthesis should be lesser than

concentration defined as a threshold level beyond which the cells die (Schröfel and

Kratošová 2011).
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Generally, for the synthesis of silver nanoparticles by biomass, the optimum

concentration of silver salts that has been applied is 1 mM (Ahamd et al. 2003;

Kalimuthu et al. 2008).

1.3.4 Time

Rection time is an important factor for synthesis of metal nanoparticles. Many

authors showed various incubation time of reaction mixture essential for synthesis

of metal nanoparticles such as silver or gold NPs using biological systems (Ahmad

et al. 2003; Golińska et al. 2015; Rai et al. 2015a; Składanowski et al. 2016). Study

by Ahmad et al. (2003) revealed that the reaction time to synthesize spherical Ag

nanoparticles using Ananas comosus (Pineapple) extract observed by color change

of reaction mixture was 2 min. However, Dwivedi and Gopal (2010) using

Chenopodium album leaf extract fabricated spherical Ag and Au nanoparticles

within 15 min and up to 2 h. After that time, very few new nanoparticles were

produced (Dwivedi and Gopal 2010). Golinska et al. (2015), Składanowski et al.

(2016), and Wypij et al. (2017) using various species of actinobacteria showed that

time needed for good yield of biosynthesized silver and gold nanoparticles was 2–

3 days. Rai et al. (2015a) using three strains of Phoma sp. observed synthesis of

silver nanoparticles after 20 min of incubation of Phoma cell filtrate with AgNO3.

Incubation time was found to be one of the factors which effect on nanoparticle size

(Quester et al. 2016). Authors demonstrated that bigger nanoparticles were formed

from fungal extract after 24 h than after 12 h of incubation time. Similar obser-

vations were recorded by Prathna et al. (2011) who studied synthesis of silver

nanoparticles from Azadirachta indica leaf extract. Authors demonstrated that

increase in the reaction time tended to produce particles with bigger size. The

reaction time was varied between 30 min and 4 h to produce a change in particle

size ranging from 10 to 35 nm (Prathna et al. 2011).

1.4 Conclusion and Future Perspectives

This chapter encompasses the various methods of synthesis of metal nanoparticles

which can be fabricated by physical, chemical, or biological approach. The green

chemistry approach of using biological entities is in contrast with conventional

physical and chemical processes that often are expensive and use toxic materials

that have the potential to cause environmental toxicity, cytotoxicity, and carcino-

genicity. Moreover, the chemically synthesized nanoparticles require another step

for the prevention of aggregation of the particles by using stabilizers.

Biological approach includes either a cell-based system (living organisms or

inactivated biomass) or a cell-free system (mixtures of biomolecules from the

organisms or metabolic products secreted by the cells) which may be used for the
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metal nanoparticle synthesis. Bacteria are relatively cheap to cultivate and have a

high growth rate compared to other biological systems such as fungi or plants. The

another advantage of bacterial systems over plants and fungi is that bacteria are

relatively easy for genetic manipulations that can lead to better yield of fabricated

nanoparticles. Alternatively, fungi have the advantage of producing very high

yields of secreted proteins, which may increase nanoparticle synthesis rate. Many

fungi have mycelia that provide a much higher surface area than bacteria, and it can

effect on interaction of metal ions and fungal reducing agent, thus enhancing the

reduction of ions to metallic nanoparticles. Finally, the use of plants offers a

straightforward and clean procedure that does not need any special culture prepa-

ration or isolation techniques that are normally required for bacteria- and fungi-

based techniques.

Many biosynthesized nanoparticles are identical or similar to the products of

conventional chemical synthesis; however, some new architecture has been iden-

tified that is not found in chemical synthesis. Similar to chemical and physical

methods, the shape and size distribution of biosynthesized metal nanoparticles can

be controlled by modifying synthesis conditions, such as time, temperature, pH, or

reagent concentration.

Although the diversity of biological entities ranges from microorganisms to

plants, the cellular mechanism leading to the biosynthesis of metal nanoparticles is

not yet fully understood and need to be studied comprehensively. Further research

will therefore focus on the development of a fundamental understanding of the

process mechanism on a cellular and molecular level, including isolation and

identification of the compounds responsible for the reduction of metal ions.

Stabilization and capping mechanisms of nanoparticles must be further investigated

as well. The surface chemistry of biogenic nanoparticles should be properly

recognized.

Nowadays, study of biological synthesis is focused on searching for a better

understanding of the reaction pathways in both the cell-mediated and

biomolecule-mediated formation of metal nanoparticles. The general detoxification

process of metals by living organisms represents the most likely biological pathway

for the reduction and deposition of metal nanoparticles in vivo. Proteins are the

most active biomolecules involved in the synthesis of metal nanoparticles, because

they can act either directly on the metal (as multifunctional reducing and capping

agents) or through a mediated process, such as enzyme catalysis.

Although research in the field of nanotechnology has been dramatically

increasing since two decades, biofabrication methods and approaches still need to

be developed. This field will require great research efforts from biochemists,

physicists, biologists, and materials scientists; however, it shows great potential in

the biotechnology sector.
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Chapter 2

Nano-antimicrobials: A Viable Approach

to Tackle Multidrug-Resistant Pathogens

Bushra Jamil and Muhammad Ali Syed

Abstract Escalating resistance to almost every class of antibiotics is reducing the

utility of currently available antimicrobial drugs. A part of this menace is attributed

to poor pharmacokinetics and pharmacodynamics of the drug. Improvement in drug

delivery is the most challenging task encountered by the pharmaceutical industries;

however, nanotechnology can bring a revolution in drug design and delivery.

Nano-antimicrobials have their own intrinsic antimicrobial activity (nanoparticles)

or augment overall efficacy of enclosed antibiotics (nano-carriers), thus contribute

in mitigating or reversing the resistance phenomenon. Nanoparticles (NP) having

their own intrinsic antimicrobial activity kill microbes by mimicking natural course

of killing by phagocytic cells, i.e., by producing large quantity of reactive oxygen

species (ROS) and reactive nitrogen species (RNS). It is believed that NPs kill

microbes by simultaneously acting on many essential life processes or metabolic

routes of microbes; that as many genetic mutations to develop resistance against

them seems to be impossible. Nano-carriers improve the pharmacokinetics of the

enclosed drug. Moreover, one of the major techniques by which NAMs can

overcome resistance is targeted drug delivery to the site of disease. In this chapter, a

comprehensive detail about the mechanism of action of NAMs is presented in

context to multidrug-resistance phenomenon.
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2.1 Introduction

Antibiotics have brought a revolution to the history of modern medicine and have

played a fundamental role in ensuring safe surgical procedures, organ transplants,

and chemotherapy (Fabbretti et al. 2011). Due to antibiotics, both the mortality and

morbidity rates have significantly declined as the infectious diseases were always

considered as the principal cause of death. However, antibiotic’s meteoric rise

proved to be short lived, because of rapid emergence of resistance to almost every

class of antibiotics. World Health Organization (WHO) has already declared an-

tibiotic resistance among the three paramount threats to health. The theme of World

Health Day, on April 7, 2011, was “antimicrobial resistance: no action today and no

cure tomorrow” (Piddock 2012).

Antimicrobial resistance (AMR) is the ability of a microorganism (like bacteria,

viruses, and some parasites) to stop an antimicrobial (such as antibiotics, antivirals,

and antimalarials) from working against it. As a result, standard treatments become

ineffective, infections persist and may spread to others (http://www.who.int/

antimicrobial-resistance/en/). Such multidrug-resistant (MDR) microbes make the

treatment more difficult, expensive, and with more side effects. All those diseases

that were under control are causing difficulty in their treatment after the advent of

MDR bacteria (Alanis 2005; Hajipour et al. 2012; Al-Assil et al. 2013). Because

now the higher dose and potent antibiotics are needed to cure them.

The situation continues to be more alarming due to meager efforts put into

develop new drugs (Wright 2012). Since 2000, almost 22 new antibiotics had been

developed to overcome MDR phenomenon (Butler et al. 2013). Yet, antibiotic

resistance still persists. The major contributors to this menace are increased diffi-

culty in isolating novel antibiotics, prolonged development time, immense clinical

trials cost, “merger mania” in the industry, and most importantly the emergence of

resistance against newly developed compounds.

WHO has placed three pathogens in the newly revised list (2017) of critical

priority pathogens. It includes carbapenem-resistant pathogens, i.e., Acinetobacter

baumannii, Pseudomonas aeruginosa, and all other enterobacteriaceae that display

resistance against carbapenems. WHO has urged the need to develop new antibi-

otics against these three pathogens on priority basis (http://www.who.int/

mediacentre/news/releases/2017/bacteria-antibiotics-needed/en/).

Almost a decade back, it was the resistance in Gram-positive microbes that was

posing the threat. Nonetheless, with the implementation of control policies and

through the development of new medicines, it is considered to be under good control

now (Kumarasamy et al. 2010). However, though the situation against Gram-positive

microbes has improved the same against Gram-negative has exacerbated to an extent

that clinical microbiologists reached to the consensus that multidrug-resistant

Gram-negative bacteria are the existent threat to public health. There are many whys

and wherefores that can be attributed to this menace (Jamil 2014).

Gram-negative bacilli (GNB) include large number of clinically significant

pathogens: including both enterobacteriaceae and non-fermenting GNB
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(P. aeruginosa, A. baumannii, and Stenotrophomonas maltophilia) (Ruppé et al.

2015). Only the enterobacteriaceae comprises of more than 70 genera, it constitutes

normal flora of GIT and is the principal causative agents of gastrointestinal

(GI) infections. Clinically, significant pathogens belonging to this family are

Escherichia coli (E. coli), Klebsiella species, Salmonella, shigella, and

Enterobacter species (Pickering 2004; Paterson 2006; Lupo et al. 2013).

Enterobacteriaceae spread easily by hand carriage besides contaminated food and

water. It has genetic plasticity that reveals tendency to acquire genetic material

through horizontal gene transfer, mediated mostly by plasmids and transposons.

This combination is why emerging multidrug resistance in enterobacteriaceae is of

the utmost importance for clinical therapy (Paterson 2006).

It was considered to be causative agent of easily curable ailments; however, past

several decades have observed the spread of enterobacteriaceae with resistance to

broad-spectrum antimicrobials. Especially, the emergence of carbapenem-resistant

enterobacteriaceae (CRE) has invalidated almost all the available therapies. It has

created the havoc that once easily treatable infections like diarrhea may become

untreatable or very difficult to be managed. KPC (Klebsiella pneumoniae carbapen-

emase) and NDM (New Delhi metallo-beta-lactamase) are the recently discovered

types of CRE. KPC and NDM are the enzymes that break down carbapenems and

make them ineffective (Talukdar et al. 2013; Bologa et al. 2013; Jamil 2014).

It is evident that enterobacteriaceae has developed resistance against

Carbapenem, which is considered to be the drug of last resort. Second reason why

resistance in enterobacteriaceae is considered to be more notorious is that the rate of

spread of resistance; being very fast in Gram-negative than the same in

Gram-positive bacteria, the resistance genes in enterobacteriaceae are found on

mobile genetic elements that can readily disseminate resistance through horizontal

gene transfer to unrelated bacterial populations (Wellington et al. 2013). Moreover,

unprecedented human air travel is also considered to be a cause of dissemination of

resistance between countries and continents. Thirdly, there is currently no new

antibiotic in the developmental pipeline that can specifically target Gram-negative

microbes though many against Gram-positive are in the way (Butler et al. 2013).

The aim of this chapter was to discuss the various resistance mechanisms in

bacteria and how they can be addressed to prevent the development of further

resistance enzymes and dissemination of resistance phenomenon.

2.2 Multidrug-Resistance Prevalence

Multidrug-resistant phenomenon is displaying an escalating trend and represents a

great challenge to the health care system. The situation is particularly more drastic

for “ESKAPE” pathogens including Enterococcus spp., Staphylococcus aureus,

Klebsiella spp., A. baumannii, P. aeruginosa, and Enterobacter spp. A few of these

pathogens like A. baumannii has already become pan-resistant (Lewis 2013). Exact

data on MDR prevalence is not available from many countries, particularly from
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developing countries. Nonetheless, few studies have reported more than 80%

prevalence of ESBL positive E. coli (Nahid et al. 2013; Shakya et al. 2017),

whereas 32.5% prevalence of bla NDM-1 was observed in K. pneumoniae by

Dadashi et al. (2017).

2.3 Dissemination of Resistance

The mixing of susceptible to resistant microbes is an important cause of spread of

resistance genes. The resistance genes are mostly located on mobile genetic ele-

ments, and they can easily transfer the resistance genes between unrelated species

upon contact with each other. The most important and significant spot for the

transfer of genetic elements is the gut where all types of microbes mix and interact

with each other. Consumption of multiple antibiotics is also a very important factor

to induce resistance in microbes (Wellington et al. 2013). Another important factor

for spread of antibiotic resistance is the use of polluted water for irrigating the

crops. As healthy individuals consume these contaminated crops, they acquire

resistance genes and further spread it to whole food chain. Numerous studies have

already reported the presence of resistance pathogens in potable water, soil, and

environment (Wellington et al. 2013; Wang and Sun 2014; Fernando et al. 2016).

Not only the gut of humans and animals is the reservoir for exchange of genetic

materials but in fact, many environmental sites like waste management sites and

drainage sites also provide ideal environment for exchange of genetic materials and

act as hot spots for horizontal gene transfer (Laxminarayan et al. 2013). The situ-

ation is more gruesome because of the very fact that the resistant genes in enter-

obacteriaceae are usually associated with mobile genetic elements such as

transposons and integrons on large plasmids; therefore, they easily acquire and

spread resistance phenotypes (Nordmann et al. 2012). Likewise, they also have the

tendency to accumulate resistance genes from other species as well, and then these

multiple genes of resistance persist for years in them.

In addition, many antibiotics particularly, some synthetic antibiotics are not

easily biodegradable and can persist in soils for many years and microbes residing

there develop resistance against them naturally (Wellington et al. 2013).

2.4 Resistance Mechanisms in Bacteria

There are numerous ways by which bacteria can acquire resistance to antibacterial

agents (Fig. 2.1). However, to comprehend these mechanisms and more impor-

tantly, to control resistance, it is imperative to understand the basic chemistry,

physiology, and structure of bacteria.

At the very onset, all the Gram-negative pathogens carry an outer membrane and

are displaying more complex structure in comparison with Gram-positive
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Fig. 2.1 Mechanisms of antibiotic resistance

pathogens. This outer membrane is rich in lipopolysaccharides (LPS).

Lipopolysaccharides (LPS) not only gives negative charge but also act as perme-

ability barrier to transport of materials, nutrients, drugs, and chemicals (Bolla et al.

2011). In this section, we will discuss various resistance mechanisms in detail.

2.4.1 Porins Modifications

In bacteria, intra- and extracellular drug concentration is maintained primarily by

porins and efflux transporters. Hydrophobic compounds can cross membranes more

easily. Their transportation across the membrane is depending upon concentration

gradient. Conversely, hydrophilic molecules can only traverse via porins.

Lipopolysaccharides (LPS) in Gram-negative pathogens is offering a permeability

barrier to them.

Consequently, porin modifications are a significant resistance mechanism

adopted by various Gram-negative microbes (Bolla et al. 2011; Iyer et al. 2017;

Phan and Ferenci 2017; Shuvo et al. 2017).

2.4.2 Over-Expression of Efflux Pumps

Efflux pumps are the concentration-dependent proteinaceous pumps that can

extrude drugs actively from inside the microbes. There are five classes of these
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active transports, and antibiotics are their most significant substrate. If these efflux

pumps are over expressed, then they can actively pumped out antibiotics and thus

are major source of resistance in enterobacteriaceae (Pages and Amaral 2009). In

Gram-negative microbes, down regulation of porins along with over-expression of

efflux pump establishes as a major source of defense against all bactericidal and

bacteriostatic agents. The genetic elements responsible for regulation of efflux

pumps may be located on both plasmids and chromosomes. Thus, the resistant may

be intrinsic or acquired.

2.4.3 Modification of Antibiotic Target Sites

Third important mechanism of resistance in Gram-negative microbes is the alter-

ation in antibiotic binding site. Most of the b-lactam antibiotics inhibit bacterial

cells by inhibiting the process of cell wall synthesis. They actually bind with

Penicillin-binding proteins (PBPs) that are crucial for cross-linking the developing

peptidoglycan layers. As they occupy PBP, the process of cell wall synthesis gets

stop. Alteration in target site, i.e., PBP will end up in losing the b-lactam to bind

with PBPs. Many antibiotics also target ribosome as binding site. The antibiotic

binding sites are usually clustered at functional centers of the ribosome and the

antibiotic binding interfere with the normal protein synthesis. Nature has evolved an

effective and elegant way of preventing drug binding to the ribosome by simply

adding methyl groups to rRNA at appropriate sites. Strangely, methylation is the

only type of RNA modification found to date that provides acquired antibiotic

resistance (Vester and Long 2013).

Antibiotic resistance is also conferred by RNA methyltransferases. These

MTases act at RNA placed near the binding site of the antibiotic to which they

confer resistance.

2.4.4 Beta-Lactamase Production

Beta-lactamases (b-lactamases) are the enzymes produced by microbes that have

the capacity to cleave a four-membered ring present in beta-lactam (b-lactam)

antibiotics. This four-membered ring is an active moiety in the structure of

beta-lactam antibiotics. Once it is cleaved, the whole antibiotic is ineffective.

Bacteria have developed a large variety of b-lactamases like penicillinases that

cleave penicillin, cephalosporinases that hydrolyses cephalosporin antibiotics,

extended-spectrum beta-lactamases (ESBL), carbenicillinases, oxacillinases, car-

bapenemases etc., that are classified according to two schemes of classifications viz.

Bush-Jacoby-Medeiros classification system and Ambler classification (Bush and

Jacoby 2010).
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All those enzymes that have the capacity to hydrolyze penicillins (ampicillin and

piperacillin), third- and fourth-generation cephalosporins and monobactams

(aztreonam), are termed ESBL. Cephamycins (i.e., cefoxitin and cefotetan) and

carbapenems (i.e., imipenem, meropenem, doripenem, and ertapenem) are sus-

ceptible to their action. ESBL enzymes are readily inhibited by lactamase inhibitors

such as clavulanic acid, sulbactam, and tazobactam.

As ESBLs are inhibited by beta-lactamase inhibitors, this unique property serves

as an important phenotypic test that is conveniently exploited to identify ESBLs in

bacteria (Perez et al. 2007) (Fig. 2.2).

The majority of ESBLs belongs to the class A (TEM, SHV, CTX-M) and D

(OXA-type ESBLs) in Ambler classification and from groups 2be (TEM, SHV,

CTX-M) and 2d (OXA-type ESBLs) in Bush’s classification (Pitout and Laupland

2008). Pertinent to mention is that OXA-type ESBLs have been found mainly in

P. aeruginosa and only rarely in enterobacteriaceae (Paterson 2006).

ESBL genes (blaESBL) are mostly encoded by large plasmids (up to 100 kb and

even more) that are transferable from strain to strain and between different bacterial

species through conjugation; these are not chromosomally mediated (Stürenburg
and Mack 2003). Thus, ESBL genes can be transmitted between different

Gram-negative bacteria. In addition, their association with mobile genetic elements

(e.g., integrons and transposons) facilitates dissemination of resistance pattern many

folds. This is not the only resistance gene presents on plasmid rather the situation is

more gruesome because of the very fact that ESBL –producing bacteria show

cross-resistance to other classes of antibiotics such as aminoglycosides, fluoro-

quinolones, cotrimoxazole, and tetracycline (Pitout and Laupland 2008). There are

Fig. 2.2 Detection of

extended-spectrum

b-lactamases
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more than 700 types of ESBLs that have been detected all over the world (Al-Assil

et al. 2013).

Carbapenemases are b-lactamases able to hydrolyze b-lactam antibiotics,

including carbapenems and cephamycins which are not hydrolyzed by ESBL.

However, they cannot catalyze the hydrolysis of Aztreonam. These are termed

metallo-b-lactamases because metal ion is necessary for their activity. They are

inhibited bymetal chelators, for instance, EDTA but not by beta-lactamase inhibitors.

Pertinent to mention here is that carbapenems (imipenem, ertapenem, mer-

openem, and doripenem) are the latest developed molecules that possess the

broadest spectrum of activity and are considered to be as last resort therapy. CRE

has become notorious and deadly with a death toll up to 50%.

Class A carbapenemases (Ambler Group and 2f from Bush’s grouping) can be

chromosomally encoded (SME) or plasmid encoded (KPC). The KPC-types are the

most clinically common carbapenemases found in Ent and are responsible for

hospital outbreaks. Class B carbapenemases (Ambler Group and 3a from Bush’s

grouping) are called as metallo-b-lactamases (MBLs). They are usually of VIM and

IMP types, but the recently emerged NDM-types are becoming the most threatening

carbapenemases and have spread rapidly among Ent in all continents (Jabes 2011;

Piddock 2012). In Ent, class D carbapenemases (Ambler Group 2df from Bush’s

grouping) are mainly represented by the OXA-48-like enzymes (e.g., OXA-48, -162,

and -181). These genes are extensively reported among E. coli and K. pneumoniae

isolates in the European and African Mediterranean countries. However, very

recently, OXA-48 producers have been reported in North America (Nordmann et al.

2012).

Carbapenem-Resistant enterobacteriaceae (CRE) develops a form of infection that

is hard-to-treat, and it is displaying an escalating trend among patients in medical

facilities. CRE have become resistant to nearly all the antibiotics. Particularly, CRE

with NDM-1 carbapenemase are a particular intimidation, as the blaNDM-1 gene is

highly promiscuous and is readily transmitted between species and genera, with

concomitant transfer of up to 14 antibiotic resistance genes. There is much evidence

that CPE with NDM-1 carbapenemase are widespread in the population of the Indian

subcontinent (Kumarasamy et al. 2010; Bushnell et al. 2013).

This poses a significant challenge to effective antimicrobial therapy of patients in

this region, and there is a clear danger of global dissemination of NDM-1 via

international travel (Day et al. 2013).

NDM-1 has been disseminated in different countries and is being reported

globally. Because of its association with Indian subcontinent, a number of studies

have included samples from Pakistan and India to evaluate the prevalence and

spread of this enzyme. A study conducted on stool samples from patients at Military

hospitals in Pakistan revealed an overall prevalence of 18.5% NDM-1 positive

enterobacteriaceae with 27.1% from inpatients while 13.8% were from out patients

(Perry et al. 2011). Out of 356 clinical isolates, 160 showed carbapenem resistance.

Of these 160 isolates, 131 displayed MBLs production as accessed by combined

disk method. In MBLs producing organisms, PCR amplification confirmed 31

(23.6%) isolates harboring blaNDM-1 gene, 33 (25.1%) isolates having blaVIM
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gene, and 2 (1.5%) isolates displaying blaIMP gene. Plasmid profile analysis of

NDM-1 positive organisms showed variable number of plasmids which were stable

during serial passages in antibiotic-free media. The prevalence of ESBL producing

organisms was recorded to be 87.5% (Nahid et al. 2013).

2.5 Counter Strategies to Combat Resistance

2.5.1 Overcoming Beta-Lactamases

The very first counter strategy to combat resistance is to overcome b-lactamases

enzyme production. This could be done through finding b-lactamases inhibitor or

by discovering new antibiotics that are not target for b-lactamases. b-lactamases

inhibitor has structural similarity to the antibiotic molecules, but they themselves

are not active. They actually occupy the b-lactamases and thus, the actual antibiotic

would be free from their catalytic activity (Babic et al. 2006) (Fig. 2.3).

2.5.2 Increasing Antibiotic Influx

Second most significant resistance mechanism in Gram-negative microbes is the

inability of hydrophilic drugs to cross the outer membrane barrier due to alteration

Fig. 2.3 Counter strategies to inhibit antibiotic resistance
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in porins. On the other hand, hydrophobic drugs cannot trespass barrier due to

modifications in LPS. To combat resistance in Gram-negative microbes because of

limited entry, there is a need to enhance penetration of antibiotics. Certain chemical

facilitators and chemosensitizers, such as detergents, surfactants, chaotropic agents,

polymyxins, and antimicrobial peptides can be employed for this purpose.

2.5.3 Destabilization of LPS Barrier

Lipopolysaccharides (LPS) presence in Gram-negative pathogens is a natural

mechanism to hinder the diffusion of hydrophilic molecules. If this barrier is

destabilized by any mean, then it could be another possible solution to evade this

resistance mechanism. This barrier could be damaged by using chaotropic agents or

detergents like Tris/EDTA. Usage of Tris/EDTA will cause the release of LPS in

the medium, and it will be replaced by glycerophospholipids. This replacement of

LPS by glycerophospholipids will create pores in outer membranes barrier and

make it more permeable.

2.5.4 Blocking the Efflux

Among two most important mechanisms of resistance in microbes are that firstly,

antibiotics cannot penetrate bacterial cell membrane and secondly, if some of the

fraction trespass the barrier, then it would be eventually pumped out by means of

efflux pumps. Efflux pump inhibitors in combination with conventional antibiotic

therapy are now considered as an attractive target for the development of a com-

binational therapy (Pages and Amaral 2009; Kourtesi et al. 2013).

2.5.5 Natural Antibiotics

The most significant reason for the development of resistance is the injudicious use

of antibiotics. So there is a need to limit the overuse of antibiotics. The quest for

novel effective antimicrobial agents from natural products has attracted much

attention in recent years as complementary and alternative therapy (Calo et al.

2015). Essential oils (EOs) are complex mixtures of biologically active substances

and offer potential novel template molecules and mixtures of bioactive compounds

that came into existence after thousands of years of evolution. They have been

confirmed to possess antibacterial, antifungal and anti-inflammatory, antioxidant,

anticancer, and antiviral activities (Aumeeruddy-Elalfi et al. 2015; Sharifi-Rad et al.

2015). The efficiency of the essential oils depends on its chemical composition,

genotypes, environmental, and agronomic conditions (Mohamed et al. 2014).
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Numerous studies have highlighted antimicrobial effects of EOs even against

multidrug-resistant bacteria (Coelho and Pereira 2013). EOs have already been used

as an aerosol to clean hospital surfaces, environment, and equipment. Because of

their fresh fragrance, they also provide a soothing and refreshing environment.

Furthermore, use of EOs as food preservatives has also been described by many

others (Calo et al. 2015). Because of their complex chemical composition, often

composed of more than 100 different terpenic compounds and thousands of years of

evolution EOs have broad spectrum of activities. In the pharmaceutical field, EOs

have been included in the composition of many dosage forms (capsules, ointments,

creams, syrups, suppositories, aerosols, and sprays) (Mohamed et al. 2014) and the

number of pharmaceutical preparations containing EOs is constantly growing.

Despite the excellent antimicrobial activity of EOs against pathogenic

microorganisms, their utilization is very limited owing to their low water solubility

and less stability to environmental factors like heat, moisture, oxygen. To improve

water dispersion and protect EOs from degradation, nano-sized formulations

emerge as a viable solution to the problem (El Asbahani et al. 2015).

Nanoencapsulation has already proved to improve the antibacterial activity of

several antibiotics (Jamil et al. 2016a, b).

2.5.6 Nano-Antibiotics

One of the recent struggles in addressing the challenge of resistance lies in

exploring antimicrobial nanomaterials to which microbial pathogens may not be

able to develop resistance, and novel nano-sized platforms for efficient antibiotics

delivery (Pelgrift and Friedman 2013).

All those nanomaterials, which possess their intrinsic antimicrobial activity or

augment the overall efficacy and safety of enclosed or adsorbed antibiotics, are

termed “nano-antibiotics” (Huh and Kwon 2011). This definition includes

nano-carriers as well. Nano-carriers are drug vectors which retain and transport

drug; deliver it within or in the vicinity of target. In general, nano-carriers may

protect a drug from degradation, enhance drug absorption, modify pharmacokinetic

and pharmacodynamics, and improve intracellular penetration (Thorley and Tetley

2013).

Bio-based nano-carrier systems (including liposomes, chitosan, etc.,) as drug

delivery vehicle are replacing metallic NPs because of various advantages rendered

by them being biodegradable, biocompatible, economical, easy to manufacture with

minimal or no side effects (Kumari et al. 2010).

There is a general consensus that nano-antimicrobials (NAMs) could be an

effective alternative to conventional antibiotics and helpful in combating drug

resistance. Recent studies have reported improved efficacy of antibiotics after

encapsulation in nano-carrier systems (NCS) or by directly using bactericidal NPs

with intrinsic antimicrobial potential (Hajipour et al. 2012; Jamil et al. 2017a).

2 Nano-antimicrobials: A Viable Approach to Tackle … 41



2.6 Advantages of Nano-Antibiotics Over Conventional

Antibiotics

The key advantages of nano-antibiotics over conventional antibiotics are that they

can improve bioavailability by enhancing solubility, protecting the drug from

premature degradation, both in vivo and during storage (Huh and Kwon 2011).

Thus, the desired therapeutic effect could be achieved by improving bioavailability

at low dose. Ultimately, it will reduce the dose-dependent side and toxic effect of

drug, and patient compliance will be improved indirectly. By targeted drug deliv-

ery, drug will be released at site of action only. The infected site will get the

maximum quantity of drug and antimicrobial effect would be optimum. These

nano-formulations can ensure sustained and controlled release of the drug, which

help to reduce therapeutic dose and its frequency. Another advantage offered by

nano-antibiotics is their cost effectiveness and stability during manufacturing and

shipping. Most important problem associated with conventional antibiotic therapy

is antibiotic resistance, which could also be overcome through nano-antibiotics

(Pelgrift and Friedman 2013).

2.7 Mechanism of Action of Nano-Antimicrobials

There are many hypotheses regarding antimicrobial mechanisms of action

(MOA) of NAMs though exact MOA is still unknown (Fig. 2.4). There is a general

consensus that the NAMs could prove to be a good alternative to conventional

antibiotic therapy, and they could also serve as a potential agent to combat MDR

microbes. As they kill microorganisms by simultaneously acting on many different

essential life processes and/or metabolic routes, that so many genetic mutations in

microbes are theoretically not possible to make them resistant against all modes

(Hajipour et al. 2012; Pelgrift and Friedman 2013). NAMs show good antibacterial

properties owing to their large surface to volume ratio so provide a more direct

contact to bacterial surface. Particularly, cationic NPs can attach firmly by elec-

trostatic interaction to the negatively charged outer membrane of bacteria, which

causes the leakage of cell contents by disrupting its integrity. NAMs have also been

reported to combat multi-resistant pathogens by enhanced cellular internalization

and by decreased efflux of drug from bacterial pathogens. NAMs can prevent or

overcome biofilm formation. There are many pathogens that are intracellular and

are difficult to target by ordinary antibiotics, but NAMs can be manipulated to

specifically combat intracellular bacteria. NAMs can target antimicrobial agents to

the site of infection so that only the infected area will get the maximum dose of

drug (Pelgrift and Friedman 2013) and the rest of the body will be safe from the

toxic effects of the drug.

All the multi-cellular organisms are endured with a very strong immune system.

Intact immune system protects the body against infectious agents and foreign toxic
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substances. Main component of the innate immune system is phagocytic cells; they

engulf and destroy any intruder. They mainly kill microbes and other foreign toxic

substances by producing large quantity of reactive oxygen species (ROS) and

reactive nitrogen species (RNS) (Bogdan et al. 2000). NPs particularly metallic NPs

exert their toxic effect by mimicking natural immune response or augment the

natural immunity by generating large quantity of ROS or RNS that is more than the

physiological concentration. Others may exert direct killing effect by directly tar-

geting cellular DNA, proteins, or lipids.

2.7.1 Generation of Reactive Oxygen Species (ROS)

The main mechanism of action of metallic NPs is through the generation of reactive

oxygen species (Avalos et al. 2014; Fu et al. 2014; Onodera et al. 2015; You et al.

2016; Saravanakumar et al. 2017)

Fig. 2.4 Possible mechanisms of action of Nano-antimicrobials (NAMS) on bacteria (Jamil et al.

2017a)
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ROS is a general term for all those substances that can act as an oxidizing agent

and may have the potential to generate free radicals. However, it comprises both

radicals (O2−) and non-radicals (H2O2). This term includes hypochlorous acid

(HOCl), hypobromous acid (HOBr), ozone (O3), peroxynitrite (ONOO), and

hydrogen peroxide (H2O2). Most of these ROS are very short lived with a half-life

of microseconds or nanoseconds and so act only locally with the exception of H2O2

which has the half-life of few minutes (Manke et al. 2013) and is the most notorious

of all. The sources of ROS may be both endogenous and exogenous. Endogenous

sources include transient metals, myeloperoxidase, NADPH oxidase, mitochondria,

peroxisomes, endoplasmic reticulum, and lysosomes. The exogenous sources

include UV radiations, smoking, certain chemicals, and drugs. ROS have many

physiological functions and serve both beneficial and deleterious roles. Its benefi-

cial role includes defense against pathogens, cell signaling molecule,

anti-tumorigenic potential, and most importantly aid in maintaining redox home-

ostasis (Valko et al. 2007).

ROS are also normal physiological by-product of oxidative phosphorylation. At

the end of respiratory chain, terminal electron acceptor is oxygen. Molecular

oxygen is minimally reactive due to spin restriction and is usually converted to inert

molecule, i.e., water. However, occasionally, a very small portion of oxygen instead

of being converted to water is reduced to generate superoxide radical. Then the

sequential reduction of superoxide forms a number of ROS including hydrogen

peroxide, hydroxyl radical, and hydroxyl ion. ROS despite being the normal

physiological product (s) can become toxic if produced in large quantity so can be

voided by natural scavenger mechanisms to prevent it from becoming toxic

(Buonocore et al. 2010). There is a balance between generation and neutralization

of ROS. During the course of an infection, the phagocytic cells produce ROS. This

process requires an increased consumption of oxygen by these cells by the action of

NADPH oxidase. As the immune cells come across pathogens, there is “respiratory

burst,” i.e., rapid release of ROS to kill the invaders. ROS generation is generally

self-limiting because of their very short life span and because of detoxification

mechanism of the body. But at times, there may be oxidative stress due to over

production of ROS or less mitigation of produced ROS (Buonocore et al. 2010).

ROS exert its effect on all vital cell constituents, i.e., nucleic acid, proteins, and

lipids (Cabiscol et al. 2000; Manke et al. 2013). Lipids are the foremost important

targets. Free radicals induce lipid peroxidation of polyunsaturated fatty acids pre-

sent in the cell membranes. The cell membranes are their main target, as a result

there will be increase in membrane rigidity, and ultimately, membrane properties

will be altered. There will also be disruption of membrane-bound proteins. Lipid

peroxidation of polyunsaturated fatty acids will further yield more toxic products

such as aldehyde, which will expand the damage by targeting proteins as well.

Generally, free radicals are very short lived; however, aldehydes are very reactive

and long lived as well. That is why their damage is also more diffused. They act as

“second toxic messengers” of the complex chain reactions (Cabiscol et al. 2000).

ROS target DNA by attacking the DNA backbone and cause the single- and

double-strand breaks. It leads to the generation of DNA adduct (a piece of DNA
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covalently bonded to a carcinogenic chemical), and generation of AP sites

(apurinic/apyrimidinic site) also recognized as an abasic site (location in DNA or

RNA that has neither a purine nor a pyrimidine base, either spontaneously or due to

DNA damage). All these lesions are lethal to the cell and will block replication

(Cabiscol et al. 2000).

ROS bring about oxidation of proteins, and as a result, several modules of

damage are recognized. Disulfide bond is critical for protein folding and stability.

Cytosolic proteins have cysteine’s residues in the reduced environment of

cytosol, whereas many secreted proteins have disulfide bond to increase the stability

of secretory proteins. Disulfide bond is not stable under the reduced environment of

cytosol. ROS change the reduced environment of cytosol, and thus, surplus

disulfide bonds are produced. ROS also alter the protein structure by inducing the

modifications of amino acid side chains. Consequently, the protein structure is

altered. As the structural changes lead to functional changes, the whole cellular

metabolism gets disturbed (Cabiscol et al. 2000).

All the above-mentioned changes in protein structure were reversible changes.

ROS also bring about certain irreversible changes by metal ion-catalyzed oxidation

(MCO) reactions. This system converts oxygen to hydrogen peroxide and ferric to

ferrous ions. These H2O2 and ferrous ions will bind at metal binding sites, and other

free radicals will be produced which will bring about alterations in amino acids side

chains. As a result of these modifications, these proteins will be subjected to

degradation (Cabiscol et al. 2000; Butler et al. 2013; Manke et al. 2013).

2.7.2 Generation of Reactive Nitrogen Species (RNSs)

Reactive nitrogen species (RNS) are derived from the combination of nitric oxide

(NO) and superoxide (O2 −) radicals (Fig. 2.5). Nitric oxide is generated by

phagocytic cells of immune system. It kills all types of microbes both

Gram-positive and Gram-negative. These phagocytes have inducible nitric oxide

synthase (iNOS). Phagocytes, particularly macrophages, express iNOS after

induction by cytokines like interferon-gamma (IFN-c) and after exposure to

microbial products such as lipopolysaccharide (LPS). RNS usually act in combi-

nation with ROS (Manke et al. 2013).

Nitric oxide (NO) forms peroxynitrite (ONOO −) after combination with

superoxide (O2
−). The peroxynitrite so produced is also highly reactive and

sequentially generate other RNS like nitrogen dioxide (NO2) and dinitrogen trioxide

(N2O3) (Pelgrift and Friedman 2013). Induction of RNS kills pathogens by

simultaneously reacting with various amino acids, protein, lipids, and DNA

(Pelgrift and Friedman 2013). It also reacts with nonprotein fraction of a protein

called prosthetic groups such as heme in hemoglobin. As RNS binds with heme, it

is removed from proteins. All heme containing bacterial proteins such as nitric

oxide synthetase, cytochrome P450, and guanylate cyclase will be degraded. All

these effects act simultaneously to kill the pathogens, so the development of
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resistance to both ROS and RNS is very low. Finally, it also improves wound

healing after inflammation (Hetrick et al. 2009).

Nitric oxide-releasing NPs (NO NPs) act by the same mechanisms and augment

natural defense system by releasing mass amount of RNS (Hajipour et al. 2012).

Bacteria have certain enzymes that protect it from nitrosative damage induced by

phagocytes. When nitrosative damage is overcome by pathogens, infection takes

place. However, exogenous NO NPs releases NO at infection site only and in such a

great concentration that microbes do not find out the prospect to develop resistance,

they are destroyed prior to developing resistance (Pelgrift and Friedman 2013).

2.7.3 Augmenting Uptake and Diminishing Efflux of Drugs

by Bacteria

Another mechanism of action of NAMs is that they can increase the uptake and

decrease the efflux of enclosed/loaded drug. Many microbes have developed

resistance to many conventional formulations including b-lactams, vancomycin,

aminoglycosides, tetracyclines, and quinolones by reducing their uptake or by

Fig. 2.5 Generation of reactive oxygen species (ROS) and reactive nitrogen species (RNS)

(adapted from Jamil et al. 2017a)
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pumping out the drug by efflux pumps before it reaches the target site.

Nano-carriers, particularly liposomes and dendrimers, can contribute to overturn

these resistance mechanisms. Construction of liposomes is such that it resembles

bacterial plasma membrane. As it comes in contact with microbes immediately

fuses with them and empties its content inside the cell. Likewise, now the drug

concentration inside the cell is so high that it saturates the bacterial efflux pumps. So

the active drug will reach to its site of action and will kill the microbe (Pelgrift and

Friedman 2013).

2.7.4 Removing Biofilms and Their Resurgence

NAMs can also overcome resistance by outstripping biofilm formation and prevent

its further growth (Fig. 2.6). Biofilm formation occurs both in vivo and in vitro and

on any type of surface. Biofilm formation also poses a complication in

biomaterial-associated infections, sanitation surfaces, in food processing areas, and

in oral infections (Allaker and Memarzadeh 2014).

Numerous NAMs have displayed their anti-biofilm approach to combat resis-

tance. Liposomes aid in thrashing biofilms by promoting adsorption which is

Fig. 2.6 Inhibition of biofilm formation by Nanoparticles
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usually difficult because the outer surfaces of biofilms are highly hydrophobic in

nature. Silica NPs act by releasing NO, and it is found to be active in deformation of

already formed biofilms (Hetrick et al. 2009).

Analogously, ZnO NPs, TiO2 NP, magnesium fluoride NPs (MgF2 NPs), and

super-paramagnetic iron oxide NPs (SPIONs) inhibit biofilm formation to surfaces

including glass surfaces and catheters caused by S. aureus and E. coli (Pelgrift and

Friedman 2013). Moreover, textile dressings coated with magnetite NPs (Fe3O4)

inhibit biofilm development by Candida albicans. Cationic liposomes containing

benzyl penicillin inhibit biofilm formation by S. aureus (Pelgrift and Friedman

2013). The majority biofilm matrices are negatively charged that promote attach-

ment of positively charged NP (Hajipour et al. 2012).

2.7.5 Overcoming Intracellular Bacteria

NAMs are used to confront intracellular bacteria which are difficult to treat with

conventional antibiotics (Fig. 2.7). Particularly, liposomes are used for this pur-

pose. Liposomes being hydrophobic in nature are rapidly taken up by MPS by

endocytosis. Once inside the host cell, these liposomes can release drugs to combat

intracellular microbes (Pelgrift and Friedman 2013). Likewise, certain ligands (like

mannose) could be attached to make them more targeted to alveolar macrophages

only. In this way, liposomes could be used by pulmonary route to cure pulmonary

infections like pneumonia caused by intracellular microbes. Many authors have

proved the enhanced efficacy of nano-antibiotics in the cure of intracellular

pathogens (Andrade et al. 2013). Liposomal amikacin, kanamycin, streptomycin,

gentamicin, vancomycin were found to be highly effective for the eradication of M.

tuberculosis, K. pneumoniae, and Methicillin-resistant S. aureus (MRSA) (Andrade

et al. 2013).

2.7.6 Ensuring Targeted Drug Delivery to Site of Action

After conventional administration of therapeutic agents, with the exception of

parenteral route, first drug has to be absorbed in the systemic circulation.

Bioavailability is measured by only that portion of drug that reaches systemic

circulation.

Bioavailability after oral route is a big concern to be dealt with. Once the drug

reaches systemic circulation, it follows the general course of circulation and is

distributed throughout the body. Only a minute fraction of drug reaches the target

site. And in few cases, where perfusion is very low no fraction of drug reaches and

the result will be resistance. But it will not be acquired resistance rather due to

below therapeutic dose owing to low blood circulation.
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Another effective way by which NAMs can tackle antibiotic resistance is to

target antibiotics to the site of infection only. As a consequence, maximum effect

will be achieved at low drug concentration. Bioavailability will be 100% at

infection site, and the whole body will be prevented from the side effects of the

drug. The high dose at the site of infection will kill the pathogens prior to the

development of resistance (Pelgrift and Friedman 2013; Jamil and Imran 2017).

NAMs can be targeted to sites of infection passively or actively. By passive

targeting, NAMs will be accumulated at the site of infection by extravasations

(Pelgrift and Friedman 2013). While actively targeted NAMs contain ligands that

can bind to their receptors selectively. NAMs can be conjugated with antibodies

against a given antigen on the surface of the target microbe (Pelgrift and Friedman

2013); likewise, lectins, lipoproteins, hormones, charged molecules, and polysac-

charides can be used as targeting moieties. While executing a targeted release

system, the properties of medicinal substance, its side effects, and the route of

administration, the target site, and the type of disease must be considered to have a

successful DDS.

2.7.7 Causing Direct Damage

NAMs may cause certain direct damages to pathogens by directly interacting with

cell components.

Fig. 2.7 Fusion of liposomes with cell membrane (Jamil et al. 2017a)
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2.7.7.1 Interacting and Damaging Cell Membranes

NAMs can directly interact with cellular membranes and disrupt its integrity. In

particular, Ag NPs interact steadfastly with the bacterial membranes. This effect

depends upon several factors. According to McShan et al., adsorption of nano-silver

on the bacterial surface depends on pH, zeta potential, and NaCl concentration

(McShan et al. 2014). Conferring to them, nano-silver after reacting with SH group

of surface proteins interferes with the activity of many potential enzymes. Silver

ions also obstruct respiratory chain, affect membrane permeability, ion transporta-

tion, and detach cell membrane from cell wall (McShan et al. 2014). Similarly, ZnO

NPs also interact directly with bacterial cell membranes and deteriorate its integrity

(Hajipour et al. 2012).

2.7.7.2 Binding and Damaging Cellular DNA and RNA

NAMs elicit genotoxic effects through direct interaction with DNA or indirectly via

ROS-induced oxidative stress (Manke et al. 2013). DNA being negatively charged

interacts with positively charged metallic NPs. They inhibit its replication and

transcription. Chitosan also has a positive charge and after binding to DNA inhibit

its transcription and translation (Jamil et al. 2017).

2.7.7.3 Damaging Proteins and Lipids

Nanoparticles have the propensity to inhibit the function of proteins and amino

acids directly as well as through ROS. This interaction is considered to be the most

critical one to induce toxicity to microbial pathogens. Ag NPs can directly inhibit

proteins by binding to thiol groups, and it also participates in catalytic oxidation

reactions that lead to the generation of disulfide bonds. This disulfide bond ulti-

mately changes the shape and function of protein (Guo et al. 2013).

2.8 Conclusion

The persistent and universal existence of antibiotic resistance should not represent

an excuse for discontinuing antibiotic research but should be a stimulus to suppress

it. For combating these MDR pathogens, a comprehensive knowledge about

resistance phenomenon is required. More effort should be done in product dis-

covery so that many antibiotics with diverse mechanism of action can be developed.

Moreover, existing antibiotics could be modified both pharmacokinetically and

pharmacodynamically to make them more effective against MDR microbes instead

of discarding them while keeping new drugs for emerging resistant microbes.
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Technological advancement has led us the possibility of using engineered NPs to

combat MDR pathogens. To warrant optimal use of nanomaterials for medical

applications, more extensive efforts should be practiced to study the interaction

between nanomaterials and the biological systems. Consequently, safety standard of

NPs on human health with their fate is desirable. However, it is expected that there

will be tremendous increase in the field of drug discovery due to the advancement

in NAMs against which development of resistance seems to be impossible.

Targeted drug delivery is an ideal approach, and there is a dire need to implement it

for getting optimum results against pathogens while safeguarding normal flora. It is

most likely the single most effective strategy to control the development of

resistance.
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Chapter 3

Nanoliposomes as a Platform for Delivery

of Antimicrobials

Adriano Brandelli, Cristian Mauricio Barreto Pinilla

and Nathalie Almeida Lopes

Abstract The recent expansion of pharmaceutical nanotechnology (nanomedici-

nes) and targeting strategies for antimicrobial delivery are highlighted and utilized

in the applied fields of biomedicine, cosmetology, pharmaceutical, and food tech-

nologies. Nanoliposomes are artificially prepared membranous vesicles often

composed of natural phospholipids and cholesterol. Their structure is similar to the

cell membrane, and they can trap and release compounds with different properties,

including both hydrophobic and hydrophilic drugs. Nanoliposomes can be used to

achieve a slow release of drugs; the reduced particle size enhances the surface area,

improving bioavailability and solubility, and thereby reducing its toxicity. As

pharmaceutical nanocarriers, liposomes have been extensively studied for topical/

dermal use against fungal diseases and as alternative therapy for diseases such as

tuberculosis, due to the increase of antimicrobial efficacy, improving the interac-

tions between pathogen and encapsulated drugs. Conventional liposomes have

some limitations, such as low stability for long periods of storage and rapid uptake.

Actually, a new generation of liposomes is developed with modifications in their

surface, optimized size, high loading efficiency, ease of interaction with the cell

membrane, and increased target specificity, gaining novel applications and

increasing attention in the medicine area.

Keywords Liposome � Antibiotic � Drug delivery � Controlled release

3.1 Introduction

Liposomes were discovered by the English scientist Alec Bangham in 1965, but

only around 20 years later the research on these structures were intensified,

reaching a continual utilization in the pharmaceutical and cosmetic industry in the
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current days. Liposomes are very useful as drug transport systems and have been

used to increase the incorporation of active substances in the cells and as vehicles

for controlled release of active substances (Torchilin 2005). Current attention is

devoted to their utilization as carriers of drugs with elevated toxicity, such as

medicines used in oncology and some antibiotics. In this case, liposomes may

present a great advantage to permit transport the active drug and promote targeted

and controlled release of the drug to the local, allowing the administration of higher

doses and reducing side effects observed in conventional therapies

(Bakker-Woudenberg 2002; Allen and Cullis 2013).

Liposomes are colloidal structures that are spontaneously assembled when cer-

tain natural and/or synthetic lipids, such as phospholipids and sphingolipids, are

hydrated forming a bilayer oriented by the nature of polar head groups of carbon

chains. These liposomal structures are formed due to the hydrophilic portion of their

amphiphilic lipid constituents. Amphiphilic compounds are characterized to possess

a polar region that is capable to interact with water, and a nonpolar region that tend

to avoid water contact, this last often provided by hydrocarbon chains with more

than 8 carbon atoms. Several molecules presenting amphiphilic characteristics

contain two hydrocarbon chains, including the natural phospholipids that are fre-

quently found as structural molecules in liposome formulations. In aqueous med-

ium, the self-assembly of phospholipids often results in microscopic spherical

structures, which can be constitutes by a single bilayer or more concentric bilayers

separated by aqueous phases. The size and morphology of these structures can be

controlled depending on the method of liposome preparation (Mozafari et al. 2008;

Akbarzadeh et al. 2013).

Liposomes are similar to cellular membranes, and therefore, they can closely

interact with cells and tissues. In addition, they are non-toxic and biodegradable and

can be administered by oral, intravenous, ocular, pulmonary, or dermal protocols

(Torchilin 2005; Allen and Cullis 2013). These characteristics made liposomes very

interesting nanostructures for antimicrobial delivery. One of the most serious

problems of current medicine is the increase in drug resistance among bacterial

pathogens, which limits conventional therapy. Great research efforts have been

dedicated to discover new classes of antibacterial and antifungal drugs, and many

studies are focused on improving currently available antibiotics in a form of lipo-

somal formulation (Drulis-Kawa and Dorotkiewicz-Jach 2010; Bseiso et al. 2015).

The aim of this chapter is to present a critical discussion on the methods of lipo-

some production and characterization, novel liposomal structures and their use for

antimicrobial delivery.

3.2 Classification of Liposomes

Liposomes are phospholipid-based spherical structures constituted by one or more

concentric bilayers (Fig. 3.1). Liposomes can be classified on basis of vesicle size,

number of lamella, and preparation method. The most commonly used classification
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of liposomes is by the number of bilayers and size. Based on this, liposomes are

classified as multivesicular vesicles (MVVs, 1.6–10.5 µm), multilamellar vesicles

(MLV, 0.1–15 µm), or unilamellar vesicles (ULV, 25 nm–1 µm). Unilamellar

vesicles only contain a single bilayer membrane and can be divided into small

unilamellar vesicles (SUV, less than 100 nm) and large unilamellar vesicles (LUV,

larger than 100 nm). The multilamellar vesicle is composed of multiple concentric

lipidic bilayers, and the multivesicular vesicle is composed of numerous smaller

vesicles trapped within a larger vesicle (Maherani et al. 2011; Monteiro et al. 2014;

McClements 2015), as can be seen in Fig. 3.2.

Fig. 3.1 Structural features

of phospholipids and

liposomes. a Chemical

structure and schematic

representation of a

phospholipid showing the

hydrophobic hydrocarbon

chains and hydrophilic polar

head group. b Liposomes are

formed by phospholipids

self-aggregation in aqueous

environment generating

concentric bilayers with an

aqueous core. c Schematic

representation of

tridimensional structure of

liposomes

Fig. 3.2 Classification of liposomes according to number of bilayers and size; MLVs,

multilamellar vesicles; MVVs, multivesicular vesicles; ULVs unilamellar vesicles. ULVs can be

subclassified as LUVs (large unilamellar vesicles) and SUVs (small unilamellar vesicles)
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3.3 Methods for Liposome Production

Liposomes of different sizes and characteristics usually require different methods of

preparation. There are many different strategies for the preparation of liposomes,

and several reviews have been published describing and comparing details of the

commonly applied manufacture techniques for liposome preparation (Riaz 1996;

Wagner and Vorauer-Uhl 2011; Dua et al. 2012; Mansoori 2012; Shashi et al. 2012;

Akbarzadeh et al. 2013). The choice of preparation method depends on some

parameters such as physicochemical characteristics of the material to be entrapped

and those of the liposomal ingredients; nature of the medium in which the lipid

vesicles are dispersed; concentration of the entrapped substance, potential toxicity,

and additional processes involved during application/delivery of the vesicles

(Gomez-Hens and Fernandez-Romero 2006; Mozafari et al. 2008; Brandelli et al.

2017).

In general, all the methods for preparing liposomes involve four basic stages:

(1) drying down lipids from organic solvent; (2) dispersion of the lipid in aqueous

media; (3) purification of the liposome; and (4) analysis of the final product

(Akbarzadeh et al. 2013). This topic covers conventional methods and new tech-

niques that have been used for the preparation of liposomes, besides discusses the

advantages and disadvantages of the methods described below.

3.4 Conventional Methods for Liposome Production

A variety of methods have been reported in the literature, as shown in Fig. 3.3.

According to Huang et al. (2014), the most commonly used methods for liposomes

preparation are thin-film hydration, reversed phase evaporation, solvent-injection

techniques, and detergent dialysis. Furthermore, some techniques have been

employed to help reduce the size of vesicles, including sonication, high-pressure

extrusion, and microfluidization.

3.4.1 Mechanical Dispersion Methods

Preparation of films These methods are the most widely used for the preparation of

MLVs, and they can be used for lipid vesicles regardless of composition (cationic,

anionic, and neutral lipid species). The general steps of the procedure involves the

formation of a thin film at the bottom of round flask through drying a solution of

lipids, addition of aqueous buffer for hydrating the film, and vortexing the dis-

persion for some time (Brandelli 2012). Various modifications of this method have

been developed, using different organic solvents for lipid solubilization, different
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ways of lipid drying, and differing in the mode of film rehydration. Despite the

modifications, these methods have in common that heterogeneous populations of

MLVs liposomes are produced. The film method has several advantages and is easy

to perform; a variety of products can be encapsulated in these liposomes, besides

achieving high encapsulation rates. Disadvantages of the method are the difficulty

of scaling and a heterogeneous size distribution (Riaz 1996; Wagner and

Vorauer-Uhl 2011).

3.4.2 Downsizing Techniques

To make the heterogeneous vesicles more uniform, several downsizing techniques

have been established. The first published downsizing method was sonication and is

the most extensively used method for the preparation of SUVs. The MLVs are

sonicated with a bath-type sonicator or probe tip sonicator. The bath sonicator is

used for large volume of dilute lipids, and the probe sonicator is used for sus-

pensions that require high energy in small volume (Wagner and Vorauer-Uhl 2011;

Fig. 3.3 Different methods for liposome production. The conventional methods for liposome

preparation are generally based on mechanical dispersion, solvent dispersion, or detergent removal

techniques
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Akbarzadeh et al. 2013). Homogenization techniques also aiming at reducing the

size and number of lamellae of multilamellar liposomes through shear or pressure

forces. The methods for downsizing included in this group are high-pressure

homogenization, shear force-induced homogenization, and microfluidization tech-

niques (Wagner and Vorauer-Uhl 2011).

The French pressure cell method involves the extrusion of MLVs through a

small orifice. This method is simple, rapid, and reproducible; however, the resulting

liposomes are somewhat larger than sonicated SUVs and the working volumes are

relatively small, about 50 mL maximum (Dua et al. 2012). The French press

method is not suitable for large-scale production. However, for the large-scale

manufacture of liposomes a scale-up-based strategy on this technique was estab-

lished as the microfluidization. This technique of the reduction in the size range can

be achieved by collision of larger vesicles at high pressure in the interaction

chamber of the microfluidizer, forming liposomes in the size range from 50 to

100 nm. The process is reproducible and yields liposomes with good aqueous phase

encapsulation (Wagner and Vorauer-Uhl 2011).

3.4.3 Solvent Dispersion Methods

Ethanol injection In this method, a lipid ethanol solution is rapidly injected to a

vast excess of buffer, and the MLVs are at once formed. The disadvantages of the

method are that the liposomes are very dilute and the population is heterogeneous

(30–110 nm), besides that the removal of all ethanol is difficult and the possibility

of various biologically active macromolecules to inactivate in the presence of even

low amounts of ethanol is high (Riaz 1996; Akbarzadeh et al. 2013).

Ether injection This method is similar to above one and involves injecting the

solution of lipids dissolved in diethyl ether or ether-methanol mixture very slowly

into an aqueous solution of the material to be encapsulated at 55–65 °C or under

reduced pressure. The disadvantages are that the population is heterogeneous (70–

200 nm) and long time is required for the process (Shashi et al. 2012; Akbarzadeh

et al. 2013).

Reverse phase evaporation method This method involves hydration of phospho-

lipids dissolved in an organic phase by addition of water with vigorous mixing. The

liposomes are formed when residual solvent is removed under reduced pressure,

resulting in the formation of a viscous gel containing LUVs and MLVs. With this

method, high encapsulation efficiency can be obtained, and the main disadvantage

is the exposure of the materials to be encapsulated to organic solvents (Riaz 1996;

Dua et al. 2012).

Proliposome method This method contains a phospholipid and a carrier/drug,

which when dispersed in an aqueous phase form MLVs. The proliposomes are
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stable granular composites and may be formed by drying an organic solution of

phospholipids and a carrier/drug resulting in particles comprising of crystalline

carrier/drug at the core encapsulated by a phospholipid shell. Thus, this method

may provide manufacture of liposomes containing particularly lipophilic drugs

(Patil and Jadhav 2014).

3.4.4 Detergent Removal Methods

Detergent dialysis The phospholipids are solubilized by detergent micelles in an

aqueous phase, and as the detergent is detached, the micelles become increasingly

rich in phospholipid and lastly combine to form LUVs. Subsequent removal of the

detergent can be performed in dialysis bags (Patil and Jadhav 2014). The advan-

tages of method are production of liposome homogenous in size and excellent

reproducibility. The main drawback is the retention of traces of detergent within the

liposomes (Riaz 1996).

Gel-permeation chromatography Through this method, the detergent is depleted

by size-exclusion chromatography. Different matrixes, such as the Sephadex,

Sepharose, and Sephacryl series, can be used for gel filtration. The liposomes

percolate through the interbead spaces of the column at slow flow rates.

A pre-treatment is necessary because the swollen polysaccharide beads adsorb

substantial amounts of amphiphilic lipids. The pre-treatment is done by

pre-saturation of the gel filtration column by lipids using empty liposome sus-

pensions (Akbarzadeh et al. 2013).

Dilution The micellar size and the polydispersity increase fundamentally upon

dilution of aqueous mixed micellar solution of detergent and phospholipids with

buffer, and spontaneous transition from polydispersed micelles to vesicles occurs as

the system is diluted beyond the mixed micellar phase boundary (Akbarzadeh et al.

2013).

3.5 Novel Technologies for Liposome Production

A variety of new techniques are being used for liposome preparation, motivating

improvements to conventional processes, and leading to the development of novel

routes to liposome formation. These new techniques have particular advantages

over conventional preparation methods, although there are some drawbacks that

could hinder their applications, and further improvements are needed (Huang et al.

2014; Patil and Jadhav 2014).
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3.5.1 Supercritical Fluid Technology

Supercritical fluids are solvents with particular characteristics that have attracted a

great deal of interest from researchers. Supercritical carbon dioxide has been used in

most studies, because it has low cost, it is non-toxic and not inflammable, besides it

also presents a relatively low critical temperature and pressure, 31 °C and 73.8 bar,

respectively (Lesoin et al. 2011).

The use of supercritical fluids in liposome preparation has been performed by

two methods, namely supercritical anti-solvent (SAS) method and supercritical

reverse phase evaporation (SPER) method. Similar to the classical thin-film

dispersion methods, the SAS is being used to achieve a thin and homogenous

dispersion of lipid materials. Briefly, the organic cosolvent containing the phos-

pholipid is sprayed into the supercritical fluid, leading to precipitation in the form of

ultrafine particles. To obtain liposomes, the particles are hydrated in an aqueous

buffer (Huang et al. 2014). Lesoin et al. (2011) compared the SAS and a con-

ventional thin-film dispersion method, showing that the methods have no significant

differences in terms of the particle size, encapsulation efficiency, and stability.

The SPER method uses the supercritical carbon dioxide as a substitute for organic

solvents that are usually employed to dissolve lipid materials in the conventional

reverse phase evaporation methods. Otake et al. (2001) prepared liposomes by

SPER, reporting that the encapsulation efficiency was superior to that obtained in

conventional methods of liposome preparation.

The advantage of the method is that organic solvents can be completely

removed, and it can be easily scaled-up. However, the SAS and SRPE methods do

not result a narrow particle size distribution, and post-processing procedures are

needed to optimize these methods (Huang et al. 2014).

3.5.2 Microfluidic Devices

Microfluidic approaches have been used to improve conventional techniques or

design innovative methods for liposome production. Microfluidic devices based on

hydrodynamic focusing can be used for production of SUVs and LUVs (Jahn et al.

2010; Hood and de Voe 2015). Liposomes are formed by the introduction of an

alcohol-dispersed phospholipid stream through a central channel and further con-

striction by two perpendicular water streams. The hydrodynamic focusing of the

central stream provokes a controlled diffusion of the solvents to each other phase,

therefore inducing an auto-organization of phospholipids as bilayers and then as

spherical unilamellar vesicles (Jahn et al. 2004). Production of liposomes by

microfluidic devices can be also achieved from the generation of drops using

immiscible phases to obtain GUVs. In general, double W/O/W emulsions are
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prepared using microfluidic devices based on glass capillaries with functionalized

surfaces and using organic solvents with elevated Pvap. After partial evaporation,

the intermediary phase around the aqueous core would be lower than 1 µm thick,

allowing the formation of GUVs (Arriaga et al. 2014; Desphande et al. 2016).

3.5.3 Dual Asymmetric Centrifugation

Dual asymmetric centrifugation is a special kind of centrifugation, similar to con-

ventional centrifugation. The main difference between conventional centrifugation

and dual asymmetric centrifugation is that the vial make two movements in the last

process (turns around their own center and still turns around the center of the

centrifuge). This method is particularly appropriate for the homogenization of

viscous materials and can be used for the highly concentrated lipid dispersion

system, such as vesicular phospholipid gel. Organic solvents are not used in dual

asymmetric centrifugation, and the liposomes can be produced directly without

requiring other processes for granulation or homogenization. Furthermore, lipo-

somes with a small particle size and good reproducibility are often produced

(Massing et al. 2008).

3.5.4 Membrane Contactor Technology

The membrane contactor method is an ethanol injection method where an alcohol

solution of phospholipids is extruded into an aqueous phase using a membrane

contactor. The dispersion and dissolution of alcohol droplets into the aqueous phase

result in the formation of liposomes. The advantages of the method are the high

encapsulation efficiency and control on liposome size, besides scale-up of the

process (Laouini et al. 2013).

3.5.5 Freeze-Drying Technology

Wang et al. (2006) developed the freeze-drying double emulsion method com-

prising of freeze-drying a double emulsion W1/O/W2, in which W1 and W2 are

aqueous phases and O is the organic phase with a dissolved phospholipid. The

liposomes in the form of lyophilized powder can be obtained, and problems

associated with aqueous liposome preparations can be avoided.
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3.6 Liposome Characterization

Different parameters should be monitored to assess liposome quality after pro-

duction and during storage, in order to obtain quantitative measures that allow

comparison between different batches of liposomes for an adequate quality control.

The characterization parameters can be classified into three broad categories,

including physical, chemical, and biological parameters. The most important

chemical and physical parameters of liposomes include the average diameter and

the polydispersity index, surface charge, drug entrapment efficiency, the ratio of

phospholipids to drug concentration, and the lamellarity determination (Laouini

et al. 2012; Shashi et al. 2012; Monteiro et al. 2014). Biological characterization

parameters are important to determine the safety of formulation for therapeutic

applications. During the biological characterization of the liposomes, parameters

such as sterility, pyrogenicity, and animal toxicity are determined (Popovska et al.

2013).

The average size and size distribution of liposomes are important parameters

mainly for therapeutic use. Several techniques are available to evaluate these

parameters, such as microscopy techniques, size-exclusion chromatography,

field-flow fractionation, and static or dynamic light scattering. The most commonly

used technique to determine liposomal size and its distribution is dynamic light

scattering. Liposome size distribution is preserved in stable liposomal formulations,

while the physical instability may occur by aggregation or fusion of vesicles to form

larger particles. The lamellarity determination is essential to define liposome

structure because it influences the encapsulation efficiency and the drug release

kinetics. The liposomes lamellarity made from different lipids can be evaluated by

electron microscopy or by spectroscopic method (Laouini et al. 2012; Popovska

et al. 2013).

Microscopic studies such as atomic force microscopy, environmental scanning

electron microscopy, transmission electron microscopy, and confocal laser scanning

microscopy improve the characterization of nanoscale structures of liposomes and

provide information about shape and morphology, dimensions, surface properties,

and internal structure (Ruozi et al. 2011; Brandelli and Taylor 2015).

The encapsulation efficiency (EE) defines amount and rate of entrapment of

agents in aqueous compartment of liposomes and is determined by the separation

between the encapsulated drug and the free drug. Encapsulation efficiency is

assessed using several techniques including mini-column centrifugation, dialysis

membrane, ultracentrifugation, and HPLC. Mini-column centrifugation is used for

purification and separation of liposomes, based on the difference of size between the

drug loaded liposomes and the free drug. The liposomes with encapsulated drug

traversed the gel and are collected from the centrifugation, while the free drug

remains bound to the gel. The ultracentrifugation separates the entrapped drug from

the free drug and is a simple and fast method for the separation. HPLC methods can

be applied for the determination of the encapsulation efficiency and hence can also

be used to monitor the storage stability. The encapsulation percent is expressed as
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the ratio of the unencapsulated peak area to that of a reference standard at the same

initial concentration (Laouini et al. 2012).

The zeta potential is used to characterize the surface charges and predict the

stability of colloidal systems. For this, Zetasizer equipment is often used for

measuring the zeta potential of liposomes. The higher negative or positive value of

zeta potential implies a greater colloidal stability, since the particles tend to repel

each other and results in inhibiting the aggregation of liposomes. Generally, par-

ticles with zeta potential above (±) 30 mV are stable in suspension while particles

with low zeta potential values show no sufficient electrostatic repulsion to prevent

flocculation (Zuidam et al. 2003; Popovska et al. 2013).

Chemical characterization of liposomes is important to establish the purity and

properties of various lipophilic constituents. Phospholipid and cholesterol con-

centration, phospholipid peroxidation, phospholipid hydrolysis, cholesterol

auto-oxidation, and osmolarity are the most common chemical parameters that are

analyzed (Popovska et al. 2013). Therewith, different analytical techniques are used

including the use of molybdate-containing reagents for phospholipid concentration

and TLC, GC, and HPLC methods for determination of lipid composition and

chemical stability (Zuidam et al. 2003; Laouini et al. 2012).

3.7 New Liposomal Structures and Functionalization

Liposomes are classically recognized as spherical vesicles consisting of one or more

phospholipid bilayers surrounding an aqueous core. It can be recognized as a first

generation of conventional vesicles, and a novel second generation of long circu-

lating, elastic, and targeting liposomes has been developed. This second generation

liposomes are obtained by modulating lipid composition, size, and charge of the

vesicle. The physicochemical properties and structures of liposomes can be mod-

ified by changing:

• The types of lipids or polymers;

• The composition and proportions of lipids in the liposomal formulation;

• The size of the liposome;

• The charge of the liposomal surface: positive, negative, or neutral;

• pH or temperature sensitivity;

• The preparation method;

• Specific functionalization: coatings, proteins, antibodies, biomarkers, etc.

The neutral or negatively charged phospholipids and cholesterol are frequently

used to prepare conventional liposomes, whose entire bilayer can be composed of

either natural or synthesized phospholipids. Regarding to the high variety of

liposomal formulations (Fig. 3.4), the conventional vesicles are universal carriers

for hydrophilic and hydrophobic compounds. Hydrophobic compounds are located

in the lipid bilayer, and MLVs or SUVs may be applied for this purpose.
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The properties of the liposomes can be changed depending on the phospholipids

used in the formulation, these phospholipids are generally stabilized by cholesterol

or cholesterol derivatives. Thus, different types of lipids and lipid mixtures can be

used to obtain a specific type of liposome. The structure of the membrane surface

can be modified for specific applications, by either changing the charge of the

membrane or by addition of proteins or antibodies for specific targets. These

modifications can increase the specific cells’ affinity to the liposomes. Other

approaches in recent years have been experimented to develop liposomes that are

able to react to specific pH condition or temperature, before releasing the drug

(Drulis-Kawa and Dorotkiewicz-Jach 2010). The surface-modified targeted lipo-

somes serve as smart carrier, capable of bypassing barriers imposed by the bio-

logical environment even up to cellular and subcellular levels (Paliwal et al. 2011).

3.7.1 Fusogenic Liposomes

An emerging class of phospholipid vesicles is known as fusogenic liposomes. This

particular class of liposomes includes particular lipids in its compositions that make

the liposomes more fluid than conventional liposomes and, in a biological

Fig. 3.4 Functionalization of liposomes. Different types of phospholipids and lipid mixtures can

be used to obtain a specific type of liposome. The liposome surface can be modified for specific

applications by changing the charge or by addition of proteins or antibodies for specific targets
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environment, show enhanced ability to interact in their liquid crystalline phase with

cell membranes, under specific chemical conditions such as low pH or the presence

of cations. This interaction favors the reciprocal mixing with their lipids’ archi-

tecture and promotes the destabilisation of the biological membrane and therefore

the release of the vesicle content inside the cellular cytoplasm.

The interactions between fusogenic liposomes and prokaryotic or eukaryotic cell

membranes occur by multiple mechanisms that include the physical adsorption by

the cell, lipid exchange, and fusion. These interactions between liposome and cells

are influenced by the lipid composition of the cell membrane, the environmental

conditions, the surface structure, and composition of the liposome (Akbarzadeh

et al. 2013). In addition, it was related that several factors, such as bacterial

membrane properties, presence of divalent cations, bacterial surface pH, and tem-

perature, can be important factors influencing the combination of fusogenic lipo-

somes with prokaryotic cells (Alipour et al. 2008).

Different types of fusogenic liposomes have been developed over the last years,

using two different approaches. The first one consists of incorporating viral mate-

rial, such as inactivated Sendai virus envelope components, in the composition of

liposomes targeting eukaryotic cells. The second approach is based on the use of

non-viral vectors involving the inclusion of specific lipids, for example, amphi-

philic derivatives of cholesterol like cholesterol hemisuccinate to achieve the

required fusogenic properties (Boomer et al. 2009; Motion et al. 2012). There is a

clear relationship between the degree of fluidity of the liposomes and the compo-

sition of the bacterial membrane. For example, the high phosphatidylethanolamine

content in gram-negative bacterial membrane seems to enhance fusion with fluid

liposomes (Ma et al. 2013). Among the various studied systems, fusogenic lipo-

somes based on 1, 2-dioleoylphosphatidylethanolamine (DOPE) and cholesteryl

hemisuccinate (CHEMS) have shown a high degree of cell association. Kinetic

studies performed by Guo and Szoka (2001) showed that liposomes made of a

mixture of DOPE with other lipid components, such as oleic acid, dis-

tearoylphosphatidylglycerol, or CHEMS, release their content into the cytoplasm in

a short incubation time. Compared with liposomes containing only DOPE in its

formulation, vesicles containing DOPE and CHEMS have a higher ability to pro-

mote intracellular release of the carried molecules.

The mechanisms involved in the process by which liposomes cross the cyto-

plasmic membrane are not completely clear. Nevertheless, it is possible that partial

fusion of vesicle bilayers with the cell membrane causes destabilisation of the latter,

facilitating the release of liposome content into the cytoplasm. The specific role of

phosphatidylethanolamine or DOPE can be explained on the basis of the low

hydration of these polar head groups. The presence of DOPE in fact increases the

lipophilicity of the liposomal membrane and reduces the energy of interaction

among the lipid bilayers (Epand et al. 1996). Other works showed that

cholesterol-modified coiled-coil peptides induced the most efficient fusion of

membranes, and the presence of a phosphatidylethanolamine derivative, in com-

bination with other phospholipids such as phosphatidylcholine, is essential for the

fusion process (Vidal and Hoekstra 1995; Nicolosi et al. 2010).
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3.7.2 Phospholipid—pH-Sensitive Liposomes

The pH-sensitive liposomes have been extensively reported as an effective alternative

to intracellular delivery of therapeutics drugs, antigens, DNA, and diagnostics in

target cells, having multiple advantages in comparison with conventional liposomes

(Paliwal et al. 2015). This kind of liposome is stable at physiological pH, whereas it

can be destabilized and, depending on the formulation, may show fusogenic prop-

erties under acidic conditions (Karanth andMurthy 2007). Because of destabilization,

the controlled release of the entrapped drug to the target occurs, thus avoiding

lysosomal sequestration and degradation.Moreover, it is possible to modify liposome

surface to ascribe certain features, such as increased circulation time in the blood-

stream and specificity toward certain targets, even at subcellular level, thus improving

their efficacy as drug delivery systems (Huwyler et al. 2008). The therapeutic efficacy

of pH-sensitive liposomes enables them as biomaterial with commercial utility

especially in cancer treatment. In addition, targeting ligands including antibodies can

be anchored on the surface of pH-sensitive liposomes to target-specific cell surface

receptors/antigen present on tumor cells (Paliwal et al. 2015).

These vesicles are generally composed of a neutral cone-shaped lipid DOPE and

a weakly acidic amphiphilic CHEMS, which is also present in fusogenic liposomes

(Lai et al. 1985). In addition, to induce pH sensitivity in the vesicles, the formu-

lations use lipids such as dioleoylphosphatidylcholine (Webb et al. 1995),

N-succinyl-DOPE (Nayar and Schroit 1985), and recently, pH-sensitive polymers

into stable liposomes (Yuba 2016). These lipids have negatively charged groups,

which can be neutralized on acidification in the endosome, leading to destabiliza-

tion, fusion with endosomal membrane, and content release (Drummond et al.

2000; Venugopalan et al. 2002).

The concept of pH-sensitive liposomes tremendously improves the intracellular

delivery of various materials as mentioned. Additionally, components used for

designing pH-sensitive liposomes do not impose any regulatory restrictions as they

possess no toxicity when used in vivo (Paliwal et al. 2015), increasing their

applications.

3.7.3 Cationic Liposomes

Cationic liposomes can be obtained by mixing cationic surfactants in phospholipid

liposomes. These positively charged liposomes show enhanced drug delivery effi-

ciency, as well as the ability to bind cationic biomolecules such as nucleic acids,

proteins, and peptides and have been used as drug or gene delivery vehicles (Dias

et al. 2002; Balbino et al. 2013; Silva et al. 2014). Cationic liposomes have been

intensively studied as potential non-viral molecular vehicles, because the presence

of cationic lipids in its formulation and their positive charge interact more easily

with the negatively charged cell membrane and nucleic acids (Simberg et al. 2004).
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Cationic liposomes can be developed by mixing cationic surfactants such as alkyl

quaternary ammonium salts (Ingaki et al. 2005; Yokoyama et al. 2005) or lipids like

cationic cholesterol derivatives (Ju et al. 2016;Aramaki et al. 2016),which increase the

zeta potential, with phospholipids or polymers that have negative or weakly positive

zeta potential, such as 1, 2-dimyristoyl-sn-glycero-3-phosphatidylcholine and

1-palmitoyl-2-oleoyl-phosphatidylcholine, and more recently polyethylene

glycol-polyethylene.

Cationic liposomes are important for medical and biological applications, due to

their abilities to deliver in a fairly specific manner the payload to specific tissues

such as tumor endothelium, lungs and liver, and gastrointestinal tract upon oral

delivery, making them attractive drug delivery systems for a number of pathologies

(Bombelli et al. 2005; Dass and Choong 2006; Molinari et al. 2007). In the last

years, many works have been published about applications of cationic liposomes as

non-viral vectors to gene delivery (Falsini and Ristori 2016) and anti-tumor treat-

ment (Luna et al. 2016; Lin et al. 2016). Due to their ability to bind bacterial cell

wall and increased membrane permeability, thus causing a higher susceptibility to

drugs, cationic liposomes have also been considered an optimal drug delivery

system in antibacterial therapies against gram-negative or antibiotic-resistant bac-

teria (Bombelli et al. 2005; Dong et al. 2015). However, cytotoxicity of cationic

molecules is one of the drawbacks of cationic nanocarriers.

3.7.4 Cubosomes

Cubosomes are known as nanostructured liquid crystalline particles, made of specific

amphiphilic lipids in its formulation, which give them properties as biocompatible

carriers in drug delivery. In general, cubosomes are nanostructured entities with

cubic crystallographic symmetry having large surface area and low viscosity (Spicer

et al. 2001). These bicontinuous bicontinuous lipid bilayers are organized in three

dimensions as honeycombed structures and are divided into two internal aqueous

channels that can be used by carrier various bioactive ingredients with differents

molecular weights and polarities, such as chemical drugs, peptides, and proteins

(Karami and Hamidi 2016). The most frequent material investigated to perform

liquid crystal structures with cubic mesophases for biomedical applications is the

unsaturated monoglycerides and phytantriol (3, 7, 11, 15-tetramethyl-1, 2,

3-hexadecanetriol) that are capable of forming viscous reverse phases in excess of

water under physiological conditions (Murgia et al. 2015; Akhkaghi et al. 2016).

Nevertheless, cubosomes require the addition of another surfactant that kinetically

stabilizes these colloidal dispersions against aggregation.

Owing to unique properties such as thermodynamic stability, bioadhesion, the

ability of encapsulating hydrophilic, hydrophobic and amphiphilic substances, and

the potential for controlled release and functionalization, cubosomes are regarded as

promising vehicles for different routes of administration (Karami and Hamidi

2016). However, there are still some issues that need to be overcome, as the
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disadvantages of its preparation methods (Akhkaghi et al. 2016) and the greater

diffusion rate of the drug carried into surrounding medium, due to the bulk cubic

phase radically increases the surface area, make them difficult to apply directly as a

controlled-release system.

3.7.5 Immunoliposomes

Liposomes can be functionalized to facilitate cell-specific delivery with specific

ligands targeting cell-specific surface proteins. The specific ligand can be a peptide

or antibody that is attached to the liposomal surface to increase cell-specific drug

delivery and reduce the chance of accumulation in non-target tissues (Schuster et al.

2015). The first immunoliposomes were produced by Phillips and Dahman (1995),

using highly immunogenic monoclonal murine antibodies. Additionally, the

immunoliposomes can carry more drug than antibody drug conjugates, because one

antibody molecule can be conjugated with about 10 drug molecules, whereas

immunoliposomes can encapsulate several hundreds of such molecules, increasing

the therapeutic efficiency of the drug, reducing antibody-induced side effects

(Schuster et al. 2015).

It has been repeatedly shown that incorporation of antibodies onto the surface of

liposomes increases their potency by allowing the multivalent binding to target

receptors (Oliveira et al. 2010). Antibody-targeted liposomes are frequently used

for the site-specific delivery of hydrophobic drugs for the treatment of cancer

(O’Donnell et al. 2010; Etzerodt et al. 2012). The antagonistic monoclonal anti-

bodies (mAb) are potential additives with synergistic effect between the signaling

antibody and the encapsulated drug. Another added advantage is that specific

antigens are expressed in one tumor cell line, increasing the specificity of targeting

(Sawant et al. 2008).

Recent works with immunoliposomes have explored its advantages as tools for

immunodetection of patogens (Shukla et al. 2016), breast cancer treatment (Shin

et al. 2016), peptide delivery (Loureiro et al. 2015), and as carrier of antimalarial

drugs (Moles et al. 2015) and retroviral drugs for HIV-1 (Ramana et al. 2015),

among many other applications.

3.8 Long Circulatory Liposomes

3.8.1 Stealth Liposomes

One of the main disadvantages of using classical liposomes is the fact that they are

very quickly removed from circulation after injection, mainly displayed poor sta-

bility and rapid clearance. This is because conventional liposome membranes are
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strongly affected by physical interactions with circulating proteins in the blood

(opsonization) and protein adsorption, which contribute to their clearance

(Zylberberg and Matosevic 2016). Coating of these liposomes prevents this and

considerably improves the circulation time, which allows for better accumulation at

the target site. Long-circulating liposomes were developed by modulating the

composition, size, and charge of regular liposomes. The most common and

well-established approach has been to PEGylated the liposome, i.e., coating the

surface of the liposomes with hydrophilic polymers such as polyethylene glycol

(PEG), this polymer can provide a shielding effect to the liposomes and prevent

recognition and binding of opsonins (Blume and Cevc 1990). Additionally,

PEGylated liposomes demonstrate dose-independent, non-saturable, log-linear

kinetics and increased bioavailability (van Slooten et al. 2001). Due to these

properties, the vesicles were called stealth liposomes.

Long-circulating liposomes have been developed for the delivery of a variety of

anticancer drugs such as mitomycin C (Gabizon et al. 2012), doxorubicin (Granader

et al. 2011), ganciclovir (Kajiwara et al. 2007), paclitaxel (Yang et al. 2007),

deoxypodophyllotoxin (Wang et al. 2016), cisplatin–oxaliplatin (Tippayamontri

et al. 2011) and sinvastatin (Porvire et al. 2015). This important application is

because, when compared to most free drugs, liposomes are expected to be accu-

mulated preferentially in various types of solid tumors due to this particular effect

and likely to be retained in the blood for a relatively longer time. The uptake of

nanoparticles by macrophages in the reticuloendothelial system leads to a rapid

drug concentration decline in the blood, which should be avoided by achieving an

enhanced permeability and retention effect (Fang et al. 2011; Balducci et al. 2013).

Furthermore, if the liposomes remain in circulation for a longer time, the pos-

sibility of their passive accumulation in tumors by enhanced permeability and

retention effect will be improved. Even with PEG coating to minimize the clearance

by the mononuclear phagocyte system, it has been reported that there exists a

maximum liposome size (� 275 nm) beyond which the stealth property of PEG

liposomes is significantly compromised (Nag and Awasthi 2013). Therefore, the

cutoff size for the liposomes for a better long circulation remains between 150 and

200 nm (Lian and Ho 2001). In addition, the surface charge of the liposomes affects

the dispersion stability, in vivo circulation time, the ability to interact with target

cells, and the recognition by plasma proteins or opsonins.

3.8.2 Chitosomes

Another interesting way to improve the liposome delivery performance is to modify

the liposomal membrane surface via forming bioadhesive and polymeric layers

(Chun et al. 2013; Gibis et al. 2014). Chitosan is a positively charged polysac-

charide obtained by the deacetylation of chitin. It is hydrophilic, bioadhesive,

biocompatible, biodegradable and has a low toxicity. In addition, chitosan is widely

applied in the biomedical and biotechnological fields due to its biocompatibility,
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bioadhesive, biodegradability, and non-toxicity (Xia et al. 2011). This natural

polysaccharide recovers the surface of liposomes by electrostatic deposition

method, which makes the liposomes highly positively charged by the chitosan–

liposomes complex formation (Muzzarelli and Muzzarelli 2005).

One of the main approaches in the use of chitosomes is to achieve intestinal drug

delivery. In recent years, polymer-coated liposomes have been proposed for the

targeted delivery of drugs to the inflamed intestinal mucosa, upon oral adminis-

tration (Castangia et al. 2015), due to the conventional liposomes have low resis-

tance to gastric pH and enzymatic degradation, but they can be easily overcome

protected them by a polymeric coating. Addition to this advantage, chitosomes

could help to reduce the nephrotoxicity of vancomycin appearing in clinical

applications and enhance the therapeutic effects on pulmonary infection (Yang et al.

2015)

3.9 Elastic Liposomes

3.9.1 Transfersomes

The Cevc work group first described a novel liposomal system for transdermal

delivery called Transfersomes®, presenting a more deformable structure compared

to conventional liposomes (Cevc and Blume 1992). The reason for using lipid

vesicles in transdermal drug delivery is that they can act as carriers for entrapped

drug molecules across the skin, as well as penetration enhancers because of their

specific composition (Darwhekar et al. 2012). This is achieved by the addition of

membrane modifiers called edge activators (Duangjita et al. 2011). The edge

activators are typically single-chain surfactants with a high radius of curvature,

which destabilizes the lipid bilayers and increases the elasticity of the liposomal

membranes, in turn allowing them to squeeze between the skin layers. Additionally,

these vesicles enable the sustained release of active compounds in topical formu-

lations as well as overcome the limiting membrane barrier for the modulation of

systemic absorption in applications of transdermal formulations (Zylberberg and

Matosevic 2016).

Posteriorly, it was postulated that elastic vesicles applied non-occlusively to skin

possess adequate driving force to penetrate through the stratum corneum under the

influence of hydration forces, which are generated due to the hydration gradient that

exists across the epidermis. In addition, they also claimed that elastic vesicles

should be able to pass individually through the pores/channels in the skin (Cevc and

Blume 1992). There have been numerous in vitro, and some ex vivo studies,

involving Transfersomes®, but most of them assume either intact penetration in the

skin or do not comment on the mechanism of penetration. The Transfersomes® can

act as a carrier for low and high molecular weight drugs, such as analgesic, anes-

thetics, corticosteroids, sex hormones, anticancer, insulin, gap junction protein,
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and albumin. Peripheral drug targeting and transdermal immunization are other

approaches to be achieved with this promising drug delivery system (Kalyani and

Kishore 2014).

3.9.2 Ethosomes

This novel formulation of liposomes, called ethosomes, has been developed by

utilizing ethanol penetrating properties in order to improve the penetration effi-

ciency of liposomes across the skin. Ethosomes can be defined as lipid vesicular

systems constituted of phospholipids such as soy phosphatidylcholine, ethanol, and

water.

Ethosomes are phospholipid-based nanovesicles with elastic properties. This

advantage is due to a high content of ethanol (20–45%), which is the major dif-

ference from regular liposomes. This high ethanol content allows ethosomes to

display characteristics of phospholipid bilayers in fluid state and high membrane

permeability (Touitou et al. 2000). High alcohol content in nanoethosomes may be

another factor for their reduced size compared to liposomes prepared under the

same conditions. Ethanol provides a negative charge on vesicle surface and pro-

moting its size reduction (Lopez et al. 2005). Differential scanning calorimetry

(DSC) analyses have shown that addition of ethanol reduce the transition temper-

ature of the phospholipid vesicles making the ethosomes more elastic and

deformable than conventional liposomes (Dayan and Touitou 2000; Godin and

Touitou 2005). This unique composition makes ethosomes suitable for transdermal

drug delivery.

The penetration enhancement mechanisms of ethosomes should be ascribed to

fusion with skin lipids, since ethanol can interact with the polar head groups of the

phospholipids, thereby increasing lipid fluidity and cell membrane permeability due

to its affinity with skin lipids (Wohlrab et al. 2010; Tian et al. 2012). Then, the

ability of penetration of intact ethosomes is a function of lipid composition and

physical characteristics (Godin and Touitou 2003; Jain et al. 2007). Ethosomes find

interesting application as percutaneous delivery systems, for antibacterial agents

(Godin and Touitou 2005), anti-inflammatory drugs (Lodzki et al. 2003), and, more

recently, antifungal drugs (Faisal et al. 2016; Marto et al. 2016), resulting in drug

skin retention and permeation enhancement.

3.10 Liposomes as Carriers for Antimicrobial Drugs

Liposomes are currently used as universal drug carriers in the cosmetic and phar-

maceutical industries. Since its approval for clinical use in 1995 as nanostructured

drug system, the technology to liposome-based delivery systems has brought about
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remarkable technology developments, with many clinical applications that include

its use as nanodevices to encapsulate antibiotics (Zhang et al. 2010).

In order to optimize the efficacy and specificity, novel formulations have been

proposed to increase the permeation rate of drugs and deliver the desired compound

in a controlled time and locally restricted manner on the target site. For example, in

the field of antibiotic therapy, intracellular infections remain difficult to eradicate

mainly due to the poor intracellular penetration of most of the commonly used

antibiotics. Thus, new approaches to construct improved liposomes for therapeutic

use of antibiotics are a topic of utmost relevance. The liposomes are a versatile tool

since they can carry hydrophilic drugs such the aminoglycosides, hydrophobic

drugs such as penicillin, or both together. Another asset with liposomes is the

possibility to manipulating the lipid composition to change the particle size and

surface charge, and also sensitivity to pH or temperature and bilayer rigidity, as

discussed previously. In addition, as the classical route of liposome administration

is parenteral, they are rapidly taken up by the phagocytic cells of the liver (Kupffer

cells) and spleen, which may be advantageous for antibiotic delivery (Abed and

Couvreur 2014).

One of the most serious problems of current medicine is the increase in drug

resistance among bacterial pathogens, which limits conventional therapy. Many

researchers are making efforts to discover new classes of antibacterial and anti-

fungal drugs, and many studies are focused on improving currently available

antibiotics in a form liposomal of formulations (see Table 3.1 and 3.2). Thus,

intensive research is focused on antibiotics entrapped in liposomes to improve the

antimicrobial activity against intracellular and extracellular pathogens, in particular

to overcome bacterial drug resistance, improve pharmacokinetic properties and

target selectivity, and to reduce toxicity (Bakker-Woudenberg et al. 1994; Cordeiro

et al. 2000; Bakker-Woudenberg 2002; Sapra and Allen 2003). Given the large

number of studies on this topic, only selected examples will be discussed here.

Table 3.1 Liposomes for antibacterial drug delivery

Formulation Antimicrobial agent Target pathogen Reference

PC, PE, SA, and

cholesterol

Amoxicillin trihydrate

and ranitidine bismuth

citrate

Helicobacter pylori (Jain et al. 2009)

PC, SA, and

cholesterol

Ciprofloxacin and

vancomycin

MRSA (Li et al. 2014)

DSPC and

cholesterol

Bismuth-ethanedithiol

(BiEDT) and

tobramycin

Pseudomonas aeruginosa

and Burkholderia

cenocepacia

(Alipour et al.

2010)

DPPC, DOPC,

DPPG, and

cholesterol

Tobramycin Burkholderia cepacia

complex

(Messiaen et al.

2013)

(DPPC,

glycolipids, and

cholesterol

Ampicillin Helicobacter pylori (Bardonnet et al.

2008)

(continued)
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3.11 Applications of Conventional Liposomes

Among the carriers proposed and used for the controlled or targeted delivery of

antibacterial drugs, conventional liposomes are probably the most investigated

systems because these carriers can improve antimicrobial activity as well as

reducing the effective concentration required and inducing rapid bacterial clearance.

The first report of successfully use of liposomes as antimicrobial carriers was

published by Bonventre and Gregoriadis (1978) for the intracellular delivery of

aminoglycosides. Since then, most studies regarding liposomal antibiotics deal with

aminoglycosides, quinolones, polypeptides, beta-lactams (Table 3.1), and antifun-

gal compounds (Table 3.2). Some of the studies focused on improving pharma-

cokinetics and reducing toxicity, while others involved in enhancing antibacterial

activity, and changing the composition, charge, and size. Extensive research works

Table 3.1 (continued)

DOPC, PC, and

cholesterol

Azithromycin MAC (Wallace et al.

2013)

DSPC, DCP, and

cholesterol

Vancomycin MRSA (Sande et al.

2012)

Soy lecithin, PC,

and cholesterol

Rifampicin Mycobacterium spp (Zaru et al. 2009)

DMPC, DPPC,

DSPC, and

cholesterol

Gentamicin Pseudomonas aeruginosa (Mugabe et al.

2005)

PC and cholesterol Oleic acid MRSA (Huang et al.

2011)

PC, CH, DCP,

DSPE, and PEG

Isoniazid and

rifampicin

Mycobacterium

tuberculosis

(Labana et al.

2002)

PC, PEG, Gold

NPs

Doxycycline Helicobacter pylori (Thamphiwatana

et al. 2013)

PC and cholesterol Gentamicin and oleic

acid

MRSA (Atashbeyk et al.

2014)

PC, DOPE, and

DOTAP

Gentamicin,

aminoglycosides

Pseudomonas aeruginosa,

Escherichia coli, Klebsiella

pneumoniae,

Staphylococcus aureus

(Drulis-Kawa

et al. 2006)

DPPC and

phytosphingosine

Nisin Streptococcus mutans (Yamakami et al.

2016)

DOPE, DPPC,

CHEMS

Vancomycin Escherichia coli and

Acinetobacter baumannii

(Nicolosi et al.

2010)

PC and cholesterol Gentamicin and

piperin

MRSA (Khameneh et al.

2015)

DOPE–

N-succinyl-DOPE–

chol–PEG

Gentamicin Salmonella enterica

serovar Typhimurium

(Cordeiro et al.

2000)
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have demonstrated that liposomes are able to provide therapeutic drug concentra-

tions in a variety of cell lines, including human THP-1 macrophages, mouse

monocytes and macrophages, rat hepatocytes, bovine mononuclear leukocytes,

guinea pig peritoneal macrophages, and canine monocytes (Ladavière and Gref

2015), increasing the possibilities of applications for multiple therapies.

Conventional liposomes containing vancomycin and teicoplanin showed

enhanced intracellular killing of methicillin-resistant Staphylococcus aureus

(MRSA) and decline therapy failure rates (Onyeji et al. 1994). More recently, it was

shown that liposomes could enhance the concentration of gentamicin inside cells

resulting in increased bactericidal activity against MRSA (Atashbeyk et al. 2014).

In addition, conventional liposomes were also studied as carriers for gentamicin and

piperin to eradication of MRSA infection (Khameneh et al. 2015) concluding that

liposomal formulation showed a higher antibacterial activity in comparison with the

free drugs.

The basic formulations of liposomes were also effective for the intracellular

delivery of fluoroquinolones (Li et al. 2014) enabling to successfully prolong the

cellular residence time of these drugs, which are known to be rapidly effluxed.

Table 3.2 Liposomes for antifungal drug delivery

Formulation Antimicrobial agent Target pathogen Reference

PC, SA, and

cholesterol

Itraconazole Aspergillus flavus (Leal et al.

2015)

PC and

cholesterol

Itraconazole,

hydroxypropyl-b-cyclodextrin

Candida albicans (Alomrani

et al. 2014)

PC and

sodium

cholate

Croconazole A. flavus, C. albicans,

Chrysosporium

tropicum, Penicillium

chrysogenum and

Trichophyton rubrum

(El-Badry et al.

2014)

PC and

cholesterol

Griseofulvin Microsporum gypseum

and Epidermophyton

floccosum

Bavarsad et al.

2016

PC and

cholesterol

Griseofulvin Microsporum gypseum,

M. canis, Trichophyton

mentagrophytes and T.

rubrum

(Aggarwal and

Goindi 2012)

PC, PEG,

and

cholesterol

Miconazole nitrate C. albicans (Elmoslemany

et al. 2012)

PC and

surfactants

Miconazole nitrate C. albicans (Pandit et al.

2014)

PC and

cholesterol

Fluconazole C. albicans (Gupta et al.

2010)

PC Clotrimazole C. albicans (Maheshwari

et al. 2012)
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This approach was also of interest to treat intracellular infections with Salmonella

spp., Mycobacterium tuberculosis (Mtb), Chlamydia pneumoniae, Listeria mono-

cytogenes, and Francisella tularensis (Oh et al. 1995; Wong et al. 2003; Chono et al.

2008).

3.12 Liposomes: Tools to Decrease Toxicity and Improve

Pharmacokinetics and Biodistribution

of Antimicrobials

One of the advantages of liposomal carriers is the possibility of a controlled and

sustained release of antibiotics during drug circulation in the body. This allows

maintaining the proper drug concentration for a relatively long term. In contrast, the

administration of free antibiotic exhibits a short effect, resulting in the need for

several doses per day (Hamidi et al. 2006).

The membrane properties of the long circulatory liposomes allow its application

as successful drug delivery system in eradicating intracellular pathogens. In the

treatment of diseases caused by intracellular bacteria, long circulatory liposomes

improved drug retention in the proper tissues, provided continuous release,

decreased toxicity, and enhanced the concentration at the site of infection as showed

by Labana et al. (2002) that focused on tuberculosis, a severe and difficult-to-treat

infection.

Li et al. (2014) evaluated the use of PEGylated liposomes loaded with dapto-

mycin and clarithromycin against MRSA infection. This system of codelivery of

daptomycin with clarithromycin produced significant anti-MRSA activity in the

presence of only one-thirtieth of the concentration required of daptomycin, indi-

cating enhanced concentration and less toxicity. The same group also evaluated the

toxicity of free and PEGylated liposomal colistin against Escherichia coli after

intravenous administration in mice. The liposomal colistin reduced bacterial killing

rate, but did not compromise the in vitro antibacterial activity and additionally

showed best drug retention, resulting in the significantly increased

maximum-tolerated dose, prolonged blood circulation, and decreased colistin dis-

semination in kidney (Li et al. 2016). Alternatively, chitosan-coated vancomycin

liposomes were developed and its toxicity in vitro and in vivo was evaluated,

resulting in sustained release in vitro without hemolysis. The results of tissue

distribution revealed that the chitosan-coated vancomycin liposomes could not only

notably reduce the concentration of vancomycin in kidney, but increase its con-

centration in lung. Thus, chitosan-coated liposomes can help to reduce the

nephrotoxicity of vancomycin, which may occur in clinical applications such as the

treatment of osteomyelitis, endocarditis, and pneumonia (Yang et al. 2015).

It is also possible to control drug release by using pH-sensitive liposomes, whose

structure is stable in the blood circulation, but in an altered pH environment,
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the unstable membrane allows leakage of drug content. The pH-sensitive

PEG-coated vesicles composed of phospholipids were applied in a in vivo model

of Salmonella enterica serovar Typhimurium infection (Cordeiro et al. 2000) and

pH-responsive gold nanoparticle-stabilized liposomes for gastric antimicrobial

delivery against Helicobacter pylori, resulting in superior bactericidal efficacy as

compared to the free doxycycline for gastric drug delivery. In addition, this kind of

liposomes remains inactive in the stomach lumen, but actively interacts with bac-

teria once they reach the mucus layer of the stomach where the bacteria may reside

(Thamphiwatana et al. 2013).

3.13 Liposomes as Targeting Devices for Bacterial Biofilm

Prevention and Treatment

Liposomes are considered a very promising drug carrier for application in pre-

vention of biofilm formation and treatment (Kaszuba and Jones 1999). The main

problem with biofilm-producing bacteria involves the local concentration of bac-

terial colonies covered by an extracellular matrix of polymeric substances that

prevents drug transport to the hidden microbial cells. The function of liposomal

drug application is to target matrix or biofilm bacteria by specific attachment,

allowing the drug to be released in the vicinity of the microorganisms.

Nevertheless, appropriate size, narrow size distribution, suitable bilayer features,

surface characteristics, and high encapsulation efficiency are important for effective

antimicrobial delivery to biofilms (Martin et al. 2015). The composition of the

vesicle surface conditions the type of specific and nonspecific interaction with the

target plays the main role. Most of the studies have been dedicated to

plaque-forming bacteria or skin bacteria producing a biofilm on artificial elements

such as catheters, using conventional, fusogenic, and surface-modified liposomes

(Robinson et al. 2000).

The nonspecific targeting using liposomes with the surface charge opposite to

the surface charge of bacteria enables an extended contact time of antibiotic with

biofilms. Cationic liposomes have shown great potential for biofilm targeting due to

their interaction with the negatively charged biofilm surface. This property has been

explored to the treatment of Staphyloccocus epidermidis, Staphylococcus aureus,

Streptococcus salivarius, Streptococcus sanguis, and Pseudomonas aeruginosa

biofilms, using different antimicrobials into liposomes. The effectiveness was

greater at the lower overall drug concentrations tested and the shorter time of

exposure of the liposomes to the biofilm, as compared to the free antibiotic

(Sanderson and Jones 1996; Kim et al. 1999; Robinson et al. 2001; Meers et al.

2008; Yamakami et al. 2016).

Targeted liposomes prepared with proteins, antibodies, or immunoglobulin

fragments are also explored, due to its affinity to specific receptors located on the

78 A. Brandelli et al.



target surface of infected cells or pathogens (Drulis-Kawa and Dorotkiewicz-Jach

2010). The potential of immunoliposomes in reducing dental plaque was reported to

S. oralis biofilm (Robinson et al. 1998). In comparison with the liposomes of same

lipid composition, but without the antibody, the biofilm affinity of anti-oralis

immunoliposomes was significantly higher, but it was still lower than affinity of the

free antibody. In addition, it was observed that this immunoliposome approach

increased several times the inhibitory effect for short exposure times, when com-

pared to the free bactericides.

Particularly, interesting approaches to combat biofilms involve the encapsulation

of enzymes such as glucose oxidase and peroxidases into liposomes (Kaszuba and

Jones 1999) and the use of metals as gallium and bismuth in combination with

antimicrobials. Liposomes encapsulating both gallium and gentamicin were

developed to combat clinical isolates of P. aeruginosa (Halwani et al. 2008). The

formulation was shown to be more effective than liposome-loaded gentamicin and

the free antibiotic against both planktonic and biofilm cells of P. aeruginosa.

3.14 Liposomes as a Platform to Eradication of Multidrug

Resistant Bacteria

Highlighting the importance of combating antimicrobial resistance, a variety of

innovative platforms are currently in development, in particular to act on the cell

envelope structure. The outer membrane of gram-negative bacteria acts as a barrier

preventing the entry of a vast range of currently available antibiotic molecules and

the alteration of its components, for example, lipid A, results in increased resistance

to antibiotics (Huwaitat et al. 2016). The liposomes can be helpful due to its

multiple advantages as the capacity of increase the therapeutic index of antibiotics,

target infected intracellular compartments, and allow combination therapy. In

particular, the fusogenic liposomes are a promising alternative, because they permit

direct interaction/fusion between liposomes and bacterial cells, and the application

of liposomal antibiotics could thus overcome bacterial resistance mechanisms

(Beaulac et al. 1998).

Fusogenic liposomes have been studied for the eradication of drug-resistant

P. aeruginosa strains by Beaulac et al. (1998) and Sachetelli et al. (2000), where it

was observed the fusion with the bacterial membrane of P. aeruginosa release the

tobramycin directly to the periplasmic space. In another work, meropenem

encapsulated in Fluidosomes® showed lower MICs (4–16 times) for the resistant

strains than did the free meropenem. Similar results were obtained in subsequent

studies on P. aeruginosa, E. coli, K. pneumoniae, and S. aureus strains

(Drulis-Kawa et al. 2006; Drulis-Kawa and Dorotkiewicz-Jach 2010).

Fusogenic liposomes carrying vancomycin were tested against some strains of

gram-negative bacteria isolated from clinical cases and totally resistant to the free
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antibiotic. The fusogenic property of the phospholipid blend was able to carry the

drug through the bacterial outer membrane, improving the antibacterial activity and

inhibiting the growth of the bacteria (Nicolosi et al. 2010; Pignatello et al. 2011).

They also showed the importance of fusogenic behavior, because, when van-

comycin was carried by conventional (not fusogenic) liposomes, no inhibitory

activity was observed. Recently, the same group tested fusogenic liposomes con-

taining fusidic acid, against 25 strains of gram-positive and gram-negative bacteria

isolated from clinical cases. The encapsulation of fusidic acid in fusogenic lipo-

somes maintained the in vitro antibacterial profile of the antibiotic against

gram-positive strains and made it active against gram-negative strains, while the

free antibiotic was ineffective (Nicolosi et al. 2015). The results of these studies

encourage the exploration of the potential of fusogenic liposomes in enhancing the

activity of other antibiotics against resistant microorganisms.

3.15 Liposomes for Treatment of Skin Infections

Several strategies have been tried to improve permeation of drugs through skin for

local as well as systemic drug delivery. Incorporation of the drug within deformable

liposomal devices has been one of the more well-studied approaches for delivering

drug to deeper layers of the skin (Ashtikar et al. 2016). Liposomes interact with the

skin via several mechanisms. They are either adsorbed onto the skin surface leading

to the release of drugs or penetrate via either intact lipid-rich channels or after

losing some lipid lamellae. Otherwise, they can form occlusive films that increase

skin hydration and drug penetration into the stratum corneum (Elzainy et al. 2003).

Elastic/deformable liposomal systems, such as invasomes, Transfersomes®, and

ethosomes, have demonstrated encouraging results in delivering small molecules

and large proteins to the skin. These properties have been used to topical deliver of

drugs as acyclovir, dexamethasone, and erythromycin (Horwitz et al. 1999; Jain

et al. 2003; Godin and Touitou 2005).

One of the most studied applications of liposomes for dermal delivery is its use

as carriers for antifungal drugs (Table 3.2). Fungal infections are among the most

commonly encountered diseases that affecting the skin. Generally, the treatment

approaches include both topical and oral antifungal agents. The topical route is

generally preferred due to the possible side effects of oral medication (Bseiso et al.

2015). Liposomes have the capacity to carry lipophilic drugs that should be con-

trolled by the formulation in order to achieve high local therapeutic concentration

and to provide prolonged pharmacological effect and carried drugs with high

molecular weight such as amphotericin B and ketoconazole (Fauvel et al. 2012).

The potential of liposomes as drug delivery carriers for the treatment of various

topical and systemic fungal infections with several antifungal drugs such as

miconazole and griseofulvin have been reported (Peira et al. 2008).
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Advances in formulations may soon render outdated conventional products such

as creams, ointments, gels, and nebulized systems. Regarding their applications,

aerosolized commercial liposomal amphotericin B (Ambisome®) has been explored

to prevent Aspergillus infection in lung transplantation and invasive pulmonary

aspergillosis. The results indicate greater capacity of the formulations to reach the

deepest levels of the lungs and demonstrate efficiency and safety (Monforte et al.

2010; Fauvel et al. 2012). Patel and collaborators (Patel et al. 2009) studied the

liposomal gel of ketoconazole; this formulation allowed best drug retention in the

skin compared to the gel and cream formulations with free antifungal.

Other authors also reported that liposomal formulations increase both the

deposition and skin permeation of drugs such as fluconazole, clotrimazole, and

miconazole. The liposomal formulations enhance the therapeutic effectiveness

against cutaneous candidiasis when compared to controls (Gupta et al. 2010;

Maheshwari et al. 2012; Pandit et al. 2014). Liposomes encapsulating croconazole

were also able to effectively decrease fungal colonies of different pathogens

(El-Badry et al. 2014). Several researches have evidenced the ability of the lipo-

somes to improve skin permeation and achieve cutaneous targeting, depending on

both liposomal composition and drug’s physical–chemical properties. Moreover,

they can be especially customized to enhance the penetration of the antifungal

agents, leading to effective treatment for skin and fungal infections.

3.16 Conclusion

The advances in pharmaceutical nanotechnology resulted in the development of

innovative liposomal systems that provide efficient delivery and controlled release

of drugs. Liposomes can be very useful carriers for antimicrobial agents, as number

of different structures can be developed by changing their size, composition, surface

charge, and membrane fluidity. Liposomes are versatile drug carriers due to their

capability to incorporate both hydrophobic and hydrophilic drugs. The use of

liposome-encapsulated antimicrobials could also reduce the toxicity of the chemi-

cals used in conventional therapies. The encapsulated antimicrobial could be sys-

temically distributed in the organism, as the liposomal carrier allows a controlled

and sustained release during circulation, maintaining the adequate drug concen-

tration for a relatively long term. Smart target-specific liposomes containing

antimicrobial agents could be designed for use in living systems. Multiple ligands,

such as proteins, carbohydrates, or antibodies, can be added to the surface to direct

the liposome toward the specific target. The liposomal system could be prepared to

release the antimicrobial only when the nanoparticles reach the target microor-

ganism or just some time after application. This implies that precise doses of the

drug would be applied, since it would not be degraded by the organism and would

accumulate in the infection point due to the target delivery. Liposomes are also

promising carriers to deliver antimicrobial agents in situations that are difficult to

combat, such as multidrug resistant bacteria, microbial biofilms, and skin infections.
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Chapter 4

Synthesis of Metal Oxide Nanoparticles

and Its Biomedical Applications

Zygmunt Sadowski and Agnieszka Pawlowska

Abstract Due to the fact that nanoparticles are increasingly used in different fields

of industry, more attention is needed for efficient and eco-friendly methods of their

production. Recently, nanoparticle biosynthesis based on plant and plant extracts

has been proposed as cost-effective and environment friendly. The physical and

chemical properties of formed nanoparticles have a significant impact on their

biomedical properties. Therefore, it is crucial to characterize particles and to control

their synthesis in order to obtain particles of desired, e.g. shape and size. The

present chapter illustrates green synthesis of Cu2O, ZnO, Fe2O3, Fe3O4, TiO2,

Cr2O3, CeO2 and Co3O4 using plant and plant extracts and its biomedical appli-

cation including antimicrobial activity and drug and gene therapies. The role of

metal oxide nanoparticles in the detection and treatment of cancer has been also

discussed.

Keywords Biosynthesis � Plant extract � Antimicrobial effect � Antitumor agent

4.1 Introduction

Metal oxide nanoparticles have unique physicochemical properties and for these

reasons have an application in the biomedical sciences (Sanvicens and Pilar Marco

2008). One of the most active areas of application is in the treatment of cancer cells.

Metal oxide nanoparticles can offer a specific interaction with the tumour cells. The

final therapeutic effect of metal oxide nanoparticles is as destroyers of cancerous

tumours. However, the principal problem for chemotherapeutic agents is due to

the difficulty in differentiating between cancerous and normal cells. The size and

Z. Sadowski (&) � A. Pawlowska
Department of Chemical Engineering, Wroclaw University of Science

and Technology, Wroclaw, Poland

e-mail: zygmunt.sadowski@pwr.edu.pl

A. Pawlowska

e-mail: agnieszka.pawlowska@pwr.edu.pl

© Springer International Publishing AG 2017

M. Rai and C. Alves dos Santos (eds.), Nanotechnology Applied To Pharmaceutical

Technology, https://doi.org/10.1007/978-3-319-70299-5_4

91



surface charges prefer metal oxide nanoparticles to penetrate the cancer cells. Metal

oxide nanoparticles show different strategies in the treatment of cancer cells. It can

be a direct interaction on the tumour cell or indirectly via the action of heat (hy-

perthermia therapy).

Metal oxide nanoparticles stimulated by an external radiation source are able to

produce free radicals. These radicals can be utilized for antioxidant activity. This

action gives a promise to reduce the rate of tumour growth. The promising cancer

therapy can be cell apoptosis, which can be defined as the programmed cell death. It

was demonstrated (Akhtar et al. 2012) that ZnO nanoparticles selectively induced

apoptosis in cancer cells.

Metal oxide nanoparticles are also used as biosensors. Their role is the rapid and

early detection of cancer cells. Magnetic nanoparticles play a special role in the

field of biomedical imaging (Frank et al. 2014). They are of great interest for

medicine due to their ability to manipulate these particles with an external magnetic

field (Veiseh et al. 2010).

Two factors are taken into account while considering the application of metal

oxide nanoparticles as an effective tool for killing disease-causing bacteria. The first

is an incremental number of bacteria-induced lethal illnesses (26% of deaths in the

world) are caused by bacterial infections (Shams et al. 2016); the second is the short

period in which the bacteria develop immunity to antibiotics. In such cases, metals

and their oxide nanoparticles can be an alternative weapon for fighting pathogens.

This chapter deals with biological production of metal oxide nanoparticles with a

focus on extracts from plant leaves, as base reagents for nanoparticle synthesis,

which are readily available in the tropical climate regions (Ahmed et al. 2016).

Biosynthesis methods have the advantage over their chemical or physical coun-

terparts in that they are cheap and environment friendly.

The procedure using plant extracts for the synthesis of metal oxide nanoparticles

is relatively cheap and extremely easy. It is characterized by reproducibility, elu-

cidation of formation mechanisms and size control of the products.

4.2 Biosynthesis of Metal Oxide Nanoparticles

Nanoparticles can be synthesized by the use of living organisms, such as bacteria,

viruses, fungi, actinomycetes and yeasts (Hulkoti and Taranth 2014). Among many

methods of synthesis, those based on plant extracts are more and more popular and

have the potential to be used on an industrial scale. Aqueous plant extracts are

obtained from different plant parts (leaf, flower, stem and root). However, the leaves

are used most frequently (Ahmed et al. 2016). Synthesis is relatively simple,

cost-effective and eco-friendly. Leaves are rinsed with distilled water and then dried

under the sun. Green or dry biomass is infused with water and warmed for a

predetermined period of time at a temperature of 50–80 °C. Then it is cooled down

to room temperature, and the biomass is separated. The clear extract comes into

contact with a metal ion solution. The mechanism of synthesis of metal oxides from
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the leaf extract has not been satisfactorily explained (Punjabi et al. 2015).

Bioreduction of metal ions plays an important role in biosynthesis of nanoparticles.

The leaf extracts contain different flavonoids, which undergo a transformation from

the enol- to keto-form yielding a reactive atom of hydrogen, which participates in

metal ion reduction and nanoparticle creation (Jeevanandam et al. 2016).

4.2.1 Cu2O Nanoparticles

Cuprous oxide (Cu2O) is a p-type semiconductor with a direct band of 2.17 eV.

Twenty grams of fresh leaves of Tridax procumbens (Family: Asteraceae) was used

for synthesis of Cu2O nanoparticles (Gopalakrishnan et al. 2012). Fresh leaves were

thoroughly washed in distilled water and shredded into small pieces. The green

biomass was mixed with 100 ml of distilled water and the mixture was boiled for

8–10 min. The obtained extract was cooled to room temperature and filtrated to

separate the biomass. The pure extract was refrigerated at a temperature of 4 °C.

Copper oxide nanoparticles were obtained as follows: 10 ml of fresh extract

from Tridax procumbens leaves was mixed with 10 ml of Fehling’s solution. After

10 min the colour of the solution changed from blue to red, which proved the

formation of cuprous oxide nanoparticles (Gopalakrishnan et al. 2012). The syn-

thesis of cuprous oxide nanoparticles (Cu2O) can be described by the following

chemical reaction:

RCOH + 2Cu2þ + H2O ! RCOOH = Cu2O

Nanoparticles of cuprous oxide can be also obtained from a lignin solution (Li

et al. 2016). In this experiment, lignin was delivered from a paper mill and dis-

solved in an alkali solution to which then a solution of copper sulphate was added.

The product of the chemical reaction was copper hydroxide. Copper (II) was

reduced by lignin to the nanoparticles of cuprous oxide Cu2O. This process of

cuprous oxide nanoparticles synthesis can be rendered by the following chemical

reactions:

Cu2þ + 2OH� ! Cu OHð Þ2

lignin - C - OH + Cu OHð Þ2! lignin - C = O + Cu2O + H2O

Cu2O nanoparticles were wrapped by lignin and had good stability and showed

efficient antibacterial activity. Figure 4.1 presents a schematic diagram of Cu2O

nanoparticle synthesis.

Thekkae Padil and Cernik (2013) used gum karaya, a naturally occurring

polysaccharide, to produce CuO nanoparticles. This hydrocolloid is isolated from

plants. Gum may act both as a reducing and stabilizing agent in copper oxide

synthesis.
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Copper oxide can by synthesized by various methods. Arshadi-Rastabi et al.

(2015) proposed ascorbic acid as a reducing reagent. Copper acetate, sodium

hydroxide, and ascorbic acid were used to synthesize Cu2O nanoparticles. Initially,

the solution of copper acetate was mixed with the sodium hydroxide solution. The

first product of synthesis was Cu(OH)2. Next, a solution of ascorbic acid was added

to the Cu(OH)2 suspension. The solution colour change suggested the formation of

Cu2O colloid. The sediment with Cu2O nanoparticles was washed and dried at 80 °C

to obtain Cu2O powder.

A rapid biosynthesis of copper oxide nanoparticles using Aloe vera (Family:

Asphodelaceae) leaf extract was presented by Kumar (2015). 25 g of fresh leaves

was finely shredded and boiled for 5 min at 80 °C with 100 ml of deionized water.

Finally, the suspension was decanted. The pure extract was refrigerated and stored

at 4 °C. For copper oxide nanoparticle synthesis, 50 ml of a copper nitrate solution

was mixed with 5 ml of A. vera extract. The solution was heated to 100–120 °C.

The blue colour of the solution disappeared during heating. The colour of CuO

nanoparticles was dark-red.

Other plant extracts were used for the biosynthesis of copper oxide nanoparti-

cles. Sankar et al. (2014a) presented the application of extracts from Ficus religiosa

(Family: Moraceae) and Carica papaya (Family: Caricaceae) (Sankar et al. 2014b)

as reagents to nanoparticle fabrication. The procedures of extract preparation were

similar to those applied to Aloe vera leaves (Kumar 2015). The green synthesis of

copper nanoparticles is based on mixing filtrated extract with a cupric sulphate

solution (CuSO4�5H2O). Presence of nanoparticles is signalled by a change in

colour.

4.2.2 Zinc Oxide Nanoparticles

Zinc oxide in the form of nanoparticles is used in many cosmetic products such as

toothpaste, mouthwash and sun blockers (Sangeetha et al. 2011; Saikia et al. 2015).

Fig. 4.1 Schematic diagram of Cu2O nanoparticle synthesis with lignin. Own elaboration based

on Li et al. (2016)
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The ZnO nanoparticles showed strong antibacterial properties. Zinc oxide is a

semiconductor of the n-type with a wide direct band gap that equals 3.37 eV and

high excitation energy of 60 eV at room temperature.

Biosynthesis of zinc oxide nanoparticles has been carried out using plant extracts

by many researchers (Raut et al. 2015; Therma 2015; Fu and Fu 2015; Dobrucka and

Dugaszewska 2016). Ocimum tenuiflorum (Family: Lamiaceae) (Holy basil) leaves

were carefully washed, dried in the sun and then shredded. 10 g of dry leaves was

mixed with 100 ml of distilled water. The suspension was boiled for 10 min until the

reddish colour appears. Afterwards, it was filtered for the biomass separation. The

clean extract was used for the synthesis of zinc oxide nanoparticles. For this purpose,

50 ml of extract was heated at a temperature of 60–80 °C, next 5 g of zinc nitrate

ZnNO3 6H2O was added. The whole solution was heated at 70 °C until it received a

consistency of a paste, which was dried at a higher temperature (100–130 °C) for

45 min. Yellow ZnO powder was the final product (Raut et al. 2015). A similar

procedure was used to fabricate ZnO nanoparticles applying the extract from the

flower petals of Trifolium pratense (Family: Fabaceae) (Dobrucka and Dugaszewska

2016) and Agathosma betulina (Family: Rutaceae) (Therma 2015).The final period

of synthesis was yielded a precipitate which included ZnO nanoparticles; this pro-

duct was heated at 400 °C for one hour.

Another type of reducing reagent was latex from the Euphorbia jatropha

(Family: Euphorbiaceae). It was obtained by cutting green stems of brash and this

was used for the biosynthesis of ZnO nanoparticles (Bajpai et al. 2016; Geetha et al.

2016a, b). “Latex milk” contains some rich biological active compounds such as

proteins, amino acids, carbohydrates and vitamins as well as several alkaloids

(calotropin, cytotoxin and calcilin) which act as bioreactors. As a result of its rich

chemical composition, the latex milk plays an important role as an ion reducing and

a stabilizing reagent for synthesized nanoparticles.

The obtained latex was stored at a temperature of approximately 4 °C. The

synthesis of ZnO nanoparticles was carried out with 2, 4 or 6 ml of latex which

were then mixed with 10 ml of distilled water. The received solution of latex was

mixed with 1 g of zinc nitrate Zn(NO3)2�6H2O. After precipitation, the sample with

nanoparticles was placed in the muffle furnace and it was heated for 5–15 min at

450 °C. Then, a calcination process was performed at 750 °C for 2 h (Geetha et al.

2016a).

Juice from Azadirachta indica (Family: Meliaceae) Neem tree, which grows in

India, was used in a similar manner as the ZnO nanoparticles fabrication (Bajpai

et al. 2016). The collected dried gum was in the form of a glassy mass, which was

dissolved in double distilled water. Juice solutions with concentrations of 0.1, 0.2

and 0.5% were used for ZnO synthesis. The 100 ml of juice solution was mixed

with 2.97 g of six hydrate zinc nitrate, to which a 0.2 M NaOH solution was

gradually added. The suspension was continuously mixed for 2 h. The resulting

precipitate was separated from the solution and dried at 80 °C. The spectrum of the

solution was measured and the synthesized ZnO nanoparticles had the UV-vis

spectrum with its maximum being in the range of 351–360 nm. The position of the

maximum was correlated with the juice concentration (Geetha et al. 2016b).
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The ZnO nanoparticles were synthesized using the juice obtained from the acacia

tree (acacia gum) (Bajpai et al. 2016). One g of acacia gum was dissolved in 10 ml

of distilled water. 10.63 mM of sodium acrylate was added to the acacia gum

solution, then 480.47 lM of cross-linker MB reagent and 370.37 lM of initiator

potassium persulphate (KPS) were added. The obtained mixture was placed in the

electric furnace and heated at 60 °C for 2 h. The final product of polymerization

process was a hydrogel, which was washed by distilled water to eliminate the

excessive amount of the reagent. The pure hydrogel was cut into small pieces and

dried in a vacuum chamber.

The synthesised ZnO nanoparticles in a matrix constructed from a hydrogel are

characterized by a peak at a wavelength of 364 nm in the UV-vis spectrum. The

synthesis of ZnO nanoparticles in a matrix of a hydrogel is shown in Fig. 4.2.

The extract from Couroupita guianensis (Family: Lecythidaceae) leaf was used

for the biosynthesis of ZnO nanoparticles (Manokari and Shekhwat 2016). The

chemical analysis revealed the presence of alkaloids, phenolic and flavonoids in this

extract. ZnO nanoparticles synthesis can be described by:

Plant aqueous extract þ zinc nitrate ! ZnO nanoparticles þ by-products

Fig. 4.2 Scheme showing the formation of ZnO nanoparticles in hydrogel matrix Reprinted from

Synthesis, characterization and antimicrobial applications of zinc oxide nanoparticles loaded gum

acacia/poly(SA) hydrogels, Bajpai KS, Jadaun M, Tiwari S, Carbohydrate Polymers 153: 60–65.

Copyright 2016, with permission from Elsevier
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4.2.3 Iron Oxide Nanoparticles

The most important iron oxides, which have been synthesized using plant extracts,

are magnetite (Fe3O4), maghemite (c-Fe3O4) and haematite (a-Fe3O4). The unique

physicochemical properties of iron oxide nanoparticles caused these nanoparticles

to be utilized as biosensors, labelling materials, drug delivery carriers and in

thermal therapy (Wu et al. 2015).

Iron nanoparticles can be used to improve water quality. Researchers have

discovered that haematite nanoparticles possess the ability to remediate toxic ions

from water (Kumar 2009; Yunus et al. 2012; Ali et al. 2016; Cao et al. 2016;

Marines-Cabanas et al. 2016).

By analogy to the procedure described for the fabrication of other metal oxide

nanoparticles, iron oxide nanoparticles can also be obtained by biosynthesis using

various plant extracts. For instance, Eucalyptus globulus (Family: Myrtaceae) leaf

extract was used to obtain iron oxide (Fe2O3) nanoparticles (Balamurugan et al.

2014). 100 g of Eucalyptus globulus leaves was added to 100 ml of distilled water.

The suspension was heated for 30 min at 80 °C and continuously stirred. Then, the

obtained suspension was subjected to filtration to obtain a clear extract in which the

pH was slightly acidic (pH = 4.10). The extract was stored at a temperature of 4 °C.

It contained 1,8-cineole (45.4%), limonene (17.8%), p-cymene (9.5%), c-terpinene

(8.8%), a-pinen (4.2%), and a-terpineol (3.4%) (Balamurugan et al. 2014).

For the synthesis of iron oxide nanoparticles, 20 ml of early pre-prepared extract

from Eucalyptus globulus leaves was used. An aqueous solution of FeCl3 was

mixed into the extract solution, which was continuously stirred. During the addition

of this ferric chloride solution, the colour of the solution changed from light yellow

to greenish black, which indicated the formation of b-Fe2O3 nanoparticles. UV-vis

spectrum of the solution after the biosynthesis showed a peak wavelength of

402 nm, which confirmed the presence of iron oxide nanoparticles. FTIR spectrum

shows that there are three bands with the maxima located at 3449, 1637 and

544 cm−1, respectively. The observed bands are characteristic for b-Fe2O3

(Balamurugan et al. 2014). In a similar manner, the leaves from Ocimum sanctum

(Family: Lamiaceae) were used to prepare the extract, which was used for Fe2O3

nanoparticles synthesis (Balamurughan et al. 2014).

The magnetite Fe3O4 nanoparticles are a valuable material because of its strong

magnetic properties. Like haematite (Fe2O3) and iron (Fe) nanoparticles, magnetite

nanoparticles can be prepared using different plant extracts. Latha and Gowri

(2014) have proposed the magnetite nanoparticles synthesis using the Carica

papaya (Family: Caricaceae) leaves extract. Fresh leaves of Carica papaya were

repeatedly washed with distilled water and dried. The 20–25 g of green biomass

was placed in a beaker that contained 100 ml of distilled water. The suspension was

heated at 70 °C for about 15 min until the slurry obtained a brown colour. After

cooling the slurry down to room temperature, the suspension was filtered with

Whatman #42 filter paper. Pure extract was stored in the refrigerator. For the

synthesis of magnetite nanoparticles the ferric chloride solution was used.
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The concentration of these solutions was 0.01, 0.02, 0.1 and 0.2 M. Similarly, the

variable amounts of leave extract were added, ranging from 2 to 10 ml. After

adding the extract, the colour of the solution changed from brown to black, which

indicates the formation of magnetite nanoparticles.

Dried seeds of Syzygium cumini (Family: Myrtaceae) have been used for the

fabrication of extract, which has been taken for the synthesis of Fe3O4 nanoparticles

(Venkateswarlu et al. 2014).

The extracts from the leaves of Hordeum vulgare (Family: Poaceae) and Rumex

acetosella (Family: Polygonaceae) were employed for the preparation of iron

nanoparticles (Makarov et al. 2014). The nanoparticles of iron and iron oxide were

also synthesized using the extract from the leaves and stems of the eucalyptus

(Wang 2013).

Also aquatic plants (seaweed) have been used for the synthesis of iron oxide

nanoparticles (Mahdavi et al. 2013). For example, Mahdavi et al. (2013) have used

the extract from Sargassum muticum (Family: Sargassaceae) commonly referred to

as “Japanese wireweed” for the nanoparticles biosynthesis. The extract obtained

from seaweed contains sulphated polysaccharides, which were responsible for the

reduction of Fe3+ ions and the stabilization of the obtained magnetite nanoparticles.

Synthesized magnetite nanoparticles were characterized by a spherical shape and

their average size was 8.04 nm (Mahdavi et al. 2013). Physicochemical analysis

confirmed it was a pure magnetite.

Wei and Viadero (2007) presented a new source of magnetite nanoparticles,

which is the acid mine drainage (AMD) from the dump. The leached solution is

formed by the special chemoautotrophic bacteria, which leached metal sulphide,

mainly pyrite (Fe2S). The leached solution from the heap contains metal ions such

as Fe3+, Al3+, Mn2+, Zn2+, Cu2+, Ni2+, Ca2+, Mg2+ and many others. Leachate

flowing from the heap is an acid solution with a pH of about 2.5. Ferric ions are first

of all removed from the effluent. An addition of NH4OH to the solution resulted in

the change in pH. The magnetite nanoparticles are formed in the solution by oxi-

dation and selective precipitation under the pH of 3.5–4.0. The process may be

represented by the following reaction.

2Fe3þ + Fe2þ + 8OH� ! Fe3O4 + 4H2O

In addition to their magnetic properties, the nanoparticles of iron oxides exhibit

photocatalytic effect. The biosynthesis of mesoporous nanoparticles of a-Fe2O3 was

carried out with the use of the extract from green tea leaves of Camellia sinensis

(Family: Theaceae) (Ahmmad et al. 2013). Green tea leaves were collected,

washed, dried for 2 days in the sun and then shredded by hand. 20 g of dry leaves

was mixed with 1.5 l of distilled water and heated for 20 min at 80 °C. The

resulting suspension was then filtrated. Pure aqueous extract of tea leaves was

stored at 10 °C. The biosynthesis of a-Fe2O3 nanoparticles was carried out as

follows: 5 g of Fe(NO3)3�9H2O was dissolved in 30 ml of the extract from tea

leaves, supplemented with distilled water to a total volume of 50 ml. The solution

was placed in an autoclave and heated to a temperature of 180 °C for 13 h.
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The created nanoparticles were separated from the solution and dried at a tem-

perature of 80 °C, after which the dry powder was additionally heated for 6 h.

Hazarika et al. (2016) proposed biosynthesis of nanoparticles consisting of two

oxides, haematite and silica. The peel of Musa balbisiana (Family: Musaceae) was

used for Fe2O3 nanoparticles synthesis. Two g of peel powder was added to 20 ml

of distilled water and boiled for 1 h. The obtained extract was filtrated. 5 ml of

1 mM solution of FeCl3 6H2O was added to the pure peel extract. The suspension

was stirred for 10 min. At the end, brown precipitate was formed. This precipitate

was heated for 3 h at a temperature of 150 °C. XRD pattern of obtained powder

proves the presence of Fe2O3. For the preparation of Fe2O3�SiO2 composite, the

powder of Fe2O3 and particles of SiO2 were mixed. The ratio of Fe2O3 to SiO2 was

1:10. To obtain the best results, 10 ml of methanol was added. The mixing time was

3 h and the suspension was dried at a temperature of 100 °C for 1 h.

4.2.4 Titanium Oxide Nanoparticles

Titanium oxide (TiO2) is a semiconductor of the n-type with the wide band

gap. Titanium appears in three crystalline forms as rutile, anatase and brookite.

Unique properties of titanium oxide in the form of nanoparticles cause that titanium

has a wide application in cosmetology, for skin protection from UV radiation, in

paints, plastics, paper, ink and as a toothpaste filler (Saravanan et al. 2016).

“Green synthesis” of titanium oxide nanoparticles expresses the fabrication of

these nanoparticles using plant extracts from the petals of Peltophorum ptero-

carpum (Family: Fabaceae). New petals of flowers were thoroughly washed in the

distilled water and dried in the sun. Five g of dry petals was put in a 100 ml beaker

and were boiled at 80 °C for 30 to 80 min. The obtained extract was filtered and

stored at 4 °C in a refrigerator. The synthesis of TiO2 nanoparticles proceeded as

follows: to a TiCl3 solution the extract was added in drops, after which the obtained

solution was mixed and warmed to a temperature of 65 up to 80 °C, for 50 min.

The process of nanoparticles fabrication was observed by the colour change of the

solution from pink at the beginning to lightly brown at the end (Saravanan et al.

2016). The solution was dried at 50 °C and then calcinated at 600 °C within 3 h.

Figure 4.3 presents the preparation of titanium nanoparticles.

The majority of crystalline forms of TiO2 (rutile or the anatase) depends on the

amount of the added plant extracts to the synthesis. For example, 5 ml of the extract

essence produces 100% of rutile only and the excess of extract in the amount of

80 ml caused only the crystallization of an anatase.
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4.2.5 Chromium Oxide Nanoparticles

The trivalent chromium oxide, Cr2O3, is a stable oxide, which can exhibit n-type or

p-type semiconductor behaviour. The physical parameters of chromium oxide

depend on the crystal growth conditions.

The rapid biosynthesis of chromium(III) oxide has also been reported (Some

et al. 2016). The water extract from the red Callistemon viminalis (Family:

Myrtaceae) was used for nanoparticles fabrication. C. viminalis is a plant originally

from Australia. The water extract from this plant is very rich in flavonoides,

saponins, steroids, alkaloids and triterpenoids. 6.65 g of red flowers was heated in

250 ml of pure water in a temperature range of 75–85 °C for 2–3 h. The red

coloured extract was added to 10.12 g of Cr(NO3)3�9H2O salt. The change of

colour from red to black proved that Cr2O3 was formed. The black sediment was

separated then dried at 250 °C and heated with air at 500 °C for 2 h. The

physicochemical studies revealed that the black powder was a-Cr2O3.

4.2.6 Cerium Oxide Nanoparticles

Cerium oxide (CeO2) was synthesized by the green chemistry method using

Hibiscus sabdariffa (Family: Mavaceae) flower extract (Thovhogi et al. 2015). This

extract contains flavonoides such as quercetin, luteolin and gossipetin. 10 g of clean

flowers was mixed with 400 ml of distilled water. The solution was kept at room

Fig. 4.3 Schematic diagram of TiO2 nanoparticles synthesis Reprinted from XANES studies of

titanium dioxide nanoparticles synthesized by using Peltophorum pterocarpum plant extract,

Saravanan S, Balamuruggan M, Lippitz A, Fonda E, Swaraj S, Physica B, 503: 86–92. Copyright

2016, with permission from Elsevier
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temperature for 2 h. The obtained red colour extract was filtered and stored in the

refrigerator. The red extract was mixed with 2.0 g of Ce(NO3)3 and was heated for

2 h. The black colour of suspension suggested the creation of nanoparticles. The

crystal structure of CeO2 was confirmed by XRD analysis.

Cerium oxide nanoparticles were synthesized using the leaf extract from

Gloriosa superba (Family: Colchicaceae) (Arumugan et al. 2015). The synthesized

nanoparticles were spherical with a size of 5 nm. The results of antibacterial studies

against the Gram-positive and Gram-negative bacteria showed that the former were

more susceptible to CeO2 nanoparticles than the latter one (Arumugan et al. 2015).

The cerium oxide nanoparticles interact with the thiol (-SH) group of membrane

proteins resulting in the cell wall destruction. Gram-positive bacteria contain a thick

peptidoglycan layer which is responsible for the adsorption of CeO2 nanoparticles.

4.2.7 Cobalt Oxide Nanoparticles

Cobalt oxide nanoparticles (Co3O4) showed anti-ferromagnetic properties and

extended applications as a catalyst, electronic sensor, pigments and dyes. The report

on the biosynthesis of Co3O4 nanoparticles using the extract from Aspalathus

linearis (Family: Fabaceae) has been presented (Diallo et al. 2015). 6.65 g of

A. linearis leaf powder was mixed with 250 ml of deionized water and heated at

75–85 °C for 2–3 h. Then, the extract solution was filtered twice. The cobalt nitrate

hexahydrated (Co(NO3)2�6H2O) solution was mixed with a leaf extract solution to

reduce the number of cobalt ions. The precipitate centrifuged at 1000 rpm 3 times

for 10 min and after that, the obtained precipitate was heated at 90 °C for 90 min to

eliminate organic compounds. The last step of synthesis proceeded during 2 h at

different temperatures of 100, 300, 400 and 500 °C. The leaf extract contained

some phenol compounds that exhibit a higher antioxidant potential, and therefore, it

was used for cobalt oxide nanoparticles preparation. In addition, the high con-

centrations of proteins and lipids contributed to the nanoparticles stabilization. The

crystal structure of fabricated cobalt oxide was confirmed by XRD and XPS

analysis.

4.3 Biomedical Applications of Nanoparticles

Metal oxide nanoparticles have found some specific applications in clinical diag-

nosis using fluorescent labelling systems, drug and gene delivery and therapy

(Sanvicens and Pilar Marco 2008). Extensive in vivo use of nanoparticles requires

an explanation of toxicity of metal oxide nanoparticles. An explanation of inter-

action between the nanoparticles and cell and the behaviour of nanoparticles inside

the cell might help to eliminate the risk associated with the exposure of the cells to

nanoparticles.
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4.3.1 Toxicity Profile of Metal Oxide Nanoparticles

The term nanotoxicology was introduced a decade ago and it reflects the interaction

of nanoparticles with cells and tissues (Singh 2016). A certain modification of

nanoparticles toxicity can be obtained by a change of physicochemical properties of

nanoparticles. The nanoparticles with unique physicochemical properties may pose

potential risk to human health. The determination of nanoparticles migration in the

body seems a base of nanotoxicology. Nanotoxicology, a branch of science was

initiated ten years ago, deals with migration of nanoparticles in the body and their

interaction with cells and tissues (Singh 2016).

The potential routes of nanoparticles in the human body are the respiratory

system, gastrointestinal tract, skin and injections (Feng et al. 2009). The physical

translocation of nanoparticles is a main mechanism of particles migration across of

the respiratory tract. A part of inhaled nanoparticles are stopped in the nasal mucous

membrane from where they can be transported to the central nervous system. Also,

olfactory neurons are responsible for nanoparticle transport to the central nervous

system.

Titanium oxide and zinc oxides are used as the ingredients of sunscreens and

have direct contact with the skin. Skin is composed of three layers: epidermis,

dermis and subcutaneous (Feng et al. 2009). Epidermis, the outermost layer, has a

porous structure from where the nanoparticles penetrate. It was shown that TiO2

nanoparticles penetrate the outer layer of the skin (Magnusson et al. 2004).

Nanoparticles can also be transported through the skin’s sensory neurons.

The gastrointestinal tract contains more lymphocytes and plasma cells. These

places are responsible for the uptake and translocation of nanoparticles (Feng et al.

2009). Nanoparticles can be ingested directly by the gastrointestinal tract with food

or water. Research data have shown that larger TiO2 nanoparticles (150–500 nm)

were taken up to the blood and transported to the liver (Jani et al. 1994). The

distribution of metal oxide nanoparticles in the body is associated with their

characteristics, particularly with the size and electrical charge. Figure 4.4 presents

the three levels of nanoparticles interaction with the human body.

The knowledge of metal oxide nanoparticle interactions with the cell can be

useful to explain their pharmacological activity (Tuli et al. 2015). The size of metal

oxide nanoparticles determines their penetration into the bacterial cell. The

migration of macromolecules and nanoparticles inside the cell is caused by endo-

cytosis process. Endocytosis process of nanoparticles may use several pathways,

including clathrin-mediated endocytosis, macropinocytosis and phagocytosis. The

effect of the concentration of ZnO and TiO2 nanoparticles on the endocytosis

pathway was studied by Kumar et al. (2011) using Salmonella typhimurium cells. It

was established that endocytosis was the primary pathway for CuO nanoparticles

(Wang et al. 2012).

The antimicrobial activity of metal oxide nanoparticles can be shown by the

degradation of the growth of cells. ZnO nanoparticles were found to be more

effective antimicrobial agents in comparison to NiO and Fe2O3 nanoparticles.
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The concentration of up to 3 mM of ZnO nanoparticles effectively inhibited the

growth of bacteria cells. Nanoparticles are able to deactivate the enzyme

(b-lactamase), which further prevents the development of antibiotic resistance.

The programmed cell death defined as apoptosis is a promising cancer therapy.

Numerous studies have been presented to show the apoptotic effect of metal oxide

nanoparticles (Tuli et al. 2015). The apoptotic cell death was caused by the con-

centration of 11.5 lg/ml of ZnO nanoparticles. Similarly, an intrinsic mechanism of

apoptosis in human carcinoma cells (lung, bronchial, breast) by ZnO nanoparticles

has been reported (Akhtar et al. 2012; Wahab et al. 2014).

Angiogenesis is a fundamental step in the transition of tumours from a benign

state to a malignant one (malignant transformation). Metal oxide nanoparticles such

as CuO play a rule of angiogenesis inhibitors in the treatment of cancer. It means

that nanoparticles have been effective in the reduction of the migration of cancel

cells. Similarly, anti-migration effect showed also ZnO nanoparticles. They have the

ability to generate reactive oxygen species (ROS) which can induce angiogenesis of

tumour (Augustine et al. 2014).

The lack of stimulation of inflammatory molecules in the cell leads to the

multifunctional disorders such as atherosclerosis and neurodegeneration. The metal

oxide nanoparticles are able to modulate the inflammatory molecules. The sup-

plementation of the pig diet with ZnO nanoparticles helped prevent an inflammation

(Ou et al. 2007). An anti-inflammatory effect of CeO nanoparticles was also

investigated by Niu et al. (2007).

The production of the reactive oxygen species (ROS) is a process toxic to the

cell, whereas a lack of balance inside the cell causes the oxidative stress, which is

an initial step of inflammatory disorders. Some of the metal oxide nanoparticles

have a unique electronic structure, which will be helpful as antioxidant therapeutic

Fig. 4.4 Interaction of nanoparticles with the human body. Reprinted with permission from

Chemical basis of interactions between engineered nanoparticles and biological systems, Mu Q,

Jiang G, Chen L, Zhou H, Fourches D, Tropsho A, Yan B, Chem Rev. 114: 7740–7781. Copyright

2014 American Chemical Society
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agents. It was found that CeO2 and Y2O3 nanoparticles are able to protect the nerve

cells from the reactive oxygen species and prevent oxidative stress (Schubert et al.

2006). CeO2 nanoparticles with a size of 10 nm expanded the life-span of brain

cells and also fabricated free radical species controlling oxidation stress enzymes.

Similarly, the nanoparticles have a positive influence on the human Alzheimer’s

disease (D’Angelo et al. 2012).

Metal oxide nanoparticles are a new tool in both biology and medicine where

they can be used to modulate medical processes at the nanometric level using metal

oxide nanoparticles. However, the intercellular accumulation of nanoparticles

without control remains an important problem, which poses a risk.

4.3.2 Antimicrobial Activity of Metal Oxide Nanoparticles

When pathogens are resistant to antibiotics, we have a serious health problem. Metal

oxide nanoparticles represent a group of drugs, which possess antimicrobial effec-

tiveness (Dizaj et al. 2014). Pharmaceutical application of metal oxide nanoparticles

is systematically developing (Adibkia et al. 2010). Figure 4.5 presents various

mechanisms of metal oxide nanoparticle interactions with bacterial cell.

The morphological and physicochemical properties of metal oxide nanoparticles

stimulate their antimicrobial activity. Generally, two theories explaining the

antibacterial effect of metal and metal oxide nanoparticles are proposed: (a) metal

ions are adsorbed on the surface of the bacteria cell, (b) whereas the other holds that

oxidative stress is caused by the active oxygen species (RAS). Zinc oxide

nanoparticles have a strong antimicrobial effect on Gram-positive and Gram-

negative bacteria and spores. The experimental data have demonstrated that the

Fig. 4.5 Various mechanisms of antibacterial activity of metal oxide nanoparticles Reprinted

from Antimicrobial activity of the metal and metal oxide nanoparticles, Dizaj MS, Lotfipor F,

Barzegar-Jalali M, Zirrintan HM, Adibkia K, Material Science Engineering, C44: 278–284.

Copyright 2014, with permission from Elsevier
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efficacy in killing bacteria by ZnO nanoparticles significantly depend on the particle

size (Padmavathy and Vijayaraghavan 2008). A comparison of antibacterial activity

of ZnO, CuO and Fe2O3 nanoparticles has showed that ZnO is the strongest while

Fe2O3 is the weakest antibacterial reagent. ZnO nanoparticles possess significant

photocatalytic properties, which improve their antibacterial efficiency produce the

reactive oxygen species (ROS) under UV light.

Similarly, TiO2 nanoparticles display properties to the generation of oxidative

stress via production of ROS, which cause DNA damage. According to another

experimental research (Roy et al. 2010), TiO2 nanoparticles are able to collaborate

with various antibiotics to improve their antimicrobial activity.

The antibacterial activity of CuO nanoparticles was investigated against two

Gram-positive bacteria (S. aureus, Bacillus subtilis) and two Gram-negative bac-

teria (Pseudomonas aeruginosa and Escherichia coli) (Azam et al. 2012). Studies

have shown that copper oxide nanoparticles restrict the growth of these bacteria.

Cu2O nanoparticles produced from Tridax procumbens (Family: Asteraceae) leaf

extract were used to inhibit growth of Escherichia coli. The mechanism of inhi-

bitory action of Cu2O nanoparticles supported the adsorption of Cu2O on the cell

surface and destroyed the cell membrane (Gopalakrishnan et al. 2012).

Also the cytotoxic effect of the haematite nanoparticles on the human liver cells

was investigated (Rajendran et al. 2015). Iron oxide nanoparticles were synthesized

using the supernatant from Bacillus cereus growth. The inhibitory effect of hae-

matite nanoparticles was realized by the reactive oxygen species synthesis.

4.3.3 Metal Oxide Nanoparticles as Antitumor Agents

The use of metal oxide nanoparticles can be a new strategy for cancer treatment

(Vinardell and Mitjans 2015). The first studies were focused on the application of

antitumor pharmaceuticals within the frame of anti-cancer chemotherapies

(Shvedova et al. 2016). Metal oxide nanoparticles possess a variety of properties,

which can be utilized in therapeutic antitumor approaches in photodynamic therapy

and in hyperthermia.

The antitumor activity of metal oxide nanoparticles is greatly dependent on their

size and shape. Iron oxide nanoparticles must be below the 30–40 nm size limits.

Among the various nanomaterials, metal oxides synthesized by means of plant

extracts have a special role. Copper oxide (CuO) nanoparticles synthesized from

plant extract have shown a strong activity against human lung cancer (Pandey et al.

2016). The anti-cancerous effect of nickel oxide (NiO) and ferric oxide (Fe2O3)

against human lung cancer cells were similar.

Magnetic nanoparticles play a special role in the field of biomedical imaging and

therapy (Frank et al. 2014). Their presence enables external manipulation and

overcomes physiological barriers on their path to the cancerous cells.

Pancreatic cancer is one of the illnesses with a very high mortality. A diagnosis

at an early stage gives hope for a better therapy. Superparamagnetic iron oxide
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nanoparticles covered by silica shells make the carriers of drugs more effective.

These carriers are able to deliver markers and drugs to the cancer cells. Human

pancreatic cancer cells were used as a target (Liu et al. 2016) to observe the

antitumor activity of cerium oxide nanoparticles whose presence induced DNA

damage resulting in the death of tumour cells (Wason et al. 2013).

Superparamagnetic iron oxide nanoparticles were used to noninvasively monitor

the neural stem cells within brain tissue (Umashankar et al. 2016).

Hyperthermia therapy is based on the assumption that tumour cells die at tem-

peratures above 40 °C (Kable et al. 2016). Magnetic iron oxide nanoparticles are

more frequently used in hyperthermia. These nanoparticles transform the energy

from an extrinsic source (e.g. NIR radiation or magnetic fields) into heat. Heat can

induce the cancer cell death directly by apoptosis and indirectly by protein

denaturation or DNA damage. Iron oxide nanoparticles were used for magnetic

tumour hyperthermia in brain (van Landeghem et al. 2009; Silva et al. 2011) and

prostate cancer (Johannsen et al. 2010).

Titanium oxide nanoparticles are used for photodynamic therapy (Vinardell and

Mitjans 2015). These photosensitive nanoparticles generate cytotoxic reactive

oxygen species (ROS) that induce apoptosis. TiO2 nanoparticles are non-toxic and

stable without light irradiation; they can be stored for a long time in the body.

Photodynamic therapy is a direct illumination of the tumour by UV of visible light.

The effectiveness of photodynamic therapy depends on the concentration of TiO2

nanoparticles in the cell, cell types and surface chemistry.

Cerium oxide nanoparticles have been used in radiation therapy (Vinardell and

Mitjans 2015). The experimental data have shown that cerium oxide nanoparticles

are toxic to the pancreatic cancer cell, but exert a non-toxic effect on other cells

(Wason et al. 2013). In addition, cerium oxide nanoparticles do not produce

genotoxic effects. These properties of CeO2 nanoparticles make them a valuable

tool to supplement classical chemotherapy.

Zinc oxide nanoparticles were used at very low concentrations. Similar to cerium

oxide nanoparticles, ZnO nanoparticles were non-toxic to normal human cells.

Clinical tests have shown that ZnO nanoparticles were active against liver, breast

and melanoma cancer cells (Mikolajczyk et al. 2015). The apoptosis of cancer cells

was found to be proportional to the concentration of zinc oxide nanoparticles. It is

the electrical charges that have an important influence on the interaction of ZnO

nanoparticles with cancerous cells. Zeta potential measurements data have shown

that ZnO particles have different charges under acid and base conditions. The zeta

potential value was 10.8 mV (Kumar and Chen 2008).

Cuprous oxide (Cu2O) nanoparticles have also induced apoptosis of tumour

cells. These phenomena can be caused through mitochondrial pathways of apop-

tosis (Sivaraj et al. 2014). However, copper oxide nanoparticles induced cytotox-

icity in human liver cancerous cells and oxidative stress. The generation of reactive

oxygen species (ROS) inside the cancer cells caused the apoptosis of these cells.

Copper oxide nanoparticles synthesized from plant extracts showed an extensive

cytotoxic effect on human lung and breast cancer cells. Nanoparticles, which are

added to blood, have a protein corona which modifies their in vivo action.
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The presence of protein corona reduces cytotoxicity and immunotoxicity of

nanoparticles.

4.4 Conclusions

Metal oxide nanoparticles exhibit many unique properties, which offer various

advantages in biomedical applications. They include fluorescent labelling, targeted

drug delivery, tumour destruction and antibacterial effects. The production of

nanoparticles using plant extracts is an environment friendly, cost-effective,

non-toxic and relatively fast method, which stands in marked contrast with con-

ventional chemical and physical processes. The metal oxide nanoparticles are a

promising tool in the biomedical field, especially in the treatment of cancer dis-

eases. Their localization in the tumour cell and the effect of metal oxide nanopar-

ticles depends on their size, surface charge and aggregation. Therefore, it is

important to control the nanoparticle synthesis using plant extracts to obtain the

nanoparticles with a specific size, shape and composition. A limited knowledge of

the correlation between the physicochemical properties of nanoparticles, in par-

ticular metal oxides and their physiological effects, restricts their wide application

and still needs further research in this area.
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Chapter 5

Nanotechnology: A Tool for Targeted

Drug Delivery

Suchitra S. Mishra, Kunal B. Banode and Veena S. Belgamwar

Abstract Nanotechnology has the potential to revolutionize diagnosis and therapy.

Advances in protein engineering and material science have contributed to novel

nanoscale targeting approaches that may bring new hope to patients. Recent

developments in nanotechnology offer opportunities to significantly transform

therapeutics. This technology has enabled the manipulation of the biological and

physicochemical properties of nanomaterials to facilitate more efficient

target-specific drug therapy. Engineered nanoparticles are an important tool to

realize a number of these applications. Generally, particles having size � 100 nm

can only be used for medical purpose. Recent years have witnessed unprecedented

growth of research and applications in the area of nanoscience and nanotechnology.

There is an increasing optimism that nanotechnology, as applied to medicine, will

bring significant advances in the diagnosis and treatment of disease.

Keywords Nanotechnology � Target-specific drug therapy � Nanomaterials

Nanoscale � Drug delivery

5.1 Introduction

Concept nanoscience incepted by Richard Feynman in 1959, who discussed the

promise of miniaturization of materials down to the nanoscale. Now, there has been

tremendous progress in this field (Feynman 1959). The term nanotechnology was

for the first time used by Nario Taniguchi in 1974, for the composite word to
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signify machining with tolerances of less than one micron, has found great potential

in drug delivery nowadays (Taniguchi et al. 1996). The word ‘Nano’ is originated

from Latin word, which means dwarf. Ideal size range offered by nanotechnology

refers to one thousand millionth of a particular unit; thus, nanometer is one thou-

sand millionth of a meter (i.e., 1 nm = 10−9 m). The branch nanotechnology is the

science that particularly deals with the processes that occur at molecular level and

of nanolength scale size (Gadad et al. 2014). Nanotechnology has now become an

allied science which is most commonly used in other fields of science like elec-

tronic, physics, and engineering since many decades. Recent exploration of nan-

otechnology in biomedical and pharmaceutical science results in successful

improvement of conventional means of drug delivery system (Bhatia 2016).

Nanodrug delivery systems are being designed for efficient and safe drug dis-

position in the affected tissues. For effective drug delivery, proper understanding of

the interactions of nanomaterial with the biological environment, mechanisms of

uptake, intravascular and intracellular trafficking, bio-distribution, receptor binding

and site-specific delivery, time-dependent controlled drug release, and therapeutic

action is necessary (Bhatia 2016).

There is need to produce nanoparticles of uniform size, shape, and composition

which are very important in drug delivery. Due to their unique size‐dependent

properties, lipid nanoparticles offer the possibility to develop new therapeutics. The

nanocarriers offer a new strategy in drug delivery that could be used for secondary

and tertiary level of drug targeting. Hence, solid lipid nanoparticles hold great

promise for reaching the goal of controlled and site-specific drug delivery.

The major problem in treatment of many diseases is delivery of drug to the

desirable site strategies like controlling drug delivery can potentially overcome these

limitations by transporting drug to the place of action.Moreover, drug delivery system

provides protection against rapid degradation or clearance. It also enhances drug

concentration in target tissues; therefore, lower doses of drug are required. Such type

of therapy is requiredwhen there is a discrepancy between a dose and concentration of

a drug and its therapeutic results or toxic effects. Targeting cell or specific tissue by the

means individually designed carriers that are attached to drugs is a more reliable

approach in drug delivery system. Such approach is known as cell or tissue-specific

targeting. With the help of nanotechnology, it is now possible to provide therapy at a

molecular level, which may further help in treating and pathogenesis of disease.

In the present chapter, we have discussed compatibility and feasibility of

nanoparticles with the brief explanation of various types of pharmaceutical

nanosystems, classification of nanomaterials based on their dimensions, and

application of nanotechnology in various fields of health and medicine is discussed

in detail. Applications of various nanosystems in diagnosis and therapy such as

carbon nanotube, dendrimers, nanofibers, nanowire, nanoshells, etc., are explained.

The advancement in nanotechnology helps in the treatment of neurodegenerative

disorders such as Parkinson’s and Alzheimer’s disease. Applications of nanotech-

nology in tuberculosis treatment, the clinical application of nanotechnology in

operative dentistry, in ophthalmology, in surgery, visualization, tissue engineering,

antibiotic resistance, immune response are also discussed in this chapter.
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5.2 Barriers in Conventional Therapy

The traditional utilization of drugs can be explained by poor bio-distribution,

limited efficacy, undesirable side effects, and absence of selectivity.

i. Poor specificity: Poor specificity of drugs is due to poor bio-distribution at

cellular level. Effective therapeutic concentration at target site is difficult to

achieve in traditional therapy because many drugs also have high affinity to

other body tissues and serum proteins, which may also lead to increase in

systemic toxicity. For more instance, cytotoxic drugs are also toxic to

non-target cells like rapidly dividing cells of gastrointestinal tract and bone

marrow.

ii. Side effects: Poor specificity of drugs results in complications of treatment or

side effects. In traditional therapy, side effects are measured and reported as a

part of treatment evaluation. The side effects may be acute, chronic, or per-

manent. Side effects cause inconvenience, discomfort, and sometimes it is

life-threatening or fatal.

iii. Drug resistance: Resistance to therapy can be developed at cellular level or

non‐cellular level, which results in decreased therapeutic concentration at the

target site. Cellular mechanism involves overexpression of ATP-dependent

membrane-associated drug efflux transporter in the target cell, e.g., P‐glyco-

protein (P‐gp), multidrug resistance-associated protein, breast cancer resis-

tance protein. This type of cellular drug resistance is also known as multidrug

resistance (Petros and DeSimone 2010)

Therefore, there is a need to develop suitable drug delivery systems that dis-

tribute the therapeutically active drug molecule only to the site of action, without

affecting healthy organs and tissues, also lowering doses required for efficacy as

well as increasing the therapeutics indices and safety profiles of new therapeutics.

Recent advancement in the field of nanotechnology has proven that nanoparti-

cles acquire a great potential as drug carriers. Size reduction methods and tech-

nologies yield different types of nanostructure that exhibit unique physicochemical

and biological properties. These methods make the nanostructures favorable

material for biomedical applications and thus acquire the significant importance in

pharmaceutical sciences. Moreover, these techniques help in decreasing toxicity,

improving release, enhancing solubility and bioavailability, and provide better

formulation of drugs. Nanotechnology offers drug in the nanometer size range,

which enhances the performance in a variety of dosage forms.

5.3 Advantages of Nanoparticles

They are biodegradable, non-toxic, site-specific, and capable of being stored for at

least one year.
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i. Nanoparticles are capable of targeting a drug to a specific site in the body by

attaching targeted ligands to surface of particles or use of magnetic guidance.

ii. It offers controlled rate of drug release and particle degradation characteristics

that can be readily modulated by the choice of matrix constituents.

iii. Drug loading is high, and drugs can be incorporated into the systems without

any chemical reaction; this is an important factor for preserving the drug

activity.

iv. Nanoparticles offer better therapeutic effectiveness and overall pharmacolog-

ical response/unit dose.

v. The system can be used for various routes of administration including oral,

nasal, parenteral, intraocular, etc.

vi. Particle size and surface characteristics of nanoparticles can be easily

manipulated to achieve both passive and active drug targeting after parenteral

administration (Jadhav et al. 2016; Hnawate and Deore 2017).

5.4 Disadvantages of Nanoparticles

i. Possesses bio-acceptability restrictions.

ii. Difficult to manufacture in large scale.

iii. Their small particle size and large surface area can lead to particle-particle

aggregation, making physical handling of nanoparticles difficult in liquid and

dry forms.

iv. Small particle size and large surface area readily result in limited drug loading

and burst release. These practical problems have to be overcome before

nanoparticles can be used clinically or commercially made available (Jadhav

et al. 2016; Hnawate and Deore 2017).

5.5 Types of Nanoparticles

There are different types of nanoparticles which play an important role in drug

delivery. In addition, they are used in imaging, diagnostics, and therapeutics.

5.5.1 Polymeric Nanoparticles

Biodegradable nanoparticles are considered as effective drug delivery devices over

a past few decades. Polymeric nanoparticles synthesized from various natural and

synthetic polymers have received attention due to their stability and having ability

of surface modification. These systems provide targeted (cellular or tissue) delivery
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of drugs, improve bioavailability, sustain release of drugs, or solubilize drugs for

systemic delivery. This process protects therapeutic agents against enzymatic

degradation (i.e., nucleases and proteases). Anticancer activity of taxol-containing

nanospheres has reported by using polyethylene glycol–(PCL) as amphiphilic block

copolymer (Singh et al. 2016).

5.5.2 Fullerenes (Nanotube)

A fullerene is a molecule, which is entirely composed of carbon, in the form of a

hollow sphere, ellipsoid, or tube (Fig. 5.1). Fullerenes are somewhat similar in

structure to the graphite (Holister et al. 2003). Nanotubes are cylindrical in shape,

few nanometers wide and having a closed end as well as open end (0.5–3 nm

diameter and 20–1000 nm length). Fullerenes possess various medicinal properties

like binding-specific antibiotics to the structure to target-resistant bacteria (Tegos

et al. 2005), used for light-activated antimicrobial agents, and target certain cancer

cells.

5.5.3 Solid Lipid Nanoparticles (SLNs)

SLNs are mainly composed of lipids that remain in solid phase at the room tem-

perature and range from 50 to 1000 nm and have effective colloidal drug delivery

applications. They are made-up of solid hydrophobic core having a monolayer of

Fig. 5.1 Fullerene
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phospholipids coating (Fig. 5.2). Various formulations of SLNs can be develop

using fatty acids (e.g., palmitic acid, decanoic acid, and behenic acid), triglycerides

(e.g., trilaurin, trimyristin, and tripalmitin), steroids (e.g., cholesterol), partial

glycerides (e.g., glyceryl monostearate and gylceryl behenate), and waxes (e.g., cetyl

palmitate). Different surfactants which are commonly used as emulsifier in formu-

lation of SLNs are soybean lecithin, phosphatidylcholine, poloxamer 188, sodium

cholate, sodium glycocholate, etc. All the above-mentioned agents help in the sta-

bilization of lipid dispersion in formulation. SLNs carrier possesses application in

the field of tumor accumulation, antibacterial activity, and allows brain delivery of

anticancer drugs not capable of crossing the blood–brain barrier (Singh et al. 2016).

5.5.4 Liposomes

Liposomes are vesicular structures having an aqueous core which is surrounded by

a hydrophobic lipid bilayer (Fig. 5.3), created by the extrusion of phospholipids

which reduce the side effects and promote release of its contents. These versatile

properties of liposomes made them useful in drug delivery and cosmetic delivery

applications. Nanoliposomes are liposomes that have vesicles in the range of

nanometers. The properties of liposome may vary with lipid composition, size,

surface charge, and the method of preparation. Nanoliposomes are mainly used as

potent carrier for various drugs like antibiotics, antivirals, insulin, antineoplastics,

and plasmid DNA (Zhang and Granick 2006).

5.5.5 Nano-structured Lipid Carriers (NLCs)

NLCs are formulated by blend of solid and liquid lipids, and particles remain in

solid state at a room temperature. Lipids form differently structured solid matrices,

such as the nano-structure lipid carriers (NLCs) and the lipid drug conjugate

nanoparticles (LDCs), and both improve drug loading capacity and increase

Fig. 5.2 Solid lipid

nanoparticle
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bioavailability. They are useful in topical drug delivery, oral, and parenteral

(subcutaneous or intramuscular and intravenous) route. Besides therapeutics

property, they also exhibit application in field cosmetics, food, and agricultural

products. These have been utilized in the delivery of anti-inflammatory compounds,

cosmetic preparation, and topical corticotherapy (Singh et al. 2016).

5.5.6 Nanoshells

Nanoshells are also termed as core-shells which are 1–20 nm thick. Nanoshells are

spherical cores of concentric particles which are surrounded by a shell or outer

coating of thin layer of another material (Fig. 5.4). Nanoshells are mainly used for

biomedical imaging and therapeutic applications (Singh et al. 2016).

5.5.7 Quantum Dots (QDs)

The QDs are size tuned from 3 to 15 nm and termed as a semiconductor

nanocrystals and core-shell nanocrystals which contain interface between different

semiconductor materials. QDs serve as a drug delivery system for hydrophilic

therapeutic agents including small interfering RNA (siRNA) and antisense

oligodeoxynucleotide (ODN) and targeting biomolecules such as antibodies,

Fig. 5.3 Liposome
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peptides, and aptamers. QD shows its application in the imaging contrast agent, and

small molecule hydrophobic drugs can be embedded between the inorganic core

and the amphiphilic polymer coating layer (Singh et al. 2016) (Fig. 5.5).

5.5.8 Superparamagnetic Nanoparticles

Superparamagnetic molecules are those which are attracted toward a magnetic field

but do not retain residual magnetism after the field is removed. Superparamagnetic

nanoparticles range in the size of 5–100 nm and are used for selective magnetic

bio-separations and can be visualized in magnetic resonance imaging (MRI) and

work on the principle of magnetic field and heated to trigger the drug release.

Superparamagnetic nanoparticles played a major role in cancer therapy and diag-

nosis. Superconducting quantum interference device (SQUID) is a device devel-

oped using superparamagnetic nanoparticles and a microscope, and this technique is

a highly sensitive, specific and quantitative, and used for rapid detection of bio-

logical targets (Singh et al. 2016) (Fig. 5.6).

Fig. 5.4 Nanoshell

Fig. 5.5 Quantum dots
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5.5.9 Dendrimers

Dendrimer is derived from a Greek word in which dendra means reminiscent of a

tree. These are polymeric molecules made-up of multiple perfectly branched

monomers that are capable of self-organization property and emanate radially from

a central core (Fig. 5.7). The different polymers which are incorporated in formu-

lation of dendrimers include polyamidoamine (PAMAM), melamine, poly

L-glutamic acid (PG), polyethyleneimine (PEI), polypropyleneimine (PPI), and

polyethylene glycol (PEG), chitin. Dendrimers have applications in gene and

antisense property, magnetic resonance imaging, and targeting cancerous cells

(Singh et al. 2016).

Fig. 5.6 Superparamagnetic

nanoparticles

Fig. 5.7 Dendrimers
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5.5.10 Ceramic Nanoparticles

Ceramic nanoparticles have porous nature and ultra-low size less than 50 nm.

Ceramic nanoparticles possess several advantages as sol-gel process, work in

ambient temperature condition and product produced of desired size, shape and

porosity, and effective in evading the uptake by the RES. They can be used in novel

non-viral vector for gene delivery, a novel NP-based drug carrier for photodynamic

therapy, bacteriostatic roles in diabetic wound healing (Mishra et al. 2008).

A ceramic nanoparticle plays a vital role as orthopedic biomaterial because it has

the ability to provide chemical, biological, and mechanical properties of natural

bone (Liu and Webster 2010) (Fig. 5.8).

5.5.11 XPclad® Nanoparticles

Recently, development of XPclad® nanoparticles is the novel carrier for the poor

aqueous soluble drug having significant problem of bioavailability and absorption.

XPclad® nanoparticles are prepared by novel formulation method that includes

planetary ball milling and vibratory ball milling which provide particles of uniform

size, 100% loading efficiency of hydrophobic, or hydrophilic drugs. This formu-

lation is used in subsequent coating for targeted delivery, and control of Log P for

systemic, cutaneous, or oral administration of cancer drugs, vaccines, or therapeutic

proteins. Novel XPclad nanoparticles are regarded as useful in tumor therapy

because of its lower toxicities, and they cause the destruction of prostate tumor cells

and Treg cells (Singh et al. 2016).

Fig. 5.8 Ceramic nanoparticles
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5.5.12 Nanofibers

Nanofiber is produced by electrospinning technique in which fabrication of poly-

mers fiber in a fine and dense meshworks is possible, and it has size of less than

100 nm. Polymeric nanofibers are effective carriers for drug delivery and offer

advantages such as specific surface with small pore size, porosities, reduced toxicity

and increased therapeutic level, and biocompatibility. For producing polymeric

nanofibers, wide range of polymers such as polyvinyl alcohol, gelatin, collagen,

chitosan, and carboxymethyl cellulose can be used. Due to versatile property, it is

ideal for the development of biosensors and biochips, drug delivery systems, wound

care, and scaffold for tissue engineering. Studies reported electrospun nanofibers of

indomethacin for colonic drug delivery system and found to be very effective

(Singh et al. 2016) (Fig. 5.9).

5.5.13 Gold Nanorods

Gold nanorods were first synthesized in the mid-1990 and gain much popularity

among the nanoparticles based on electrochemical reduction into rod-shaped tem-

plates and absorb light of varying wavelength due to the formation of plasmon

resonances on their surface. They have unique optical and electronic properties and

depend on their shape, size, and aspect ratio. They easily get stabilized, conjugated

to antibodies, and have a biological application (Singh et al. 2016) (Fig. 5.10).

Fig. 5.9 Nanofibers
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5.5.14 Nanoerythrosomes

Nanoerythrosomes are derived from a red blood cell membrane by the process of

hemodialysis through filter. Nanovesicles are of defined pore size and composed of

proteins, phospholipids, and cholesterol. They load a variety of biologically active

agents like proteins. Nanoerthroysomes are composed of a natural membrane which

allows the insertion of recombinant ligands along with better stability. The mem-

brane allows the conjugation by using simple and well-known molecule, for

example monoclonal antibodies (Singh et al. 2016) (Fig. 5.11).

Fig. 5.10 Nanorods

Fig. 5.11 Nanoerythrosomes
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5.6 Nanotechnology and Targeted Drug Delivery

With advances in nanotechnology, it is now possible to combine specialized

delivery vehicles and targeting approaches to develop highly selective and effective

therapeutic and diagnostic modalities to improve the outcome for a myriad of

important diseases like cancers, cerebral malaria, AIDS, Parkinson, etc.

Target-specific drug delivery may be achieved by both local and systemic admin-

istration of specially designed vehicles. These vehicles can be engineered to rec-

ognize biophysical characteristics that are unique to the particular diseased cells.

Most commonly, this represents binding of vehicles to antigens that are expressed

on the plasma membrane of the targeted cells.

In the case of local drug delivery such as through the injection of delivery

vehicles within an organ, it is possible to achieve a desired effect within a subset of

cells as opposed to a generalized effect on all the cells of the targeted organ.

5.6.1 Passive Targeting

Most popular example of passive targeting is the preferential accumulation of

chemotherapeutic agents in solid tumors. This result into the enhanced vascular

permeability of tumor tissues compared with healthy tissue. In passive targeting,

ligand–receptor interactions can be highly selective; hence, precise targeting at the

site of interest is possible. In this process, targeting with nanoparticles encounters

multiple obstacles on the way to their target. These include mucosal barriers,

non-specific uptake of the particle, and non-specific delivery of the drug (as a result

of uncontrolled release) (Wang et al. 2008; Bhatia 2016).

5.6.2 Active Targeting

Active targeting allows the surface functionalization of drug carriers with ligands

that are selectively recognized by receptors on the surface of the cells of interest.

Therefore, two most important aspects of nanoparticle drug delivery must be:

5.6.2.1 Specific Targeting of the Diseased Tissue with Nanoparticles

Appropriate size and functionalization with antibodies or other molecule’s through

selective binding provide means of enhanced delivery of drugs and reduced

non-specific toxicity. This problem can be solved by functionalization of the

nanoparticles with detection of elements on their surfaces toward receptors present

on the particular diseased tissue.
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5.6.2.2 Timed Release of the Drug

To prevent non-specific toxicity, the drug must not diffuse out of the particle while

it is still in the circulatory system, and must remain encapsulated until the particle

binds to the target. For addressing this issue, nanoparticles with multilayers can be

engineered, where each layer will contain one drug from the cocktail, and their

release will be sequenced in accordance with the appropriate timing of the delivery

of each drug for combination therapy (Bhatia 2016).

5.7 Cellular and Intracellular Targets

For drug delivery, not only organ or cellular targeting is of importance but also the

fate of the nanoparticles within the cells is also very important. Particles generally

entered intracellularly in endosomes or lysosomes followed by degradation. For

efficient activity of the encapsulated drugs, its release into the cytosol is needed.

However, for nanoparticles of about 20 nm cellular uptake without contribution by

endocytic mechanisms was demonstrated (Edetsberger et al. 2005). Chemical

characteristics such as surface charge also decide the fate of nanoparticles in cells.

Surface functionalization of gold nanoparticles with PEG resulted in efficient

internalization in endosomes and cytosol and localized in the nuclear region

(Shenoy et al. 2006). The process of endocytosis is responsible for ingestion of Poly

(DL-lactide-co-glycolide) nanoparticles by cells (Panyam et al. 2002; Konan et al.

2003). The escape from these endosomes into the cellular cytoplasm was suggested

to be caused by a change in surface charge from negative to positive of the PLGA

nanoparticles resulting in cytoplasmic delivery of the incorporated drugs. The

hypothesis that the positive surface charge influenced the escape of the endosomes

was supported by data obtained with negatively charged polystyrene nanoparticles

which did not reach the cytosol but remained in the endosomal compartment of the

smooth muscle cells used in this study (Panyam et al. 2002).

The biomedical applications of nanoparticles depend on the modification of their

surface. These applications include drug targeting in terms of cellular binding,

uptake, and intracellular transport. Carbohydrate-binding ligands on the surface of

biodegradable and biocompatible poly(D,L-lactic-co-glycolide) acid (PLGA)

nanospheres were found to increase cellular binding. Such augmented adherence

may lead to an improved activity of the drug obtainable as or incorporated in

nanoparticles. Coupling-specific proteins such as antibodies to the nanoparticle

surface may enable a more specific immunologically directed targeting of the

particles (Nobs et al. 2004; Prinzen et al. 2007).
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5.8 Targeted Drug Delivery by Encapsulation

Nanoencapsulation of drugs is an important method because it increases drug

efficacy, specificity, tolerability, and therapeutic index of corresponding drugs.

Many patents exist for such products. They have many advantages in the protection

of premature degradation and interaction with the biological environment,

enhancement of absorption into a selected tissue, bioavailability, retention time,

and improvement of intracellular penetration. Several disease-related drugs or

bioactive molecules are successfully encapsulated to improve bioavailability,

bioactivity, and control delivery. Nanomedicines of the dreadful diseases like

cancer, diabets, malaria, prion disease, and tuberculosis are in clinical trial for the

testing and some of them are commercialized. The formulation of nanomedicine

depends on the selection of suitable polymeric system having maximum encap-

sulation (higher encapsulation efficiency), enhancement of bioavailability, and

retention time.

5.9 Application of Nanotechnology in Targeted Drug

Delivery

5.9.1 Nanotechnology and Cancer Treatment

Though there have been countless drugs coming to the market with the promise of

eliminating lethal disease, most of these drugs have proved to be too toxic or simply

not as effective at extending life expectancy. Most of these drugs have serious side

effects, even resulting in the death of the patient, mainly because of their

non-specificity, and thereby seriously affecting normal cells along with the tumor

cells. One of the major strengths of a nanomedicine approach is the ability to alter

the pharmacokinetics and bio-distribution of the drug. The use of most

chemotherapeutic agents is limited by their inherent problems such as poor solu-

bility and low bioavailability, and the involvement of toxic solvents in their for-

mulations (Peppas and Blanchette 2004).

Nanotechnology will play a crucial role in solving many of the complications

associated with established anticancer drugs because nano-formulated drugs can be

made as relatively safe, injectable formulations. Doxil and Abraxane are the two

major nano-based drugs currently available on the market and which already made

an impact in cancer treatment worldwide. Doxil, which is doxorubicin formulated

in nanoliposome, has shown significant improvements over its counterpart, free

doxorubicin. Abraxane® (Abraxis), with a size around 100 nm, is an

albumin-bound nanoparticle formulation of paclitaxel and is widely used for the

treatment of metastatic breast cancer. The major advantage of Abraxane® is that it

evades the hypersensitivity reaction associated with Cremophor EL, the solvent

used in conventional paclitaxel therapy. Thus, Abraxane clearly demonstrates the

5 Nanotechnology: A Tool for Targeted Drug Delivery 127



ability to convert insoluble or poorly soluble drugs, avoiding the need for toxic

organic solvents.

Some nanoparticles have the ability to accumulate in tumor vasculature, known

as enhanced permeability and retention (EPR), thus increasing accumulation of the

payload to the tumor site. Passive targeting in this case takes advantage of the rapid

vascularization of hyperpermeable cells. This results in leaky, defective vessels, and

impaired lymphatic drainage. The nanoparticles of the size range from 10 to

100 nm have the capability to gather within tumors because of their ineffectual

lymphatic drainage. Thus, concern of the size and surface properties of nanopar-

ticles is important, mainly for passive targeting. Particles must be less than 100 nm

to avoid uptake by the reticuloendothelial system, and their surface should be

hydrophilic to avoid rapid clearance by macrophages. Furthermore, both active and

passive targeting can be exploited simultaneously to obtain maximum efficacy

(Mousa and Bharali 2011).

5.9.2 Nanoparticles for Oral Delivery of Peptides

and Proteins

The development of appropriate carriers is a great challenge owing to the fact that

bioavailability of these molecules is limited by the epithelial barriers of the gas-

trointestinal tract and their susceptibility to gastrointestinal degradation by digestive

enzymes. The encapsulation of bioactive molecules can be performed by polymeric

nanoparticles which protect them against enzymatic and hydrolytic degradation.

Jain et al. (2012) demonstrated enhancing the oral absorption and hypoglycemic

activity of insulin via encapsulation in folate-(FA)-coupled polyethylene glycosy-

lated (PEG) polylactide-co-glycolide (PLGA) nanoparticles (FA-PEG-PLGA NPs),

and also exhibited a twofold increase in the oral bioavailability (double hypo-

glycemia) without any hypoglycemic shock (Jain et al. 2012). The surface area of

human mucosa is 200 times that of skin. The GIT provides a variety of physio-

logical and morphological barriers against protein or peptide delivery.

(a) Proteolytic enzymes in the gut lumen like pepsin, trypsin, and chymotrypsin.

(b) Proteolytic enzymes at the brush border membrane (endopeptidases).

(c) Bacterial gut flora, and

(d) Mucus layer and epithelial cell lining itself.

M cells of small intestine prevent uptake of particulate matter from the envi-

ronment. The most important approach to remove the gastrointestinal hurdle is to

deliver the drug in the form of nanoparticles, which is capable of enhancing the

interaction mechanisms of the drug and the epithelial cells in the gastrointestinal

tract (Gadad et al. 2014).
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5.9.3 Nanoparticles for Drug Delivery into the Brain

The blood–brain barrier (BBB) is the most important limiting factor for the

development of new drugs for the central nervous system due to its relatively

impermeable endothelial cells with tight junctions, enzymatic activity, and active

efflux transport systems. BBB is impermeable to water-soluble drugs and it is

selectively permeable for lipophilic and small size molecules. PEG-coated NPs

have vital role as they have been accounted as possibly useful tool to deliver drugs

into the brain. PEG coating also causes enlarging of the molecule/particle and slows

down kidney ultrafiltration, thereby allowing better accumulation into the brain and

other permeable tissues by the passive-enhanced permeation and retention mech-

anism. It also provides protein shielding which reduces proteolysis within the serum

and tissues and hinders immune surveillance of surface epitopes. PEGylation

improves the pharmacokinetic profile of molecules by reducing opsonization,

phagocytosis, and clearance by the liver and reticulaoendothelial system (Bhatt

et al. 2013).

Intranasal administration offers a non-invasive alternative to traditional invasive

intracerebroventricular injection as a direct delivery of therapeutics to the central

nervous system (CNS), effectively bypassing the BBB. The total amount of drugs

reported to access the brain was still low, especially for nasally applied biotech

drugs such as peptides, proteins, and DNA, which were poorly absorbed and highly

susceptible to the harmful environment of the nasal cavity. The incorporation of

these drugs into nanoparticles might be a promising approach, since colloidal

formulations were shown to protect them from the degradation in the nasal cavity

and transport them across the mucosal barriers. Research’s showed that the uptake

of nimodipine carried by poly(ethylene glycol)–poly(lactic acid) (PEG–PLA)

nanoparticles in the cerebrospinal fluid (CSF) was 1.7-folds higher through intra-

nasal administration than through an intravenous injection. Such telling evidence

suggested that nanoparticles could be a promising carrier for nasal to brain delivery

especially for such drugs as peptides, proteins, and DNA.

5.9.4 Nanoparticles for Ophthalmic Delivery

To overcome the poorly soluble drugs in lachrymal secretions of eye, nanofor-

mulations play a vital role. Nanosuspension of nanoparticles offers most advantage

of prolong residence time in cul-de-sac, which is most important for the ocular

diseases for effective treatment and also maintains tonicity with respective to the

eye. The dissolution rate and intrinsic solubility is depend on the lachrymal fluids,

and they vary because of the constant inflow and outflow of lachrymal fluids.

Pignatello et al. (2006) recognized the constancy of cloricromene in ophthalmic

formulation and improved bioavailability at ocular level by utilizing the solvent

evaporation method (Pignatello et al. 2006). Adibkia et al. (2007) prepared Eudragit
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RS100-loaded piroxicam nanoparticles for the control of inflammatory symptoms

in rabbits with endotoxin-induced uveitis (EIU). The study suggested the

non-invasive implementation of the piroxicam Eudragit RS-100 nanosuspensions as

a safer controlled ocular delivery of anti-inflammation agents for inhibition of the

uveitis symptoms (Adibkia et al. 2007).

5.9.5 Topical Formulations

The nanoparticles as drug can be integrated into creams andwater-free ointments. The

nanocrystalline form leads to an enhanced solubility of the drug in the topical dosage

form, thus enhancing the diffusion of the drug into the skin. Micellar nanoparticle is a

technology appropriate for topical applications. This technology permits elevated

concentrations of drug to enter into the skin and functionally generate a drug depot in

the stratum corneum and epidermis. This route of delivery offers similar benefits of

patch technology in eluding both contacts with the gastrointestinal tract and hepatic

first-pass effects and is cosmetically more acceptable to many patients (Müller et al.

1999). SLNs are used to cure some skin diseases like acne, atopic eczema, and

psoriasis because of high permeability through the skin, greater surface area, and

strong scattering pattern. SLN formulations are applied on skin to reduce the systemic

adverse effect of drugs. Micellar nanoparticle is a multiphase nanoemulsions. The

active pharmaceutical ingredient easily penetrates into the skin then to blood very

easily and quickly. Novavaxs is the first developed FDA-approved product and the

only emulsion-based formulation in the topical estrogen replacement market.

Estrasorb is the world’s first nano-engineered topical dosage form that is approved by

the US FDA for hormone replacement therapy (Wright 1997).

5.9.6 Nanoparticles for Diagnostic Applications

The nanoparticles are used for diagnosis and treatment of cancer. Magnetic

nanoparticles (MNPs) exhibit outstanding new phenomena such as superparam-

agnetism, high saturation field, extra anisotropy contributions, or shifted loops after

field cooling. These phenomena arise from finite size and surface effects that

dominate the magnetic behavior of individual nanoparticles. Small size gives

effective surface area, low sedimentation rate, easy diffusion in tissue and reduces

dipole-dipole moment. The magnetic property of nanoparticles offers an advantage

that it provides selective attachment to a functional molecule, confers magnetic

properties to the target, and allows manipulation and transportation to a desired

location through the control of a magnetic field produced by an electromagnet or

permanent magnet. MNPs can be easily controlled by external magnetic field
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gradients. It helps to transport the MNPs into human tissue and be directed and

concentrated within the target tissue by means of external magnetic field, especially

in cancer tumor. Nanotechnology has found many new ways in detecting cancer

cells and how far the disease has spread throughout the body. A couple of these new

cancer-detecting nanoparticles such as gold nanoparticles and magnetic iron oxide

nanoparticles are encased in a biocompatible material. Magnetic iron oxide

nanoparticles encased in a biocompatible material can make detecting cancer cells

easier, even if the cancer cells are small and clearer so there is less mistakes in the

detecting process. These particles stick to the tumor cells turning them into little

magnets which are then attracted to the tip of a biopsy needle. Instead of using

biopsies, MRI’s can be used to distinguish malignant lymph nodes which can help

in telling how far cancer has spread (Gadad et al. 2014; Nikalje 2015).

5.9.7 Cosmetic Applications

SLNs are generally formulated from physiological lipids. These lipids have some

inherent properties such as occlusive nature and ultraviolet radiation protection

which allow their use in cosmetics. The enhanced permeability of the SLNs through

horny dead layers allows skin hydration due to occlusive property. Wising and

Muller (2003) studied the influence of SLNs on skin hydration and viscoelasticity.

These are highly effective carrier for cosmetic creams, which are intended to

increases skin hydration. SLNs give physical protection due to their particulate

matter. Physical sunscreens act by reflecting and scattering UV radiations. This

effect of physical sunscreens depends upon the particles refractive index, the size of

the particles, and thickness of formulation films on skin. The solid lipid nanopar-

ticles are better a scattering light than liquid emulsion droplets (Patel et al. 2006).

5.9.8 Nanoparticles for Gene Delivery

Nanoparticles—loaded with plasmid DNA and vaccines can also perform an

effective sustain delivery by evading endolysosomal section to cytoplasmic section.

Nanoparticles could release DNA at a sustained rate resulting in sustained gene

expression. This strategic delivery of genes can be used to enable bone healing by

using PLGA nanoparticles having therapeutic genes such as bone morphogenic

protein (Gadad et al. 2014).

5.9.9 Pulmonary Delivery

In pulmonary delivery, drugs are administered for their local or systemic effect

through bronchial tree or through lungs. Alveoli are the functional units of lungs
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which have high surface area, high epithelial permeability, and rich vasculature

makes this route popular for rapid absorption and free from the first-pass meta-

bolism. The unique size of nanoparticles not only increases its absorption but also

enhances and controls the release and transport of drugs. The preferable drugs for

this route of delivery are antiallergic (cromolyn sodium), bronchodilators (salbu-

tamol), and steroidal anti-inflammatory agents such as betamethasone (Li et al.

2010).

5.9.10 Nanoparticles to Produce Immunity

Anthrax is caused by the spore-forming, Gram-positive bacterium Bacillus

anthracis. The toxic effects of B. anthracis are mainly due to an AB-type toxin

which consists of the receptor-binding subunit protective antigen (PA) and two

enzymatic subunits called lethal factor and edema factor. Protective immunity to

B. anthracis infection is conferred by antibodies against PA, which is the primary

component of the current anthrax vaccine.

Besides eliminating the need for needles, the nanoemulsion anthrax vaccine has

another advantage that it is easy to store and use in places where refrigeration is not

available. An efficient and easy-to-administer vaccine will be an important tool for

authorities dealing with any future attack in which a terrorist might spread anthrax

microbes (Bhatia 2016).

5.9.11 Stem Cell Therapy

Nanotechnology provides efficient tools for improving stem cell therapy. The

synergy between size, structure, and physical properties of nanoparticle makes them

key players in revealing the fate and performance of stem cell therapy. Researchers

have successfully used nanoparticles to improve stem cells potential in stimulating

the regeneration of damaged vascular tissue and reduce muscle degeneration in

mice. In addition, researchers are investigating role of stem cells in stimulating new

blood vessel formation. This was investigated after their implantation into a living

organism. Cells may not continue to renew tissue effectively enough to keep the

tissue alive long-term.

Usually, the researchers rely on viral vectors to deliver these therapeutic genes to

stem cells. There are reports that nanoparticles can be utilized for delivering this

therapeutic gene since these could be twice as likely to stick to the interface of two

non-mixing liquids. This research opens new avenues for the utilization of

nanoparticles in living cells, polymer composites, and high-tech foams, gels, and

paints (Bhatia 2016).
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5.10 Nanoparticle Formulations Currently Available

on the Market

The National Institute of Health (NIH) started the National Nanotechnology

Initiative (NNI) as a federal government program in the year 2000, to promote

nanoscience-related research and development. Without any doubt, the launch of

the NNI has and will have a significant impact on the development of new thera-

peutic, diagnostic, and/or theranostic approaches. The merging of nanoscience with

pharmaceutical research opens new horizons for the creation of novel drugs, which

will utilize the unique characteristics of nano-sized materials.

Table 5.1 shows clinically approved drugs which have been widely publicized

as nanodrugs or nanopharmaceuticals.

5.11 Future Perspectives

Nanoparticulate drug delivery systems have tremendous potential for many

biomedical applications, including anti-tumor activity, gene therapy, AIDS therapy,

radiotherapy in the delivery of proteins, antibiotics, vaccines, and as vesicles to pass

the blood-brain barrier. Nanoparticles play a pivotal role in drug-targeted delivery

and release and with their extra potential to combine diagnosis and therapy, appear

as one of the major tools in nanomedicine. Their stability in the biological envi-

ronment facilitate bio-distribution of active compounds, improve drug loading,

targeting, transport, release, and interaction with biological barriers are the main

points that are to be addressed properly. The nanoparticles exhibit an inherent

problem of cytotoxicity which is a main problem, and hence enhancements in

biocompatibility or search for biodegradable nanoparticles are major areas of future

research.

There are many technological challenges to be met in developing the following

techniques:

i. Nanodrug delivery systems deliver highly localized quantities of drugs to

targeted areas in a controlled manner

ii. Controllable release profiles, especially for sensitive drugs

iii. Materials for nanoparticles that are biocompatible and biodegradable

iv. Architectures/structures, such as biomimetic polymers, nanotubes

v. Technologies for self-assembly

vi. Functions (active drug targeting, on-command delivery, intelligent drug

release devices/bioresponsive triggered systems, self-regulated delivery

systems, systems interacting with the body, smart delivery)

vii. Virus-like systems for intracellular delivery
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viii. Nanoparticles to improve devices such as implantable devices/nanochips for

nanoparticle release, or multi-reservoir drug delivery chips

ix. Nanoparticles for tissue engineering; e.g., for the delivery of cytokines to

regulate cellular growth and demarcation, and stimulate regeneration, or for

coating implants nanoparticles in biodegradable polymer layers for sustained

release

x. Advanced polymeric carriers for the delivery of therapeutic peptide/proteins

(biopharmaceutics)

xi. Universal formulation schemes that can be used as intravenous, intramus-

cular, or peroral drugs

xii. Cell and gene targeting systems.

xiii. User-friendly laboratory-on-a-chip devices for care and disease prevention at

home.

One prospective report predicted that in the near future half of pharmaceutical

industry products will have some connection with nanotechnology.

5.12 Conclusions

It is evident from this chapter that the nanoparticles have found potential applica-

tions in health and medicinal field. The properties of nanoparticles have attracted

the researchers to utilize in various applications (such as in diagnosis, treatment,

prevention, and targeted drug delivery systems, etc.). With regard to unique

properties of nanoadditives they have resulted better performance in therapeutics.

Novel drug delivery systems play a major role in site-specific drug delivery

(targeted drug delivery) compared to conventional approaches. Nanoparticles are

now popular drug delivery system as they enhance the stability and protect drug

molecules from rapid degradation. Nanomaterials have increased surface area and

nanoscale effects, hence used as a promising tool for the advancement of targeted

drug delivery and gene delivery, biomedical imaging, and diagnostic biosensors.

The properties of nanomaterials can greatly influence their interactions with bio-

molecules and cells, due to their small size, shape, chemical composition, surface

structure, charge, solubility, and agglomeration. Merging of nanotechnology with

other technologies leads to development of innovative hybrid technologies. The

final aim of nanomedicine is that nanoparticle-based agents could be utilized for

simultaneous diagnosis and treatment, although much remains to be done before

nanomedicine can be used in clinical practice. Thus, nanotechnology in our days is

a broad field for medicine and nuclear medicine theranostics, which are expected to

yield practical applications in the future.
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Chapter 6

Pharmaceutical Applications

of Curcumin-Loaded Nanoparticles

Mahendra Rai, Raksha Pandit, Priti Paralikar, Dipali Nagaonkar,

Farkhanda Rehman and Carolina Alves dos Santos

Abstract Curcumin is a hydrophobic and lipophilic molecule which is the most

active ingredient of Curcuma longa. Curcumin is used as a herbal drug in the

treatment of many diseases. Even though curcumin is known for its therapeutic

activity, various studies have shown that there are certain drawbacks, which min-

imize the usage of curcumin in various therapies. Curcumin has low solubility and

less distribution property, which does not allow its proper absorption in the body.

The recent investigation by researchers established several approaches which can

tackle the problem of bioavailability of curcumin. The present chapter focuses on

the different types of nanoparticles that can be used in the delivery of curcumin to

enhance its bioavailability. Different nanoparticles such as polymeric nanoparticles,

dendrimers and nanogels are emerging vehicle for the delivery of curcumin.

Nanoparticles-loaded curcumin can be used in the treatment of cancer and also in

the therapy of several neurological diseases. The chapter also discusses the role of

curcumin in tissue engineering. In addition, antimicrobial activity of curcumin

nanoparticles and its mechanism has been discussed in the present chapter.
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6.1 Introduction

Curcumin is a polyphenolic, yellowish-orange coloured crystalline powder,

obtained from the herb Curcuma longa which is commonly known as turmeric and

belongs to family Zingiberaceae. It is mainly cultivated in India and eastern Asia

(Bayet-Robert and Morvan 2013; Prasad et al. 2014). Rhizome of turmeric contains

3–5% curcumin which is the major component of turmeric. Along with curcumin,

some other compounds are also present in turmeric, which are known as curcum-

inoids. Curcuminoids are polyphenolic in nature which are responsible for yellow

colouration of turmeric; complexes of all curcuminoids are known as kacha haldi or

yellow ginger or Indian saffron (Chattopadhyay et al. 2004; Akram et al. 2010;

Nawaz et al. 2011). Commercially available curcumin possesses three major

components such as Curcumin I (77% diferuloylmethane), Curcumin II (17%

demethoxycurcumin) and Curcumin III (6% bisdemethoxycurcumin). Structure of

different form of curcumin has been provided in Figs. 6.1, 6.2, 6.3. Traditionally,

curcumin is only used as a spice, condiment, in cosmetics, textile and medicine

(Saikia et al. 2015). In USA, curcumin is used as colouring agent in ice creams,

pickles, cheese, soups and mustard. Medicinal uses of curcumin are described in

Ayurveda. In ancient Indian and Chinese medicine, curcumin is used in the treat-

ment of cough, sore throat, sinusitis, diabetic wounds, rheumatism and biliary

diseases (Rahman et al. 2006; Leung and Foster 2009). In India, combination of

turmeric and slaked lime is the most common remedy for curing inflammation and

swelling. It has been found that curcumin acts as antioxidant, antiviral, antibacterial,

antifungal and anti-inflammatory agent. Curcumin has potential application in the

Fig. 6.1 Structure of

Curcumin I

(diferuloylmethane)

Fig. 6.2 Structure of

Curcumin II

(demethoxycurcumin)

Fig. 6.3 Structure of

Curcumin III

(bisdemethoxycurcumin)
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treatment of psoriasis, diabetes, asthma, cataract formation. It is also used in the

treatment of neurodegenerative disorder such as Alzheimer, arthritis, cardiovascular

diseases like atherosclerosis and inflammatory bowel disease (Saikia et al. 2015;

Liu et al. 2017).

In 1987, Kuttan and co-workers for the first time reported anticancerous activity

of curcumin. Later, curcumin has been nominated as one of the anticancerous drugs

by National Institute of Cancer. Curcumin alone or in combination with other

anticancer agents can be used in the therapy of different types of cancer such as

breast cancer, pancreatic cancer, oral cancer, lung cancer and colorectal cancer (Lin

et al. 2010; Saikia et al. 2015). Studies revealed that curcumin has capacity of

inhibiting cancer in three stages, such as tumour growth, angiogenesis and tumour

progression (Bar-Sela et al. 2010). From numerous in vivo and in vitro studies, it

was revealed that curcumin has significant activity in the suppression of cancer by

regulating the expression of tumour suppressor genes such as genes p53, PTEN and

RB1 (http://www.herbaleducation.net/tumeric-monograph, Shankar and Srivastava

2007). Most significant and potential application of curcumin is the therapy of

cancer. Most promising application of curcumin is the field of clinical research as a

drug molecule with minimum side effects. Researchers reported antioxidant prop-

erty of curcumin and demonstrated that curcumin has excellent antioxidant capacity

and free radical scavenging activity. Curcumin is used as an antioxidant agent in the

treatment of Parkinson’s disease and in therapy of other autoimmune diseases. It

acts as an active antioxidant agent, which can protect the oxidative damage of

DNA, proteins and prevent chronic neurodegenerative diseases and ageing (Rai

et al. 2015). Curcumin is generally recognized as safe (GRAS) by Food and Drug

Adminstration (FDA) (López-Lázaro 2008).

Despite all the potential applications of curcumin in the field of medicine, there

are several drawbacks evidenced from pharmacological studies. It was found that

curcumin has low absorption, poor solubility and relatively less distribution prop-

erty. Hence, curcumin is not absorbed properly in the body and cannot be utilized

for the treatment of diseases (Rai et al. 2015; Saikia et al. 2015). Curcumin pos-

sesses low bioavailability due to rapid metabolism, rapid elimination, poor distri-

bution in tissue and low serum level (http://www.merckmanuals.com/professional/

clinical-pharmacology/pharmacokinetics/drug-bioavailability; Tomren et al. 2007;

Saikia et al. 2015). Studies have shown that the bioavailability of curcumin also

depends on the route of administration. In vivo, study on mouse has demonstrated

that when curcumin was injected intravenously its absorption was maximum in the

serum, whereas when curcumin was given orally its absorption was very poor

(Yang et al. 2007). From the last three decades, researchers are working to improve

the bioavailability of curcumin. Various strategies have been developed by the

researchers to enhance the therapeutic usage of curcumin. Different types of for-

mulations have been evaluated to overcome the problem of curcumin (Shutava et al.

2009; Saikia et al. 2015). In the present chapter, we have focused on the

nanotechnology-based strategies which can help in the delivery of curcumin and

thereby solving its drawbacks.
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6.2 Different Nanoparticles for Curcumin Delivery

Nanotechnology has gained importance in the field of medicine, and it is the most

flourishing field which can be used in the prevention, treatment and diagnosis of the

diseases. Nanoparticles have very small size and possess high surface to volume

ratio, because of this property curcumin can easily enter into the biological mem-

branes, cells, tissues and organ which may not be possible in case of larger

molecules (Yun et al. 2013). The size, shape and surface of nanoparticles need to be

manipulated for active and passive targeting of drugs. Hence, it is necessary to

understand the interaction of nanoparticles with biological molecules which can

help in the development of novel nanomaterials, which can help in the delivery of

hydrophobic drugs like curcumin. The size, shape and surface of the nanoparticles

need to be manipulated for active and passive targeting of curcumin (Jiang et al.

2008; Rao et al. 2010).

Nanomaterials have capacity to improve and alter pharmacodynamics properties

of the drug molecule like curcumin which have solubility problem.

Nanoparticles-based drug delivery can improve the safety, solubility and

bioavailability of curcumin. Drugs are either adsorbed on the surface of the

nanoparticles by physical entrapment, adsorption and chemical conjugation method

(Jiang et al. 2008; Shutava et al. 2009; Saikia et al. 2015). From the previous

research, it has been found that different types of nanomaterials such as liposomes,

proteins, nanoemulsion, micelles, solid lipid nanoparticles and polymeric

nanoparticles were used as promising carrier for the delivery of curcumin. Among

all nanoparticles-based delivery approaches, polymeric nanoparticles are supposed

to be the most significant and currently studied for the delivery of curcumin (Chirio

et al. 2011; Basnet et al. 2012; Dhule et al. 2012).

Polymer nanoparticles include polymeric micelle, nanospheres and nanocap-

sules. Polymeric micelle possesses hydrophobic core which helps in the delivery of

hydrophobic drugs like curcumin. Hydrophilic covering is present above the core

which helps in the stabilization. It was reviewed that the solubility of curcumin

increased by encapsulating curcumin into micelle. Nanosphere is the matrix system

which enables uniform distribution in the polymer matrix. Hence, it is one of the

efficient approaches for the encapsulation of water insoluble drugs like curcumin

(Bisht et al. 2007; Ganta and Amiji 2009; Basnet et al. 2012). Benefits of using

polymeric nanoparticles are that they are very stable in nature, and its size, shape,

zeta potential and drug release profile can be manipulated by selecting the desired

length of polymer, suitable stabilizing agent, filler, cross-linking agent and solvent

The functional group present on the surface of polymeric nanoparticles can be

modified by the addition of ligand molecule at the time of synthesis. It was reported

that polymeric nanoparticles act as the carrier of curcumin and enhance the efficacy

by targeting specific cells or tissues (Alizadeh et al. 2015; Saikia et al. 2015).

Polymeric nanoparticles-based approach is used for efficient stabilization, solubility

and controlled release of curcumin which can be used in cancer therapy.
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6.3 Pharmaceutical Applications of Curcumin

Nanoparticles

6.3.1 Curcumin in Drug Delivery

The method in which a carrier molecule is used to achieve efficient therapeutic

activity of a pharmaceutical compound is called drug delivery (Sun et al. 2012). To

overcome the solubility issues of curcumin, nanotechnology-based drug delivery

approach has been used (Sun et al. 2012). Nanodelivery vehicles composed of

phospholipid vesicles (liposomes) have been proved to be efficient for enhancing

the bioavailability of curcumin. This is the second most widely used vehicle to

encapsulate curcumin. A study led by Thangapazham and co-workers (2008)

proved the antiproliferative activity of liposomal curcumin on two human prostate

cancer cell lines (LNCaP and C4-2B). Their study has shown 70–80% inhibition of

cellular proliferation without affecting their viability.

Nanogels are hydrogel nanoparticles of swollen cross-linked networks composed

of hydrophilic and amphiphilic polymer chains. They have biocompatible and

biodegradable properties. These vehicles can be designed to carry curcumin

nanoparticles. It mimics human tissues due to higher hydrophilicity in the system

due to swollen nature (Yellapu et al. 2015). In vitro, studies on medulloblastoma

cell line have shown that encapsulation of curcumin within the b-hairpin hydrogel,

curcumin released from hydrogel, induces caspase 3-mediated programmed cell

death and it did not show any adverse effect on its bioactivity. Moreover, the rate of

curcumin release and its therapeutic activity can be conveniently modulated

(Altunbas et al. 2011). Bisht et al. (2007) studied the effects of nanocurcumin

hydrogel on pancreatic cancer cell lines. Nanocurcumin efficiently inhibited the

activation of NF-kB, downregulated steady-state transcripts of multiple

pro-inflammatory cytokines and interleukin-6 synthesis.

Dendrimers are capable, highly selective and safe drug delivery agents having

the ability to target the desired tissue. These are composed of highly branched

networks of macromolecules and are three-dimensionally spherical in morphology

(Bhosale et al. 2016). These drug delivery agents are highly suitable for loading of

curcumin (Yellapu et al. 2015).

Other nano-based drug delivery vehicles for release of curcumin are various

metal nanoparticles. Inert materials like gold and titanium have been used for the

controlled release of curcumin which can help in the treatment of cancer. One of the

outstanding properties of gold nanoparticles is its compatibility to combine with

macromolecules. They have been studied as crucial drug delivery vectors due to

some of their characteristic aspects, such as low toxicity, stability and large surface

area. Nanoparticles-loaded curcumin has been shown in Fig. 6.4. Singh et al.

(2013) reported the binding of the curcumin on gold nanoparticles which were

synthesized by direct reduction of HAuCl4 using curcumin in the aqueous phase

where curcumin acted as both reducing and capping agent. These curcumin-capped

gold nanoparticles showed good antioxidant activity which was confirmed by the
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DPPH (2,2-diphenyl-1-picrylhydrazyl) radical test. Therefore, these surface-

functionalized gold nanoparticles with curcumin may lead towards a new way of

using curcumin as possible drug delivery and therapeutic agent. In another study,

Manju and Sreenivasan (2012) formulated a simple method for the fabrication of

water soluble curcumin-conjugated gold nanoparticles to target various cancer cell

lines. They prepared a water soluble conjugate of curcumin with hyaluronic acid

(HA-Cur) and synthesized gold nanoparticles by reducing chloroauric acid using

HA-Cur, which played a dual role as reducing and stabilizing agents and subse-

quently anchored folate-conjugated PEG. They probed these curcumin-conjugated

gold nanoparticles by using different analytical techniques and assayed the blood

compatibility and cytotoxicity. Blood materials interaction studies showed that

these nanoparticles are highly hemocompatible. They checked its effects on cancer

cell lines (Hela cells, glioma cells and Caco cells). The flow cytometry and confocal

microscopy results showed significant cellular uptake and internalization of the

nanoparticles by cells. So, HA-Cur gold nanoparticles showed significant cyto-

toxicity which resulted in the formation of blood compatible cur-conjugated gold

nanoparticles with enhanced targeting and improved efficacy.

Other nano-based curcumin delivery agents include polymeric lipid micelles

(Liu et al. 2013), chitosan (Zhang et al. 2013), cytodextrins (Tønnesen et al. 2002)

and silver (Varaprasad et al. 2011).

6.3.2 Cancer Therapy

Cancer is the second most leading cause of human death following heart diseases.

Commonly used treatments include chemotherapy, surgery, radiation therapy which

increases the cost of cancer treatment. However, these treatments are associated

with side effects on normal tissues and organs. Thus, curcumin and its nanofor-

mulations play a vital role in enhancing chemo/radiosensitization with targeted

treatment and lesser chances of side effects. The therapeutic effects of curcumin

Fig. 6.4 Nanoparticles loaded with curcumin
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nanoparticles have been studied on various cancer cell lines and nowadays gaining

much attention. Curcumin nanoparticles significantly internalize within cancer cells

by the process of endocytosis and receptor-mediated pathways in the presence of

endocytosis inhibitors in order to induce its biological effects (Yallapu et al. 2014).

There are several reports which have proved that curcumin inhibits the growth of

cancer cells at concentration of 5–30 lM (Treasure 2005; Bar-sela et al. 2010;

Basnet and Skalko-Basnet 2011). Up till now, the preclinical and clinical results

from oral administration of curcumin have shown very poor bioavailability even at

nanomolar concentrations (Maheshwari et al. 2006; Hatcher et al. 2008; Jurenka

2009). Thus, curcumin nanoparticles may be formulated which can overcome the

drawbacks of curcumin. Various nanoparticles such as polymeric micelles, lipo-

some, nanoemulsions, polymeric nanoparticles, its conjugates and nanogels were

found to be suitable for the delivery of active form of curcumin (Muqbil et al. 2011).

Polymeric-drug conjugates are the useful alternative therapeutics from nanoscale

family. The potential sites for conjugating curcumin biomacromolecules are two

phenolic rings and active methylene groups. Kumar et al. (2000) designed nucle-

oside–curcumin bioconjugates to gain high levels of glucuronide and sulphate

curcumin conjugates in healthy human volunteers. PEGylated curcumin conjugates

have shown inhibitory effects on human pancreatic cancer cell lines. PEGylated

curcumin blunted the cell proliferation in pancreatic cancer cells with Jab1/CSN

activity (Li et al. 2009). In another study, Li et al. (2005) evaluated the effects of

lipid curcumin ratio (10:1 wt/wt) on various pancreatic carcinoma cell lines such as

ASPC-1, BxPC-3, MiapaCa2, Capan-1, Capan-2.

Anitha et al. (2011) quantified the cellular uptake of curcumin encapsulated in

dextran sulphate-chitosan nanoparticles using a spectrophotometric method in MG

63, PC3, L929, MCF-7 cells. A cytotoxicity assay and FACS study showed that

anticancer activity of this nanoformulation is high for MCF-7 as compared to other

cancer cells. Kim et al. (2011) prepared novel curcumin (CCM)-loaded human

serum albumin (HSA) nanoparticles (CCM-HAS-NPs) and administered intra-

venously using albumin-bound technology. In vivo, antitumour tests showed that

these CCM-HAS-NPs in 10-or 20 mg/kg concentration had a greater 50–66%

tumour growth inhibiting effect. These CCM-HAS-NPs showed potent antitumour

activity and have enhanced water solubility and ability to traverse vascular

endothelial cell. Tsai et al. (2011) used polymeric nanoparticles with

co-encapsulation of curcumin and doxorubicin which showed significant thera-

peutic effects on multidrug resistant cancer cells (K-562 cells).

6.3.3 CNS Disorder

In recent years, nanotechnology has been employed to enhance efficacy of therapies

associated with central nervous system (CNS) disorders for targeted drug delivery.

The main advantage of using nanoparticles for drug delivery is specific action at

targeted site along with better bioavailability and therapeutic efficacy for treatment
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of CNS disorders (Cheng et al. 2013; Patel and Patel 2017). Curcumin exerts

neuroprotection due to its antioxidant properties for treating neurological disorders

including Alzheimer’s disease (Mishra and Palanivelu 2008), Parkinson’s disease

(Mythri and Bharath 2012), Huntington’s disease. (Darvesh et al. 2012; Tiwari et al.

2014). Curcumin has neuroprospective properties, but it is rapidly eliminated from

the body (Tsai et al. 2011). Curcumin also plays potential neuroprotective role but

its neuroprotectivity is limited by its poor brain availability due to limited

blood-brain barrier permeability, poor absorption, systemic elimination and rapid

metabolism (Kang et al. 2006; Tsai et al. 2011). The application of curcumin is very

limited due to its non-solubility in water and to overcome this limitation, curcumin

nanoparticles were prepared which were water soluble (Mathew et al. 2012).

Various formulation techniques have been applied to study, how to increase

retention time of curcumin in the body. Cheng et al. (2013) reported novel

nanoformulation of curcumin for the efficient delivery and bioavailability of cur-

cumin in treating Alzheimer’s disease. But, several reports on curcumin-loaded

adjuvants like piperine, liposome, phospholipid complexes and biodegradable

polymers have been widely explored to increase bioavailability of curcumin for

management of CNS disorders (Vergoni et al. 2009; Tsai et al. 2011; Tiwari et al.

2014).

Moreover, curcumin-PLGA (poly lactic-co-glycolic acid)-conjugated amino acid

Tet-1 peptide can be used as potential therapeutic tool for treating Alzheimer’s

disease (Mathew et al. 2012). Curcumin-PLGA conjugate can interact specifically

with neurons and increase neuronal targeting efficacy. Similarly, Puglia et al. (2012)

reported the study on nanostructured lipid carrier-loaded curcumin for potential

administration and drug bioavailability. Nanoliposomal incorporation of curcumin

improves bioavailability along with potential inhibition of Ab aggregation (Taylor

et al. 2011).

Szymusiak et al. (2016) reported the efficacy of nanocurcumin in prevention at

relatively low oral dose with reversal of morphine tolerance. The pharmacokinetic

study showed that concentration of curcumin in oral dosage of nanocurcumin was

found to be 20 times lower than that of unformulated curcumin. The essence of

evolving a successful nanocurcumin delivery methods lies not only in effective

brain targeting formulations but also less toxic therapies for the healthy future of

patients.

6.4 Curcumin Nanoparticles as Antimicrobial Agent

Since, ancient times curcumin is being used against various bacteria, fungi and

parasites (Schraufstätter and Bernt 1949). Curcumin has demonstrated antimicrobial

activity against Staphylococcus aureus, Trichophyton gypseum, Salmonella

paratyphi and Mycobacterium tuberculosis (Schraufstatter and Bernt 1949).

It was found that curcumin nanoparticles inhibit the growth of both

Gram-positive and Gram-negative bacteria. For example, Adahoun et al. (2015)
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tested NPs against Gram-positive (Staphylococcus aureus ATCC 29213,

Micrococcus luteus ATCC 9341) and two Gram-negatives (Pseudomonas

aeruginosa ATCC 27853 and Escherichia coli ATCC 25922). The study reported

that Gram-positive bacteria were highly sensitive to the nanocurcumin than

Gram-negative bacteria (Adahoun et al. 2015). In another study on antimicrobial

activities of nanocurcumin, Bhawana et al. (2011) reported antibacterial and

antifungal activity of curcumin NPs. The antifungal activity of NPs against

Aspergillus niger and Penicillium notatum was evident at the minimum concen-

tration 350 lg/mL for nanocurcumin. The study revealed that by anchoring the

cell wall of the bacteria, by damaging it, by entering into the cell followed by

subsequent destruction of cell organelles, nanocurcumin inhibits the growth of

bacteria (Bhawana et al. 2011). In contrary to the above studies, curcumin NPs

were found to have more growth inhibitory activity against Gram-negative

P. aeruginosa as compared to Gram-positive S. aureus (Pandit et al. 2015). No

et al. (2017) tested antibacterial activity of curcumin NPs against one of the major

food spoiling bacteria, Listeria monocytogenes. The results demonstrated that NPs

positively surface charged with cetrimonium bromide (CTAB) exhibited highest

antibacterial activity against L. monocytogenes. The study hinted towards the

strong relationship between the surface charge and antimicrobial effect of cur-

cumin nanoparticles. The study concluded that enhanced antibacterial effect of

curcumin NPs stabilized with CTAB was due to increased cellular penetration of

curcumin, its nanosize and enhanced cell–antimicrobial interaction resultant from

opposite electric charges between curcumin NPs-CTAB and cells of L. monocy-

togenes (No et al. 2017).

In study reported by Shailendiran et al. (2011), nanocurcumin showed inhibition

capacity (IC50) value 728.48 µg/mL against Gram-negative E. coli and 542.79 µg/

mL against Gram-positive cocci. The authors reported time-dependent variation in

zone of inhibition, and it was found that though after 10 h, a clear inhibition zone

appears for both bulk curcumin and nanocurcumin, and the zone becomes unclear

after 24 h. This indicates that nanocurcumin does not show bactericidal activity but

demonstrated bacteriostatic activity against tested bacteria. Further, the study also

revealed that nanocurcumin did not show any effect on degradation of bacterial

genome (Shailendiran et al. 2011). The study reported by Gopal et al. (2016)

revealed maximum antibacterial activity of nanocurcumin against Streptococcus

mutans, followed by S. aureus, Salmonella spp. and E. coli. Moreover, curcumin

NPs have also shown antiprotozoan parasitic activity. For example, curcumin NPs

were successfully employed to inhibit the growth of protozoan parasite Giardia

lamblia (Said et al. 2012). Taking into consideration, the antimicrobial potential of

nanocurcumin, the commercial use of the curcumin NPs for development of an-

timicrobial ointments and formulations is of prime importance. In this context, the

initiatives have already been taken by Pandit et al. (2015) who have formulated

nano-antibacterial cream effective against human disease causing bacterial

pathogens.
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6.5 Tissue Engineering

The main objective of tissue engineering is to repair and regenerate damaged tissues

and organs of the human body. In tissue engineering, porous scaffolds are used for

cell regeneration, adhesion, proliferation and extra cellular matrix development

(Han et al. 1998). The scaffolds have ability to load and release bioactive com-

pounds to defected site in controlled manner.

As discussed earlier, curcumin exhibited antioxidant, anti-inflammatory,

antibacterial, antifungal, antiviral, anticancerous and anticoagulant activities

(Chattopadhyay et al. 2004). However, regardless of such bioactivities of curcumin,

it suffers from poor solubility, stability and bioavailability. Therefore, formulations

with sustainable release of curcumin are needed. Karri et al. (2016) studied effect of

curcumin-loaded chitosan nanoparticles impregnated into collagens alginate scaf-

folds on wound healing activity in diabetes. In this work, nanohybrid scaffolds were

prepared by incorporating curcumin into chitosan for better stability and sustainable

delivery of curcumin to control inflammation. Curcumin micro-complex-loaded

chitosan scaffold can be efficiently used for delivering curcumin in wound healing

application as delivery system (Amirthalingam et al. 2015). Chitosan scaffold-

containing chitosan-curcumin micro-complex serves as carrier for curcumin

delivery as well as supports the growth of normal cells.

A new study reported that curcumin released from polymeric nanofiber can

enhance bone tissue regeneration over a period of time (Jain et al. 2016). The study

showed the controlled release of curcumin and its effect on tissue regeneration. Gene

and protein analysis confirmed the presence of curcumin in bone tissue regeneration.

Curcumin-loaded polyaniline-conjugated poly (3-hydroxybutyrate-co-3-hydroxy-

valerate) (PHBV) electro-conductive scaffold may lead to reaeration of damaged

tissue (Pramanik et al. 2016). Curcumin-loaded polyaniline-conjugated poly

(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) composite represents new kind

of biodegradable, bioactive, antimicrobial material for tissue engineering

applications.

The formulated curcumin–gelatin nanofibrous mats adequately enhance the

bioavailability of curcumin for wound healing (Dai et al. 2017). The curcumin–

gelatin nanofibrous mats increase regeneration process in rat model of acute wound.

The potential bioactivity of curcumin accelerates wound healing. Engineering a

smart integrated system that can deliver bioactive curcumin to wound and thereby

improve wound healing is the need of the hour. Nanofibers of poly

(hydroxybutyrate-co-hydroxyvalerate) and polycaprolactone can be used as scaffold

for tissue engineering. The addition of bioactive compounds like curcumin

enhances the antioxidant activity of polymeric scaffold (Uebel et al. 2016).

Similarly, curcumin incorporated into silk fibroin (SF)/poly (L-lactic acid-co-

e-caprolactone) (P(LLA-CL)) nanofibrous scaffolds has potential application in

tissue engineering and wound dressings (Lian et al. 2014). Encapsulation of cur-

cumin on scaffold prominently enhances antibacterial and antioxidant activity of

nanofibrous scaffolds.
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6.6 Mechanism of Action Against Microbes

The mechanism of curcumin’s action on human cells is related to curcumin’s

capacity to modulate cell signalling molecules such as pro-inflammatory cytokines,

apoptotic proteins, NF–jB, cyclooxygenase, endothelin, malondi aldehyde, creac-

tive protein prostaglandin E2, glutathione, pepsinogen, phosphorylase kinase,

transferrin receptor, total cholesterol, transforming growth factor, triglyceride,

creatinine antioxidants (Gupta et al. 2013).

In bacterial cells, the mechanism related to antibacterial activity seems to be

modulated by FtsZ protofilaments, which is important for functioning of the Z-ring.

This filament is critical in bacterial cytokinesis. Curcumin inhibited the assembly of

FtsZ protofilaments and also increased the GTPase activity of FtsZ. GTPase activity

of FtsZ is lethal to bacteria and suggests that curcumin inhibits bacterial cell pro-

liferation by inhibiting the assembly dynamics of FtsZ in the Z-ring (Rai et al.

2008). Bhawana et al. (2011) reported that in bacteria, the mechanism of antibac-

terial action of curcumin nanoparticles revealed that these particles enter inside the

bacterial cell by breaking the cell wall, leading to cell death.

Antiviral activity of curcumin against virus like HIV showed that inhibition of

viruses takes place by acetylation of Tat protein, which is responsible for sup-

pression of HIV-1 multiplication. Tat protein transactivation of HIV-1 LTR can be

measured by b-galactosidase activities. In fungus, probable effect was found to be

downregulation of D 5,6 desaturase (ERG3) related to reduction in ergosterol of

fungal cell. The reduction in production of ergosterol results into accumulation of

biosynthetic precursors, which leads to cell death. Reduction in proteinase secretion

and alteration of membrane-associated properties of ATPase activity are other

possible critical factors for antifungal activity of curcumin. (Moghadamtousi et al.

2014). Antioxidant properties show that administration of curcumin significantly

attenuated oxidative stress and lipid peroxidation, prevented apoptosis and

increased antioxidant defence mechanism activity (Samarghandian et al. 2017).

6.7 Conclusions

Curcumin has been known for its therapeutic application in the treatment of various

diseases since ancient times. There are few limitations, which restrict the usage of

curcumin in the drug delivery and in the treatment of cancer. Nanoparticles-based

approach can be used to enhance the bioavailability of curcumin which has helped

in its delivery for the treatment of various diseases such as cancer, various neu-

rological disorders such as Parkinson’s disease, Alzheimer’s disease. Cancer is the

most dreadful disease all over the world; nanoparticles-loaded curcumin has many

advantages as it can minimize the side effects of chemotherapy and other therapies

of cancer. Nanotechnology-based approach is also useful in the regeneration of

damaged tissues, bones and organs. Encapsulation of curcumin on the scaffolds can
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enhance the antioxidant and antibacterial activity of nanofibrous scaffolds.

Curcumin possesses excellent antimicrobial activity, and hence researchers have

started formulation of curcumin nanoparticles. As nanoparticles have smaller size

and high surface area, curcumin nanoparticles have larger surface area and water

solubility which can replace the usage of bulk curcumin.
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Part II

Nanoparticles/Nanoformulations
for Diseases and Patents



Chapter 7

Nanoformulations for Cancer Therapy

Amaresh Kumar Sahoo, Arushi Verma and Prerna Pant

Abstract Recent progress in the field of science and technology has catered us

with new dimensions to understand the origin and complexity of biological events

associated with the development of cancer. Growth of cancer is a multi-stage

process which involves diverse genetic alterations and cellular signalling pathways,

responsible for the development and maturation of tumours. Based on the recent

advancement, several new strategies in cancer therapy are now available that offers

better therapeutic results. However, there are a number of issues still existing which

need to be addressed intensely to obtain effective results in cancer therapy thereby

decreasing the mortality rate. Moreover, generation of resistant cancer cells after

treatment with conventional methods is liable to depict an adverse scenario in

cancer therapy, which demands new therapeutic and diagnostic modules in order to

combat this fatal disease.

Keywords Cancer � Combinational therapy � Magnetic hyperthermia

Nanoformulation � Nanoparticle � Photodynamic therapy � Photosensitizer
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MEC Minimum effective concentration

MTs Metallothioneins

NGS Next-generation sequencing

NH2 Amine group

NIR Near-infrared light

NP Nanoparticles

PD Paracetamol dimer

PDT Photodynamic therapy

PEG Polyethylene glycol (PEG)

PS Photosensitizers

PSMA Prostate-specific membrane antigen

PTN Photothermalnanotherapeutics

PTT Photothermal therapy

PTX Paclitaxel

PVP Polyvinylpyrrolidone

QDs Quantum dots

RES Reticuloendothelial system

RNA Ribonucleic acid

ROS Reactive oxygen species

SERS Surface-enhanced Raman scattering

SPR Surface plasmon resonance

TiO2 Titanium oxide

WHO World Health Organization

ZnO Zinc oxide

Nanotechnology—one of the leading research areas of today’s world—offers vast

and diverse arrays of innovative solutions for the treatment of several refractory

diseases, including cancer, and endeavours to take medical science to a new height.

It helps in the engineering and manipulations of materials at the molecular level and

in the formulation of newer materials having much smaller dimension (10−9 m)

with desired properties. The various aspects of the nanoformulations in cancer

therapy are shown in Fig. 7.1; some of these are further illustrated in this chapter.

Nanotechnology holds the potential to change the outlook of existing diagnostic

and therapeutic techniques and thus paving the way for personalized medicine.

7.1 Introduction

Cancer is a serious concern for millions of people worldwide because of the poor

survival rate and economic burden of follow-up care (Ferrari 2005; Mehlen and

Puisieux 2006). The World Health Organization (WHO) report suggests that the

number of cancer patients is increasing day by day, despite recent progress made in

the field of medical sciences and technologies. There are several internal and
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external factors responsible for the cause of cancer like ageing, obesity, con-

sumption of tobacco and alcohol, environmental factors like UV light exposure,

pollutants and certain type of infections (Blackadar 2016). The risk of cancer is

increasing very fast, mainly in the case of the Third World countries due to poor

lifestyle and increasing pollution rate. Thus, it is a global crisis which needs to be

attended on priority basis in order to save more lives from this lethal disease (Fass

2008). In fact, after so many years of research, we could hardly be able to

understand the basic route of the cause and the intracellular events associated with

the progress of cancer. Therefore, it demands intense research activities and

implementation of the areas like cell biology, molecular biology, computational

biology and genetic engineering in order to explore the basic mechanism of

development of the cancer and cellular functions directly and indirectly associated

with this disease.

Very often the question arises that where does the cancer cell comes from in case

of a normal human being. It means, what is the origin of the cancer? This has been a

debatable issue for a long time. Intense research activities in this line of interest now

have provided the idea that cancer cells appear from a single cell due to genetic

alteration, which leads to changes in intracellular signalling events. This ultimately

converts normal cells into cancerous cells. The single cancerous cell then eventually

undergoes several rounds of cell division and results in cancer. Cancer is commonly

formed as a solid tumour except certain types of cancer such as leukaemia (blood

cancer) which does not form solid tumours. Importantly, all the tumours are not

essentially cancerous, i.e. life threatening, some tumours are also benign

(non-cancerous).

Generally, cell division occurs in an organized fashion, and defective cells are

often cleared from the body by the immune system. However, a cancer cell

undertakes a process of ‘clonal selection’. In the tissue microenvironment, certain

mutated cells show better fitness, grow faster and produce more daughter cells than

Fig. 7.1 Schematic

representation of the

multifarious aspects of the

nanoformulations in order to

provide better results in the

cancer therapy. Some of the

anti-cancer nanoformulations

are already commercialized or

in the state of under

pre-clinical and clinical

studies that have revealed

better outcomes, efficacy and

lower toxicity as compared to

conventional anti-cancer

treatments
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surrounding normal cells. This is very similar to ‘natural selection’ that is like

selection among organisms—that helps in the organization of the cancer cells

having both genetic and epigenetic changes and evades from the immunological

defences (Goymer 2008; Casás-Selves and DeGregori 2011). There are several

unusual cellular features associated with the cancer cells, such as uncontrolled cell

proliferation, immortalization, rapid angiogenesis and invasion of cancer cells to the

other parts of the body. Increased cell division and decreased cell mortality rate lead

to increase in the volume of cancer mass very rapidly. Importantly, cancer cells

have the ability to survive in the environment which is completely different from

the origin. It migrates through blood circulation or lymph vessels to other parts of

the body (metastasis) which is the most lethal features of cancer cells. The rapid

adaptability in different microenvironment is a major cause of the induction of the

secondary cancers. By the genetic analysis, it has been found that cancer cells turn

on the oncogenes (activation) and turn off the function of tumour suppressor genes

(inactivation); this combined effect is responsible for aberrant behaviour in case of

cancer cells (Stratton et al. 2009). Actually, oncogenes function similar to an

accelerator and tumour suppressor genes act as break of a car. Likewise in car, in

case of cancer cells, break (tumour suppressor genes) does not function properly,

whereas accelerator (oncogenes) starts to function aberrantly, and as a consequence

there is an uncontrolled cell proliferation. However, multi-stage genetic alterations

are essential for progress of cancers. Thus, with the progress of time, the cancerous

properties as well as number of cancer cells increase. Moreover, genetic modifi-

cations differ from cell to cell within a cancer, which results in the heterogeneity in

its behaviour. Therefore, within a cancer, all the cells do not respond similarly

against therapeutics. Essentially, anomaly is even prominent from cancer to cancer

type too. This makes it difficult to develop a common treatment, which is effective

against all kinds of cancers.

We are searching for the ‘magic bullet’ that will effectively destroy only the

cancer cells, which are closely associated with the normal cells without compro-

mising the activities of the normal cells and tissues. As the non-specific distribution

of any therapeutics increases the effective dose in order to eradicate the cancer cells,

it may prove toxic to normal cells and might be rendered several unwanted side

effects like fatigue, hair-loss and organ dysfunction, which ultimately results in

several concerns for cancer patients (Kayl and Meyers 2006; Burgess 2012).

Moreover, it is to be mentioned here that most of the front line chemotherapeutics

are found to be futile against later stages of cancer, resulting in poor survival rate.

The advent of the nanotechnology opened up a myriad of new possibilities and

scopes to address the above issues (Mehta et al. 2008). Materials science provides

the opportunity to manipulate materials at atomic level by individually placing the

atoms in order to architect desired structure which has the potential to change

landscape of health care. This is aiming not only to miniaturize the existing tech-

nology into the sub-100-nanometre scale, but also to incorporate novel properties

that are not feasible to get from bigger counterparts of the same materials. These

tiny particles give huge opportunity to get better control in cancer therapy in terms

of specificity, dose and frequency offering fewer side effects and are economical too
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(Fakruddin et al. 2012). This offers the scope of passive targeting, active targeting

and other novel methods of destruction of disease cells by external and/or internal

stimuli which are few ‘on-demand’ strategies that could be employed to completely

cure the cancer. Not only the therapy, but it also provides the scope of development

of new diagnostic tools which would be able to state the accurate and precise health

status of cancer patients and also important for early stage of detection of the

disease (Narayana 2014). Some of the recent developments of the nanotechnology

in cancer therapy are highlighted herein.

7.2 Different Stages of Cancer

One of the very crucial aspects is to understand the stage of the cancer which is

determined only when the cancer is identified (National Cancer Institute 2015;

Cancer Institute NSW 2017). Doctors generally categorize cancer based on certain

characteristics such as cell type, size and location of tumour, potential risk of spread

of cancer cells to other body parts and its chances of survival. Importantly, doctors

decide the best plan of treatment based on the stage of cancer (Ludwig and

Weinstein 2005).

• Zero Stage of Cancer: While cancer cells are in the place where they originated

and not started to spread at all, is known as stage zero cancer. This also refers to

as ‘in situ’ cancer. It means abnormal cells are present but not started to spread

anywhere. This is initial stage of the cancer; at this stage, there is a huge chance

of recovery.

• First Stage of Cancer: This is the next stage of cancer, where tumour volume

increases but cancer cell has not started to spread anywhere. That is the reason

for it being known as localized tumour.

• Second Stage of Cancer: This is known as regional cancer where cancer cells

start to spread into nearby tissues.

• Third Stage of Cancer: Tumour volume becomes big, and cancer cells start to

travel to nearby tissues as well as lymph nodes.

• Fourth Stage of Cancer: The cancer has spread to distant parts of the body. In

this stage, cancer cells induce secondary cancer at other body part rather than

where it started which is also known as metastatic cancer. This stage is very

perilous, most of the front line drug molecules are found to be ineffective in

order to produce significant impact against this stage of cancer.

It is important to mention it here that stage of the cancer is independent over time

and treatment. The cancer is categorized based on the time of diagnosis. An

important point needs to be clarified here is that the stage of a cancer is determined

only when the cancer is diagnosed. The stage does not change over time, even if the

cancer gets smaller in size, spreads to other body parts or comes back after treat-

ment. The cancer is still referred to by the stage it was first recognized; however,
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information about the current status of the cancer is added with it. For example, let

us say a woman is first diagnosed with stage II breast cancer. She recovers with

treatment, but then it relapses or spreads to the other body parts like in bones. It will

still be referred to as stage II breast cancer, but now with recurrent disease in the

bones. If the breast cancer is not cured fully with the treatment and it spreads to the

bones, it would be called a stage II breast cancer with bone metastasis. In either

case, the original stage does not change and it is not called a stage IV breast cancer.

Stage IV breast cancer implies to a cancer that has already spread to a distal part of

the body when it is first diagnosed. This is important to understand because all the

data related to survival statistics and information is available based on a specific

stage of a specific cancer type.

7.3 Evolution of Cancer Therapy

For a long time, researchers have been searching effective treatment for cancer. The

radiation therapy in the early 1900s and chemotherapy in the 1940s were two

important milestones in the cancer care along with surgery (DeVita and Chu 2008).

However, every method has its own benefit and limitations. None of the method is

found to be universal for all types of cancers (Thariat et al. 2012). Based on the cell

type, stage and location, doctor opt the most suitable treatment method for a par-

ticular patient. Surgery is one of the oldest and reliable techniques still we are using

to remove the tumour. In fact, after the discovery of anaesthesia in 1846, surgery

took the central stage of the medical technology for next several decades and has

provided huge impact on the health care to overcome the challenges of numerous

diseases including cancer. This involves removing the tumour tissues of the body.

This is a direct treatment approach in order to get rid of affected body part. Surgery

has been found to be effective against a wide range of cancers irrespective of age of

patients. Moreover, there is less chance of generation of the resistant cancer cells.

However, if the tumour size is reasonably big, then surgery is difficult for several

patients. Additionally, it is found to be futile against metastasis stage of cancer.

Another very commonly raised issue is the incomplete removal of the cancer cells,

which results in recurrence of cancer after a certain period of time.

Radiation therapy, like surgery, is also a local treatment where only affected

region is targeted for the treatment (Thariat et al. 2012). Radiation causes DNA

damage directly or sometimes generates free radicals, which eventually damage the

DNA. This DNA damage disrupts cellular processes, prevents accurate cell division

and ultimately leads to cell death. Radiation therapy is effective for the shrinkage of

the tumour. However, it cannot completely eradicate cancer cells and also cause

harm to both cancerous and normal tissues. Moreover, it may result in resistant

cells, which are more lethal and potential against the same dose of radiation used at

the beginning.

Chemotherapy—the use of drugs to kill the cancer cells—is one of the most

common methods, this may not essentially eradicate the cancer cells always,
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sometimes it just stops the growth of the cancer or even only alleviates the pain

(palliation) (Chabner and Roberts 2005). While the chemotherapy is employed to

decrease the volume of tumour before surgery it is known as neo-adjuvant

chemotherapy, whereas when it is used to destroy the remaining cancer cells after

radiation or surgery it is known as adjuvant chemotherapy. Generally,

chemotherapy is recommended along with surgery or radiation therapy. One of the

major limitations of the chemotherapy is the specificity of the drug molecules.

Generation of drug-resistant cancer cells is another concern in the chemotherapy.

Advancement in the areas of molecular biology, cell biology, genomics and

computational biology has taken the medical science to a new altitude. The Human

Genome Project, which was accomplished in 2003, provided a paradigm shift in the

understanding of cancer and other diseases. Next-generation sequencing

(NGS) technology has revolutionized the study of genomics and molecular biology

and is progressively being engaged for pre-screening in the cancer research which

offers a depth of information about cancer. Additionally, computer-based drug

design and screening are one of the ongoing research areas, which are in the

forefront in order to find out potential candidate, effective against cancers. Now,

there are several other methods available for treatment of cancer, such as immune

therapy, which involves activation of the patient’s immune system that may prevent

the development of cancer (Scott et al. 2012). This can be achieved by promoting

factors which involve immune cell activation or influencing nearby normal cells to

secrete certain factors that can inhibit the tumour cell growth and survival. Other

ways are bone marrow transplantation and stem cell therapy, which are also adopted

in certain cases for the cure of cancer.

However, there are still several challenges associated with complete cure in the

cancer therapy (Zugazagoitia et al. 2016). Targeted accumulation of the therapeu-

tics at the predetermined site is a great issue. Poor bio-distribution, short half-life,

and fast clearance from the body and degradation in the body before they reach

target site are the major concerns with the front line chemotherapeutics. Another

issue is the poor solubility in the biological fluids, which results in higher dose and

frequency, leading to several unwanted side effects.

7.4 Nanoformulations—Small Particles to Resolve

Big Issues

What is special about nanoformulations? The answer is ‘smallness’. The dimension

of the human cells is around 25 µm; cellular organelles are even smaller in the range

of sub-micron size. Typically, the diameter of B-DNA is 2 nm, thus the radius is

1 nm (10−9 nm). This example gives the idea that nanoparticles—manmade tiny

elements—may serve as a probe to examine intracellular activities as its size has the

potential to cross the various biological barriers within the body. Moreover, recent

progress allows us to manipulate materials at the atomic scale in order to build up
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nanoscale structures with atom by atom precision (Stellacci 2005; Guisbiers et al.

2012). This ‘smallness’ offers a high surface to volume ratio for a constant mass of

materials, as a result greater amount of surface area comes in contact with the

surrounding environment in the case of nanoscale materials as compared to bigger

counterpart ensuing unique properties. For instance, in this size realm, semicon-

ductor nanoparticles show quantum confinement effect, metal nanoparticles show

surface plasmon resonance (SPR) and magnetic nanoparticles show superparam-

agnetism by following the atomic and molecular rules. The physicochemical

behaviours of materials like boiling point, electrical conductivity and chemical

reactivity vary as a function of the size of the particle (Biener et al. 2009). This offers

huge opportunities to create new and exciting materials suitable for various appli-

cations. Size-dependent characteristics of nanoscale materials are not only respon-

sible for exceptional physicochemical behaviour, but also responsible for different

biological responses which are not possible to get from bulk materials.

Nanoformulations are enabled to deliver a myriad of elements like drugs, gene,

RNAs, proteins and other element effectively with better performance. This is also

equally effective to carry therapeutics to almost every part of the body including

brain with great perfection.

Salient features of NPs

• Noble metal NPs show surface plasmon resonance (SPR) signal

depending on the size, shape and composition of dispersion medium.

• Large surface energy.

• Surface-Enhanced Raman Scattering (SERS).

• Semiconductor NPs show quantum confinement effect and size-dependent

emission.

• High catalytic activity.

• Low boiling point.

• Large number of Dangling’ bonds.

This is really amazing, as it would essentially reduce the chances of failure in the

delivery of various materials by single system which is a huge limitation, like virus,

that is only suitable for delivery of the genetic materials into predetermined host

cells. Progress in the line of interest also has developed nanoformulations which can

transport both hydrophilic and hydrophobic drug by a single nanoformulation. This

essentially resolves the issue of drug solubility in the body fluids (Harrison 2013).

Nevertheless, for the delivery of drug, relatively large (size >100 nm) nanofor-

mulations are needed for loading a sufficient amount of drug onto the particles.

Importantly, the drug delivery can be tuned by various intracellular and extracel-

lular stimuli like pH, temperature, near-infrared light and magnetic field which

opens up several new avenues in the drug delivery. There are highly engineered

nanoparticles available to improve their applicability like targeted drug delivery
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into cancer cells. This is very crucial for real-life applications. However, additional

molecules are needed that act as linker in order to do functionalization of targeting

agents like antibody, small molecules and peptides. It is obvious that nanoscale

materials are at the forefront of today’s research activities to resolve the various

issues in the health care including cancer.

7.5 Novel Nanotherapeutics

Compared to traditional medicines, nanoformulations of metal such as silver (Ag

NPs), gold (Au NPs) and copper (Cu NPs), and metal oxide like zinc oxide (ZnO),

iron oxide (Fe3O4 and Fe2O3), titanium oxide (TiO2) and copper oxide (CuO) are an

emerging area of research in nanoscience and nanotechnology due to their various

biological activities.

Silver nanoparticles (Ag NPs) are one of the most attractive nanoscale materials

as it exhibits a broad range of bactericidal, fungicidal and cytotoxic activities.

Recent studies have demonstrated that Ag NPs and its composite(s) cause

mitochondria-dependent apoptosis. The surface of the NPs is very active, thus the

release of the silver ions (Ag+)—‘Trojan horse’ effect—is the key of the cellular

cytotoxicity (Cai et al. 2017). In parallel studies, it was also found that Ag+ ions

and Ag NPs induce metallothioneins (MTs)—heavy metal-binding proteins, which

take part in the shielding of stress responses—that is ultimately liable for cell

death (Gliga et al. 2014). Studies also established that nano-silver elevates the

level of reactive oxygen species (ROS) inside the cells leading to cell death. There

is no consensus about the mode of cell death by exposure of nano-silver, possibly

Ag NPs affects the cells in a more complex way as we are assuming. However, Ag

NPs do not have specificity towards cancer cells which is also cytotoxic towards

normal cells. This is an inherent demerit that limits its direct use as cancer

therapeutic agents. Amalgamation of it with other agents decreases the effective

concentration of the silver and thus offers huge promises. However, the dose of

silver might vary in different studies because different synthesis methods produced

various sizes of NPs and tested on different cell lines under different cell culture

environment.

Another important metal nanoparticle is Cu NPs, which is a far better choice as

compared to Ag NPs as copper is a trace element, essential for the normal growth

and development (Prabhu et al. 2010; Iakovidis et al. 2011). More importantly,

there is a sequester mechanism for it, hence less chances of toxicity. However,

stabilization of Cu NPs in aqueous medium, amenable for the biological purposes is

difficult due to low reduction potential as compared to silver and gold. The Au NPs

are easy to synthesis due to high reduction potential; however, studies evidently

established that it is not cytotoxic (size >10 nm) and generally considered to be

safe. However, ultra small size Au NPs can persuade cytotoxicity as well as induce

the ROS generation for certain cell lines (Alkilany and Murphy 2010; Soenen et al.

2012).
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Similar to metal NPs, several metal oxides NPs also revealed the cytotoxicity

and hold huge promise of using them as nanotherapeutics (Ivask et al. 2015).

Essentially, some of the cases, metal oxides were found to be more efficient due to

its better stability in biological fluids. Most widely used metal oxide is iron oxide

NPs (Liu et al. 2016). Generally, it is not cytotoxic up to a certain dose; however, it

was found to be excellent contrast agent in magnetic resonance image (MRI). Other

important metal oxides are ZnO and TiO2. There are contradictory results available

in the cytotoxicity of ZnO (Djurišić et al. 2015). Reports suggest that possibly

cellular microenvironment plays a major role by releasing Zn from ZnO NPs

causing its cytotoxicity (Yang et al. 2010). TiO2 also cause the cytotoxicity for

certain type of cell lines, though the mode of cell death is not clear yet. Studies

suggest that it is possibly following the ROS-dependent pathway which ultimately

is leading to cells death (Hamzeh and Sunahara 2013).

7.6 Key Parameters in Cellular Uptake and Cytotoxicity

7.6.1 Size and Surface Properties of Nanoformulations

The cellular uptakes as well as subsequent cytotoxicity of nanoformulations rely on

various factors such as composition, size, hydrophobicity, surface charge and the

aggregation of the particles. Well dispersion in biological fluids and proper inter-

actions with the plasma membrane of nanoformulations is essential for significant

cellular uptake for any kind of nanoformulations. The size of the nanoformulation is

also very crucial for its uptake and cytotoxicity; for instance, Au NPs is generally

considered safe; however, studies demonstrated that Au NPs of size 1.4 nm is

cytotoxic as compared to non-cytotoxic Au NPs of 15 nm for four different cell

lines such as fibroblasts, macrophages, epithelial cells and melanoma cells.

Essentially, the mode of cell death was found to be different such as the particle size

of 1.4 nm caused necrosis, whereas particles of slightly smaller diameter of 1.2 nm

caused apoptosis-mediated cell death (Marchant 2009). A similar observation was

recorded in case of 10 nm of PVP-coated Ag NPs which was more cytotoxic to

human neutrophils as compared to Ag NPs of 50 nm. This caused plasma mem-

brane damage and induced oxidative burst of neutrophils (Mehlen and Puisieux

2006). Studies carried by taking different sizes of Ag NPs of 10, 40 and 75 nm as

well as different surface stabilizing agents such as PVP and citrate, which revealed

that Ag NPs of 10 nm particles expressed better cytotoxicity independent of surface

coating for human lung cells (BEAS-2B cells) (Mehta et al. 2008).

It is worth mentioning here that smaller diameter plays a better role in cyto-

toxicity although this is not true always for all kinds of nanoformulations. For

example, the cytotoxic mechanism of Fe3O4 NPs with different diameters of 6, 9

and 14 nm in case of human hepatoma cell lines, SK-Hep-1 and Hep3B revealed

that NPs of 6 nm exhibited very less cytotoxicity while NPs of 9 nm cause a huge
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amount of ROS production which was leading to necrosis-mediated cell death. On

the other hand, NPs of 14 nm disintegrated the plasma membrane resulting leakage

of lactate dehydrogenase (LDH) in the cytotoxicity (Miyoshi et al. 2016). Recent

studies also found contradictory results of cellular cytotoxicity in case of CuO NPs

for two different sizes of NPs with similar surface and core oxide compositions.

Bigger CuO NPs of 24 nm were found to be more cytotoxic than 4 nm NPs in case

of human lung cell line (A549 cells) (Nagy et al. 2009).

Importantly, surface charge is one of the vital parameters which attributes widely

in cellular uptakes as well as cytotoxicity (Narayana 2014). Recent studies sug-

gested that the nature of the polyvalent surface of nanoformulations induce various

cellular responses (Fröhlich 2012). Cascades of signalling event initiate after

interaction of nanoformulation with the plasma membrane. For example, the

polyvalent nanoformulations may cause cross-linking of cellular receptors or may

induce impairments of the plasma membrane which may lead perturbation of

normal cell functions. Generally, positively charged NPs show the higher amount of

cellular uptake as compared to neutral and negatively charged NPs, possibly due to

the negative surface charge of cell membrane, which facilitates the electrostatic

interactions, resulting in higher amount of cellular uptakes as compared to its

counterparts. In addition, some of the positively charged NPs could evade the

lysosomal pathway and able to penetrate the nuclear membrane, whereas the

negatively charged NPs could not follow the same. This may be due to

‘proton-sponge’ effect as positive surface charge elicits concurrent influx of chlo-

ride ions (Cl−) in order to maintain charge balance, imparting osmotic swelling

leading to rupture of the lysosome. However, positive surface charge causes higher

amount of cytotoxicity as compared to the neutral and negatively charged

nanoformulations.

7.6.2 Cell Physiology

Other important parameters are the cell density, cell health and culture conditions,

as the rate of cellular uptake of nanoformulations, i.e. endocytosis depends on them.

The number of cells and its generation time are crucial parameters that affect the

amount of cellular uptakes. Uptake of nanoparticles is influenced by the stage of

cell cycle too. Generally, there is not much difference in the cellular uptakes in

initial time point of incubation with the NPs in different stage of the cell cycle.

However, cellular internalization greatly varied after 24 h of incubation with NPs.

The order of it can be G2/M > S > G0/G1 based on the stage of the cell cycle. It is

worth mentioning that nanoformulation does not homogenously segregate into

daughter cells during cell division via specific transporter proteins, though it

unevenly distributes between daughter cells during cell division (Kim et al. 2011).

A similar uptake profile was obtained in case of ZnO NPs which caused cell cycle

arrest in S and G2/M phase with the higher amount of uptake of NPs in G2/M stage

than other stages of cell cycle in A431 cells (Pan et al. 2007).
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7.7 Scope of Novel Nanotherapeutics for Cancer Therapy

From the above, we got the idea that ample opportunities are there in the areas of

nanoformulations, which could be employed to develop novel cancer therapeutics.

Although, the main hurdle is to effectively differentiate between cancerous and

normal cells. For targeted accumulation of any therapeutics at tumour site, we have

to understand the tumour architecture and type of specific surface marker present in

case of tumour cells that will offer the scope of better way of targeting cancer cells

while sparing normal cells and tissues. Here lies the essence of nanoformulations

which offer prospect of exclusive targeting of the cancer cells by means of active

and passive targeting, thereby offering a huge gain over conventional chemother-

apeutic agents.

7.7.1 Passive Targeting

Tumour cells rapidly divide without following certain principles of cell division

which eventually results in a mass of heterogeneous cells having different prop-

erties. While new tissues are formed, the formation of new blood vessels, i.e.

angiogenesis is important which provides sufficient amount of blood supply

essential for delivery of nutrients and oxygen and removal of the wastes from the

cells. Rapid cell division of tumour cells demands faster rate of angiogenesis due to

increasing demand of blood supply which becomes diffusion-limited in case of the

tumour microenvironment, while its size crosses the critical size. To induce the

faster the angiogenesis process, the tumour cells release several angiogenetic fac-

tors, including permeability factor and vascular endothelial growth factor which

promotes rapid angiogenesis (Paszko et al. 2011). Imbalance of angiogenetic factors

results in the formation of defective vasculature having wide gap junctions

(>200 nm) between endothelial cells as compared to normal blood vessels. The

disordered and leaky structure of tumour vasculature system allows infiltration and

accumulation of the nanoformulation specifically near the tumour. This is known as

the enhanced permeation and retention (EPR) effect which is a unique characteristic

of tumour microenvironment. The size-exclusive selective uptake of nanoformu-

lations by tumour cells, coined as passive targeting, is one of the exciting oppor-

tunities which are not possible to obtain from conventional cancer therapeutics. The

detailed idea is illustrated in Fig. 7.2.

7.7.2 Active Targeting

Faster rate of cell division and proliferation of tumour cells overexpress receptors

for higher amount of uptakes of glucose, vitamins and other growth promoting
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agents than the normal cells (Camp et al. 2013; Dostalova et al. 2016). This offers a

great deal of scope of active targeting of cancer cells by attaching specific ligands

such as antibody, signal peptides or small molecules on the surface of nanofor-

mulations. These engineered nanoformulations are not only able to bind with

surface receptor of cancer cells, but also able to interact with intracellular organelles

and nuclear receptors, which would result in high drug concentrations at the

‘programmed’ site than the normal cells that essentially decreases the possibilities

of adverse effects on normal tissues.

Several cancer cell lines over are expressed as receptors for folic acid (vitamin),

essential for growth and proliferation of cells. Thus, covalent conjugation of folic

acid via its c-carboxyl groups with nanoformulation facilitates the higher amount of

uptake by cancer cells as compared to normal cells by folate receptor-mediated

endocytosis. The report suggests that there is strong interaction between folate and

its cell surface receptors which would be explored for delivery of imaging and

therapeutic agents (Patel et al. 2016).

There are plenty of studies carried based on the folic acid-mediated cancer tar-

geting. For example, one of the commonly used chemotherapeutic is paclitaxel

(PTX) but the inherent drawback of this drug is its lack of selectivity towards cancer

cells. Conjugation of folic acid with PTX-loaded micelles renders the systems with

an efficient targeting capacity and cytotoxicity in human breast carcinoma cell line

(MCF-7 cells) which overexpressed folic acid receptors (Périgo et al. 2015).

Chitosan-based nanoformulations have been used for delivery of several cancer

therapeutics as well as genetic materials due to its positive surface charge and

biodegradability. Folic acid was conjugated with the chitosan nanoformulations via

Fig. 7.2 Schematic representation of the passive and active targeting of cancer cells by

nanoformulation. The size and surface morphology of nanoformulation allows it to permeate and

accumulate at tumour sites due to defective and leaky vasculature (EPR effect), is known as

passive targeting. On the other hand, conjugation of specific ligands on the surface of

nanoformulation facilitates targeted delivery by specific ligands–receptor interaction resulting

delivery of nanocarriers into poorly accessible areas
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amide bond formation as amine groups (NH2) are abundant in the case of chitosan

(Sahoo et al. 2016). Paracetamol dimer (PD) along with silver nanoclusters

(size < 2 nm) targeted delivery by this folic acid conjugated chitosan nanocarriers

which revealed better cellular uptakes as well as cytotoxic activity in case of

adenocarcinoma cells (HeLa) which overexpressed the folic acid receptors as

compared to lung cancer cell line (A 549) which down-regulates the expression of

the folic acid receptors. This study demonstrated that two different cancer cells can

be differently killed based on the expression of folic acid receptors on its surface

(Prabhu et al. 2010).

Another widely employed ligand used for targeted delivery of nanoformulation

is transferrin (glycoprotein) which is essential for iron transportation. By using the

idea of interaction of transferrin and transferrin receptor , one can easily conjugate

the nanoformulations with transferrin, which facilitates receptor-mediated endo-

cytosis. Importantly, recent studies explored that the transferrin-mediated delivery

is very crucial in the case of metastatic and drug-resistant tumours, where trans-

ferrin receptors are overexpressed (Rosenblum and Peer 2014).

Antibodies have been considered as one of the most commonly available tar-

geting elements of the cancer in order to target delivery of the nanocarriers. The

conjugation of antibodies of prostate-specific membrane antigen (PSMA) with

doxorubicin (DOX)-loaded apoferritin (protein) nanoformulations has been per-

formed and tested its targeting ability in two different cell lines, namely LNCaP and

HUVEC cells. This nanoformulation showed better killing efficiency in case of

prostate specific cancer cells, i.e. LNCaP cells as compared to HUVEC cells. In

another study, single chain antibody to the transferrin receptor-mediated delivery of

liposome was carried out which showed better therapeutic index of gemcitabine in

case of in vivo metastatic pancreatic cancer model (Scott et al. 2012).

7.8 Photodynamic Therapy (PDT)

7.8.1 Basic Aspects of Photodynamic Therapy (PDT)

Photodynamic therapy (PDT) is an emerging modality in treatment of various

diseases, especially cancer. It is composed of three major components, i.e. photo-

sensitizers (PS), oxygen and light, which together induce a photochemical reaction.

However, individually none of these components are found to be harmful, but

together they react to produce singlet oxygen species which ultimately raises the

ROS level, leading to the cell death. It is considered to be minimally invasive

therapeutic method. The idea is that after the PS has been absorbed by cancer cells,

light of appropriate wavelength is applied to the affected area to stimulate the PS

which forms singlet oxygen species, leading to rise of the intracellular ROS level.

The elevated oxidative stress leads to damage of several macromolecules of the cell

such as proteins, lipids which causes cell death by either apoptosis or necrosis
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(Stratton et al. 2009; Soenen et al. 2012). The time span between the drug

administration and light stimulation is known as the drug to light interval, which

varies as per the drug being used (Stellacci 2005).

Some of the photosensitizers currently being used in the USA (As per the

report of America Cancer Society)

• Porfimer sodium (Photofrin®).

• Aminolevulinic acid (Levulan®).

• Metvixia® cream.

The PDT has limited clinical trials possibly due to lesser penetration of light

(American Cancer Society 2017) inside tissues, its dependency on the rate of

production of singlet oxygen and poor solubility of photosensitizers. In order to

overcome these limitations, it is needed to have an efficient delivery system to

enhance the specificity and efficacy of PDT. Nanoformulations are being used to

overcome these concurrent issues. There have been several reports regarding the

PS-loaded nanocarriers which have proved to improve the specificity of the target

as well as the therapeutic efficacy in treatment of cancer. Moreover, it has been

found that combination therapy of PDT with some other therapeutic agents for the

same target produced significant outcomes. However, there are some limitations to

this approach too. The ROS generated may be trapped inside the nanoformulation

whose matrix does not allow it to escape or diffuse out. Self-quenching of photo-

sensitizer may also occur inside the nanoparticle due to spatial proximity, which is

another hurdle (Soares et al. 2016).

7.8.2 Pros and Cons of Photodynamic Therapy (PDT)

The photodynamic therapy (PDT) has been explored to be a potential therapeutic

strategy which can be used for cancer and pre-cancer treatment besides the con-

ventional methods (such as surgery or radiation therapy) used for the purpose. It

takes less span of time to act and is target specific. Additionally, it can also be

repeated many times over the same area of the body unlike that in radiation. It is

also preferred as it does not cause scarring on the applied site after healing. It is also

less expensive than other cancer treatments.

The PDT is not favourable to treat large and deeply grown cancers. It cannot be

used to treat metastatic cancers that have spread throughout the body. The photo-

sensitizers used leave the surface photosensitive for a considerable period of time;

therefore, special care is required for the patient. The treatment is also avoided in

people with porphyrin allergy and porphyrias (Stellacci 2005).
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7.9 Photothermal Therapy (PTT)

7.9.1 Basic Aspects of the Photothermal Therapy (PTT)

Photothermal therapy (PTT) is one of the novel approaches being pursued for

cancer therapy. It locally produces heat energy with the help of photothermal agents

(photo-absorbers) upon illumination with near-infrared light (NIR) which causes

disruption of cancer cells in the body. The PTT is preferable for cancer treatment as

it is also minimally invasive technique and very efficient as well. It is preferable

over PDT as it may use higher wavelength light which is of less energy and thus

would not harm the normal cells or tissues. The nanoformulation being used for the

same is known as photothermalnanotherapeutics (PTN). There are several

nanoformulations such as nano-carbon, metal NPs and oxide NPs are being

extensively employed as PTN. The PTT is efficient in killing the cancer cells at

primary stage directly. It can also be combined with other existing therapeutic

measures in order to cure metastatic cells of cancer. It is a novel approach and till

date it is under clinical trials on animal models to test its efficiency in the therapy

(Tang et al. 2016).

7.9.2 Role of Photothermal Therapy (PTT) in Prevention

of Cancer Metastasis

Destroying the cancer cell in primary stage is not very difficult in present day.

However, curing of metastatic stage of cancer is very crucial that can be done by

PTT, the hyperthermia causes due to PTT is known to enhance radiotherapy. It kills

cancer cells directly due to hyperthermia and can even eradicate tumour-initiating

cells and cancer stem cells, thus inhibiting metastasis. It is to be mentioned here that

steps involve in the process of cancer cell metastasis are migration, invasion and

extravasations into other tissues. Out of these, migration and invasion can be

hindered in the environment of mild hyperthermia due to the inhibitory effect of it

on various metastatic-related factors. The PTT when combined with chemotherapy

or radiotherapy provides us with a brighter scope of treatment with a much lower

mortality rate. For example, iodine-doped copper sulphide NPs (CuS NPs) are

being used for this purpose. This nanoformulation was used in the combination

therapy with radiation therapy. Gold and silver nano-rods exhibit SPR absorbance

at NIR doing based on the aspect ratio, thus it can be easily used as potential

candidates for PTT. Use of nanoformulation of gold along with conventional

chemotherapy like doxorubicin (DOX) showed that synergistic effect gives a much

enhanced result of the treatment of cancer (Tang et al. 2016).
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7.10 Magnetic Hyperthermia

Hyperthermia, in medical terminology, is a therapeutic modality in which a given

area of body is treated with a temperature above 40 °C. Various methods for

implementation of hyperthermia have been used till date. However, none has been

found to be much effective due to their detrimental effects on surrounding healthy

tissues. These methods, that include the use of ionizing radiation and microwaves,

may cause degradation of genetic material of normal tissues. Therefore, a new

procedure for hyperthermia was developed using nanotechnology. In this modality,

the increase in temperature is obtained by the application of an alternating magnetic

field to any magnetic substance, preferably iron oxide NPs. Magnetic hyperthermia

uses electromagnetic radiation in the range of several kHz to 1 MHz, which is not

harmful and also causes higher penetration of tissues. The efficiency of nanopar-

ticles used depends upon their size as well as the surface modifications. Several

nanoformulations possess a high enough specific heat absorption rate, are now

being investigated for use in magnetic hyperthermia. In the field of oncology, the

research is directed towards the creation of effective ‘nanoheaters’ to destroy the

cancer cells. A fast response is always desired in case of the hyperthermia. Thus, a

high rate of specific heat absorption is expected, which significantly reduced resi-

dence time of nanoparticles in tissues and therefore, lower dose administration.

Apart from the destruction of tumour cells, magnetic nanoparticles can also aid in

drug delivery, known as magnetically induced drug delivery (Tortorella and

Karagiannis 2014). These may also integrate with theranostic agents such as drugs,

contrast agents, magnetic heaters. Magnetic hyperthermia has several advantages

over other modalities, such as it can better penetrate tissues owing to the presence of

an alternating magnetic field. Also, the magnetic nanoparticles can stay longer at

the site of tumour and thus, be used for recurring sessions (Thariat et al. 2012).

7.11 Combination Therapy

Recent progress offers the scope of the build-up of engineering nanoformulations,

which would be able to co-deliver and release varieties of therapeutics by a single

module (Khandelia et al. 2013; Komarova and Boland 2013). This approach opens

up a new avenue of combination therapies for killing drug-resistant cancer cells,

which generally evades the challenge of a single drug molecule, and may be used to

destroy them if co-delivered with other drugs (Vega et al. 2015). Thus, combination

of two or more therapeutic agents, which are targeting different mechanisms in

order to block the cellular functions, offers the better likelihood of killing the cancer

cell. For example, one drug may target DNA replication and another drug may

restrain protein synthesis; therefore, the combination may show synergistic activity

which is obviously more lethal than individual drug. However, simultaneous

delivery of more than two therapeutics is challenging because of its different
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physiochemical properties like hydrophobicity, charge and solubility, which would

be easily achieved by nanoformulations, mediated delivery systems (Liao et al.

2014). A unique nanoformulation was made up with lysozyme protein and Au NPs

in order to deliver both hydrophilic and hydrophobic drugs such as doxorubicin and

pyrene, respectively, in human cervical cancer (HeLa) cell line. The nanoformu-

lations are comprised of proteins which are having both hydrophilic sites and

hydrophobic pockets that accommodate both hydrophilic and hydrophobic drugs

and exhibit better anti-cancer activity as compared to individual components (Wang

and Low 1998). In order to kill the drug-resistant cancer cells, supramolecular

chemistry demonstrated co-delivery of negatively as well as positively charged

drugs such as 10-hydroxycamptothecine (HCPT) and cisplatin, respectively, within

the nucleus (Wongrakpanich et al. 2016). Researchers have also developed poly-

meric nanoformulation which is able to transport three anti-cancer drugs such as

cisplatin, doxorubicin and camptothecin with a defined ratio and could be able to

perform controlled release (Yang et al. 2010).

7.12 Nanoformulation-Based Novel Delivery Systems

Apart from the nanotherapeutics, nanoformulation-mediated delivery of therapeu-

tics resolves several inherent issues like solubility, circulation half-life, protection

of nucleic acid and protein from exogenous protease and DNase, respectively.

There are several engineered nanoformulations available these days, mainly poly-

mer based such as liposome, micelle, dendrimer, aggregates of small NPs and

hydrogels NPs for delivery of different kind of therapeutics ranging from nucleic

acids to small molecules. For instance, liposomes have a better scope as they have

the capability to enclose both hydrophilic and hydrophobic material inside them.

They also prevent the aggregation of photosensitizer, which is a very common issue

in photothermal therapy. These are also being tested as delivery agents as they

cannot be eliminated by reticuloendothelial system (RES) and thus would enhance

the drug delivery to the target cells by increasing the circulation time of the agent.

They are also highly biocompatible, thus do not cause any side effect due to

administration. The most important aspect being the range of size it falls under as it

is exempted from elimination by RES system of the body enhancing the half-life of

the administered drug. They serve as potential agents in drug delivery as they can

even encapsulate the substances poorly soluble in water, and surface modification

can easily be carried out in them by functionalizing the groups with antibodies or

other ligands for targeted delivery. They are also highly compatible with biological

systems in the body. These delivery systems offer deeper penetration in tissues,

faster absorption by cancer cells and better selectivity and quicker removal of it

after use, from the body (Stellacci 2005).
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7.13 Issues in the Nanoformulations

Nanoformulations have drawn significant attention globally owing to its tremen-

dous potential of designing of ‘on-demand’ high-throughput diagnostic kits,

effective drug carriers, bio-imaging agents, scope of designing of novel therapeutic

approaches in order to monitor and treat several diseases including cancer. The

nanoformulations-mediated drug delivery is one of the emerging areas which

showed early success and thus expanded highly in the last few decades. The field is

progressing rapidly, and in fact, it is offering a huge scope of co-delivery of various

kinds of therapeutics or imaging agents by a single module which is crucial for

better disease diagnosis and treatments. Even though there are certain challenges

associated with this field which is yet to be overcome, nanoformulations have

secured a promising future in the pharmaceutical industry.

Unfortunately, the toxicity of the metal and metal oxide-based nanoformulations

is a major concern and is considered the biggest barrier for its real-life applications.

It is obvious from our discussion that metal and its oxide NPs exhibit huge promises

to be considered as novel nanotherapeutics; however, in most of the cases there is

no sequester mechanism from our body, and this raises several questions about

using it. Also, there is a lack of sufficient data available about the long-term use of

these nanoformulations. For example, Ag NPs show huge opportunities; however,

reports suggest that it shows genotoxicity in some of the cell lines. Another such

example is semiconductor nanocrystal which is commonly known as quantum dots

(QDs), came up with huge hype due to its size tuneable emission, but failed to

produce impact in the in vivo bio-imaging due to its toxicity issues.

Translation from the bench to bedside is a huge challenge in case of nanofor-

mulation. Implementation of nanoformulation in case of in vivo model is yet lacking

because of the poor understanding of how these manmade tiny elements interact with

the dynamic and complex biological environment. Various studies have established

that biological responses depend on composition as well as physiochemical prop-

erties of nanoscale materials. Formation of the protein corona-serum protein

adsorption on the biological fate of nanoformulation is an important aspect as it

controls nanoparticle uptake and elicits immune responses (Neagu et al. 2017).

Structure and composition of the protein corona evolve very fast inside the bio-

logical fluid due to constant exchanging on and off the nanoformulations. Likewise,

serum proteins, immune cells like macrophage interact with the nanoformulations

which are termed as opsonization that is one of the critical fates of the nanofor-

mulation in biological fluids. Studies found that opsonization can be tailored by

coating with polyethylene glycol (PEG) which is known as PEGylation. It also

increases the blood circulation half-life due to reduced immune system clearance.

Still we need a better and detailed understanding of cellular and protein level to

explore subsequent cellular response after the interaction with nanoformulation.

Other crucial issues are route of administration and subsequent fate as well as the

sequester mechanism need to map properly for real-life implementation of any kind

of nanoformulations. There are several reports available where oral delivery of
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nanoformulations is a major issue due to poor stability in gastric juice and some-

times poor adsorption by microvillus inside the small intestine causes scarcity of the

nanoformulation at the target sites. Several intracellular and extracellular stimuli

such as NIR light, magnetic field and pH have been potentially implemented to

induce drug release. These drug delivery strategies are no doubt very smart, but

these are suffering in producing expected outcomes in the case of in vivo model.

This is possibly due to the complexity associated in the in vivo model which

requires a depth understanding in order to get significant results in the in vivo study.

One of the crucial aspects which need to be explored is the architecture of the

extracellular matrix (ECM) organization in the tumour microenvironment which

has different properties as compared to normal tissues. This lack of understanding

of ECM architecture is offering a huge challenge in the efficient penetration of solid

tumour by nanoformulations. There are insufficient data available from in vivo

model studies regarding the interactions between the targeted nanoformulations and

its interaction with ECM as well as with cell surface receptors. We also have

limitation to evaluate cellular uptake by quantitative assays; therefore, we need to

develop simple ways of quantitative assays of cellular uptake, tumour penetrations

and organization which would help in the evaluation of therapeutic index of

nanoformulations.

7.14 Ideal Properties of Nanoformulations Suitable

for Cancer Therapy

From above discussion, it is obvious that we need to design better and safer

therapeutic modules, which are effective against all types as well as stages of

cancers. In addition, the treatment protocols would minimize the steps and would

result in faster responses. Multi-compartments nanoformulation would be choice for

that where each and every components will carry different entity for different

purposes which is demonstrated in Fig. 7.3. This is commonly known as ‘see and

treat’ approach in which the nanoformulations are able to trace the diseased part

first, and then it will treat it. Thus, some of the vital characteristics of

multi-compartments nanoformulations are given below which would be an ideal

candidate of future cancer theranostics.

Each compartment contains different elements like multiple types of drugs for

different pathways, nanotherapeutics to stimulate the activity of drugs and imaging

agents which would be able to find the targeted cells prior to delivery of the

therapeutics.

• Efficiently able to cross the biological barriers and stable to withstand the

mechanical and physiochemical forces during the circulation within the body

fluids.

• Interactions with proteins and cellular constituents do not cause any adverse

effect like necrosis or harm to the host.
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• It has the targeting ligands on its surface in order to deliver the payloads at

‘programmed’ site.

• Suitable imaging agents need to be co-delivered with the therapeutics for

real-time tracking the trajectory of nanoformulations.

• It has the potential to cross the intracellular trafficking in case of nuclear

delivery.

• Stimuli responsive delivery of payloads would increase the performance of the

nanoformulations.

• The composition would be biodegradable, which offers the scope of complete

clearance from the body after executing its functions.

7.15 Future Prospects and Personalized Medicine

in Cancer Therapy

Due to rise in nanotechnological interventions, medical science has made a lot of

progress in the previous few years. Personalized medicine is a rapidly developing

branch of medicine that emphasizes on drug targeting and that too in accordance

with the physiological demands of a patient’s body (Jain 2009). This is possible due

to the detection and tracking of naturally occurring substances called molecular

biomarkers that can identify the presence as well as level of biological entities in the

body. Since the genetic makeup of each individual varies, characteristics of the

same type of tumour also vary from person to person, and therefore the use of

personalized medicine to treat cancer is the need of the hour. It can reduce the side

effects caused by the multitude of the drugs used, as we can find out the appropriate

drug and its dosage suitable to the patient (Zhang et al. 2012).

Personalization in cancer treatment is very much possible due to nanotechnology

that offers much simpler options of diagnosis and therapy based on the genetic

Fig. 7.3 Multi-components nanoformulations for the cancer theranostics. This is suitable for

simultaneous detection as well as therapeutic activity by a single module

7 Nanoformulations for Cancer Therapy 177



make-up of an individual. For example, certain techniques developed such as

high-throughput DNA sequencing utilize nanopores in order to acquire the infor-

mation of a patient that can lead to quicker therapeutics (Zhang et al. 2012).

Multifunctional nanoformulations aid in personalized treatment of cancer.

Nanoparticles, on being associated with targeting ligands such as monoclonal

antibodies and peptides, are able to attack malignant tumours and offer high

specificity as well (Zou et al. 2016). The present state of personalized therapy aims

to target only one specific marker on the tumour cells. However, this leads to

overlooking of the heterogeneity found in cancerous tissues, which further leads to

only partial treatment of the tumours. Nanoformulations set a significant hope for

the future of personalized medicine in cancer therapy (Zugazagoitia et al. 2016).

7.16 Conclusion

In summary, nanoformulations offer a great deal of promises to improve the present

day’s views of medical science and technology. We are fascinated not because of its

present achievements, but because of what it may achieve in the future. It is

anticipated that immense benefits could be achieved from this tiny particles in order

to address several critical issues related to cancer. Intense research activities for last

few decades have promoted nanoscience and technology significantly to resolve

several cancer-related issues in innovative ways and implement them for benefit of

human health. This has contributed a lot in both the areas, i.e. therapy and diag-

nosis. This offer immense scope in early stage of diagnosis, targeted drug delivery

as well development of theranostics NPs, which can probe in real time the trajectory

of the nanoformulation. ‘Proof of concept’ study showed that there are several

potential nanoformulations available which are suited for passive targeting, pho-

todynamic therapy and magnetic hyperthermia. However, the most of

nanotechnology-based products which are available now for cancer therapy are in

the stage of research or pre-clinical stage. A significant number of nanoformulations

are in an advanced experimental stage. However, translation of nanoformulation

from lab to patient’s level still requires a huge amount of effort. The future goal of

the nanoscale tools is to develop the tiny machines, which would able to travel

within our blood vessels, resolving the problems at cellular level.
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Chapter 8

Nanoformulations for Vaginal Therapy

Željka Vanić and Nataša Škalko-Basnet

Abstract Nanomedicine offers the means to improve the therapy of various dis-

orders, including genital infections, hormone replacement therapy, and vaginal

dryness. Although genital infections affect both genders, we focused on the

application of nanoformulations in the treatment of vaginal infections and the

disorders affecting women. The main emphasis was put on the potential of nano-

medicine in localized, rather than systemic therapy. We attempted to provide an

unbiased overview of the field and classify the nanocarriers based on their building

material such as lipid based, polymer based, and similar. We discussed the char-

acteristics of nanocarriers such as the size, surface properties, and stability, which

have a direct impact on their performance at the vaginal site. The challenges the

nanocarriers are facing at the site are discussed in more detail. Moreover, we

classified the state-of-the-art nanoformulations according to the targeted vaginal

diseases and commented on their promises as well as limitations related to the

efficacy and toxicity in vivo. We included our opinion on the limitations of the

current approaches and selected pipelines. The concerns related to safe treatment in

pregnant patients are included.
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8.1 Introduction

During the past few decades, nanotechnology-based delivery systems, both for

medical purposes (nanomedicine) and as cosmeceuticals/nutraceuticals, have

gained increasing attention. The main aim behind their extensive development has

been to overcome the limitations of conventional dosage forms by enabling their

distribution control, retention (when applicable), and controlled delivery at the

target site, all resulting in improved efficacy (Duncan and Gaspar 2011;

Bosselmann and Williams III 2012; Etheridge et al. 2013). Although the possi-

bilities nanomedicine opened were enormous, the clinical outcome of many of the

proposed nanomedical formulations failed to deliver expected outcome (Barz

2015).

Nanomedicine, nanosystems, nanovesicles, or nanopharmaceuticals are expected

to increase the bioavailability, biocompatibility, and safety profiles of associated

drug/active molecules, serving as carrier systems with specific properties related to

their nanosize. Their ability to prolong and, at to a certain extent, control the release

of associated active ingredient/drugs can potentially decrease the doses and dosing

frequency while assuring the desired therapeutic effect (Riehemann et al. 2009).

Moreover, the targeted delivery can be achieved. Among investigated drug delivery

systems, the lipid-based nanosystems, particularly liposomes, are the most com-

mercially successful nanosystem (Kraft et al. 2014). They are commonly composed

of physiologically acceptable non-toxic lipids, degraded to non-toxic residues (Lim

et al. 2012).

Vaginal drug delivery has been, up to now, mostly explored for a local delivery

of a variety of therapeutic agents such as antimicrobials (Vanić and Škalko-Basnet
2013). Vaginal infections, particularly among women of reproductive age, are the

most frequent reason for women to seek medical assistance. Localized treatment of

vaginal infections should assure a higher local drug concentration, reduced side

effects, and interference with gastrointestinal tract (Palmeira-de-Oliveira et al.

2015). An urgent need for the development of efficient vaginal topical microbicides

to address the human immunodeficiency virus (HIV) infections accelerated the

development in the field of localized vaginal drug therapy (Yu et al. 2011).

Although vaginal route might also be attractive site for a systemic drug delivery,

this chapter will focus on the localized drug therapy.

The specificity of vaginal anatomy, histology, microflora characteristics, and

secretions significantly contributes to the performance of the drug delivery and

consequently efficacy of drug therapy and should be taken into consideration when

designing the optimal formulation. Importantly for localized drug therapy, a high

local drug concentration over extended period might cause severe local irritation or

adverse tissue reactions and needs to be addressed during the optimization of the

delivery system.
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8.2 Challenges of Vagina as a Site of Drug Administration

To design and optimize nanomedicine for administration to the vaginal site, it is

crucial to understand the vaginal features and obstacles to successful delivery of

nanomedicine-associated drugs (active ingredients). The interplay between the

vaginal conditions and the characteristics of nanocarriers requires deeper under-

standing and increased attention (Katz et al. 2011). To design an optimal delivery

system for vaginal site, it is important to fully understand the challenges of this

unique site. For example, it is crucial for any formulation to be applied to the

vaginal site to retain at the site for the sufficient period, in spite of the normal

vaginal clearance and discharge. To achieve an optimal retention, the earlier con-

sensus in the field was to apply mucoadhesive delivery systems. However, in recent

years, this approach has been challenged and the mucopenetrating rather than

mucoadhesive delivery systems have been proposed (das Neves et al. 2011a). The

drug released from the delivery system should become evenly distributed

throughout the vaginal environment (so-called pharmacokinetic functioning) and

perform its therapeutic action (pharmacodynamics functioning). Once the drug is

released from the system and introduced to the vaginal canal, it can be transported

into the vaginal fluids, and semen if present, and across the epithelial surfaces into

the epithelium, underlying stroma and beyond (Katz et al. 2011). Katz et al. (2011)

suggested that in order to simplify the fate of drug at vaginal site, the fate of the

drug could be presented as a multicompartment model including the features of the

delivery system, ambient vaginal fluid, semen, epithelium, stroma, and blood-

stream. The delivery of drugs will be faster through the vaginal fluids than

throughout the underlying tissue due to the physiological differences. Similarly, the

loss of drug from the luminal fluids will be faster (discharge) than the loss from the

tissue compartment. All of the mentioned implies that when designing the optimal

delivery system, it is crucial to focus on the targeted site within the vaginal envi-

ronment, deeper penetration of the drug versus localized coverage within the

mucus.

Cross-linked mucin fibers are the major barrier that limits drug penetration

across the vaginal tract (Peppas and Huang 2004). Physical entanglement is a

crucial factor influencing the mucosal penetration ability. In order to penetrate the

mucus, delivery vehicles must be small enough to overcome significant physical

hindrance by the dense mucin fiber mesh. The cervical mucus is a heterogeneous

and complex system of intercommunicating channels formed by mucin fibers and

filled with aqueous fluid. Diffusion and penetration of particles into the mucus is

determined by the particle size and surface properties. The size regulates the ability

to fit into the mesh pores generated by the mucin fibers, while the surface properties

control the interaction between the nanoparticles and the mucin fibers. Thus, the

combination of these two parameters determines the penetration potential of the

nanosystems (Ensing et al. 2014).

8 Nanoformulations for Vaginal Therapy 185



The specific challenges/barriers to successful therapeutic outcome of the local-

ized vaginal drug delivery can be summarized as following.

8.2.1 Vaginal Fluid

Vagina secrets a vaginal discharge, although it is an organ without secretary glands.

Vaginal discharge comprises transudates through the epithelium, cervical mucus,

exfoliating epithelial cells, secretions of the Bartholin’s and Skene’s glands,

leukocytes, endometrial and fallopian’ tubes fluids. The discharge contains

enzymes, enzyme inhibitors, proteins, carbohydrates, amino acids, glycoproteins,

lactic acid, acetic acid, glycerol, urea, glycogen, and ions such as sodium, calcium,

and chlorides (Rohan and Sassi 2009).

Especially challenging is the fact that both the amount and composition of the

vaginal fluid are changing throughout the menstrual cycle. In addition, the hor-

monal influences and the state of arousal will directly affect the discharge. Women

of reproductive age produce fluid at a rate of 3–4 g/4 h, while the postmenopausal

women exhibit a decrease in the fluid volume, often reduced to half of the volume.

Mucus secretion increases and mucus becomes clear, thin, and alkaline at the

ovulation peak, while mucus secretion decreases and mucus becomes more viscous

during the luteal phase (Baloglu et al. 2009). Moreover, sexual arousal has also

influence on the volume and composition of vaginal discharge and may affect the

drug release pattern from vaginal delivery system (Hussain and Ahsan 2005).

The mucus covering the vaginal epithelium represents a viscous coating com-

prising mainly of water (up to 95%, w/w), various inorganic salts, carbohydrates,

lipids, and glycoproteins, commonly termed mucins. Mucins are hydrophilic in

nature and provide the gel-like properties to the mucus (Serra et al. 2009). Drug

delivery system coming into the close contact with mucus should contain the

mucoadhesive polymer to assure the appropriate wetting and swelling of the for-

mulation, followed by interpenetration of the polymer chains and entanglement

between the polymer and mucin chains (Jøraholmen et al. 2014). However, for

mucopenetrating delivery system, the close contact will be of different nature and

will be discussed separately. When considering the effect of delivery system onto

vaginal tissue, one should justify the concentration of delivery system applied to

vaginal tissue; for example, higher concentration of nanoparticles might affect the

organized structure of mucus ultimately leading to a collapse of mucin fibers (das

Neves et al. 2011b). Finally, possible genital irritation and systemic toxicity related

to the delivery system should be considered. This consideration is particularly

relevant for therapy in pregnant patients (Vanić and Škalko-Basnet 2013).
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8.2.2 Vaginal pH and Normal Microflora

Vaginal pH is an indicator of possible infections caused by microbial pathogens

(Hainer and Gibson 2011). Moreover, it can serve as an indicator of menopausal

status (Cailloutte et al. 1997). A vaginal pH of 4.5 is linked to a premenopausal serum

estradiol level and indicates the absence of bacterial pathogens. An elevated vaginal

pH between 5.0 and 6.5 is a consequence of either an infection by bacterial pathogens

or a decreased estradiol level. In the absence of bacterial pathogens, a vaginal pH of

6–7 is an indication of menopause. Moreover, the vaginal pH is also altered during a

menstruation and by the presence of semen, which is slightly alkaline (pH 7–8)

(Geonnotti et al. 2005). With the extensive marketing pressure from the hygienic

product industry, it is necessary to investigate the effects of frequent use of hygienic

products and douches on the natural vaginal defenses. These concerns are not yet

receiving the necessary attention and concerns. Vulvovaginal candidiasis and bac-

terial vaginosis lead to an increase in the vaginal pH above pH 5 due to the lowering of

Lactobacilli population (das Neves et al. 2008). The patients on oral contraceptives or

hormone replacement therapy may experience the changes in the vaginal pH and

membrane thickness (Miller et al. 2000).

The presence of lactobacilli (Döderlein’s bacilli) is crucial in the prevention of

vaginal infections and pathogen control by maintaining acidic vaginal pH (3.8–4.5)

and producing bactericidal compounds (i.e., hydrogen peroxide). Lactic acid, a

product of glycogen degradation by the lactobacilli proliferating near the epithe-

lium, is responsible for low pH (Fredricks et al. 2005).

8.3 Nanopharmaceutical Promise in Vaginal Drug

Therapy

Nanopharmaceuticals offer an opportunity to achieve uniform epithelial delivery to

vaginal site (Whaley et al. 2010). Nanotechnology enables the manipulation of the

size and surface characteristics of nanocarriers to achieve either localized drug

effect or even systemic effect, when desired. Localized drug effect is of particular

interest for therapy of vaginal infections.

The choice of optimal nanocarrier will be dependent on the characteristics of the

particular drug and expected dosage regimen of the therapy. Many of the drugs of

interest for vaginal administration are poorly soluble; consequently, nanocarriers

that can solubilize the drugs are interesting means to improve vaginal drug

bioavailability (Wong et al. 2014).

Nanoformulations could increase the residence time of the drugs at the vaginal

site if they contain the materials capable of promoting the establishment of mu-

coadhesive bonds and thereof mucoadhesion (Caramella et al. 2015). The surface

chemistry of nanosystem will determine the attraction/repulsion with mucin chains,

and the size will determine the “fitting” into the mucin mesh pores (Cone 2009).
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8.4 Targeted Diseases for Nanopharmaceuticals

Sexually transmitted diseases or infections (STDs; STIs) are a major public health

problem with increasing incidence, affecting both female and male population.

World Health Organization defines STDs as one of the top five categories of health

burden. We enlisted below the STDs and genital infections that were most studied

regarding the improved treatment by nanopharmaceuticals.

8.4.1 Bacterial Vaginosis (BV)

Bacterial vaginosis is the condition where the normal vaginal flora exhibits a

reduction in the number of lactobacilli and colonization with Gardnerella vaginalis

and Mycoplasma hominis, the predominant organisms responsible for bacterial

vaginosis (Marrazzo 2011). The infection has been linked to many serious com-

plications, including second trimester miscarriage, pelvic inflammatory disease,

preterm birth, and easier acquisition of HIV (Mashburn 2006; Breugelmans et al.

2010). Due to the limited therapeutic options in current treatment, the recurrence of

BV is very common and has been reported to be as high as 70% over a period of

9 months following initial diagnosis (Soper 2005). Localized therapy of vaginal

infections is highly encouraged. For example, intravaginal application of metron-

idazole was found to be as effective as the oral administration in the treatment of

BV, with significantly less side effects (Brandt et al. 2008).

8.4.2 Yeast Infections

Yeast infections are usually caused by a naturally occurring pathogenic fungus

Candida albicans. Vulvovaginal candidosis is the second most common cause of

vaginal infections involving the vulva and vagina (Quan 2010). It is estimated that

even up to 75% of all women will experience a vulvovaginal candidiasis at least

once in their lifetime (Kim and Sudbery 2011). Candida infections occur also when

the normal microbial balance is disturbed or the host defenses are reduced, for

example, in pregnancy (Sobel et al. 1998). The localized drug therapy should be

given more attention, considering that the studies evaluating the efficacy of local

versus oral treatment of uncomplicated vulvovaginal candidiasis have not shown

significant differences (Watson et al. 2002). Moreover, considering that oral

administration of antifungals (e.g., fluconazole) is contraindicated during the

pregnancy and breast-feeding, the topical therapy should become widely studied

and practiced (das Neves et al. 2008).
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8.4.3 Trichomoniasis

This infection caused by a parasite Trichomonas vaginalis is commonly regarded as

a STD, although it can be acquired by non-sexual means. It is the third most

common cause of infectious vaginitis (Quan 2010). Trichomoniasis is characterized

by the premature ruptures of membranes, chorioamnionitis, and preterm birth; it

represents an increased risk of the transmission of HIV, cervical neoplasia, atypical

pelvic inflammatory disease, and tubal infertility (Soper 2004). The most com-

monly prescribed drug for the treatment is metronidazole; however, recently,

tinidazole, a second-generation nitroimidazole, is recommended for the treatment of

metronidazole-resistant infections. Both drugs are acting systemically and are

linked to serious adverse effects. Even more alarming is the fact that they are

secreted in breast milk and crossing placenta (Quan 2010).

8.4.4 Human Immunodeficiency Virus (HIV)

Although HIV infections received extended public attention and relatively strong

academic and industrial involvement, the global incidence of HIV exceeds 2 million

new infections annually (Krakower and Mayer 2015). This is a clear indication that

the effective interventions to decrease HIV transmission are needed and that the

attention needs to be put not only into the search for new drugs but also to the

means for improved drug delivery, both for the prevention and for the treatment.

Regarding vaginal route of administration, nanopharmaceuticals for HIV preven-

tion, intra vaginal microbicides, are of particular interest (Mamo et al. 2010).

Currently, the promising microbicides are based on the gels formed from the

anionic polymers and polysaccharides, although some microbicides based on

antiretroviral drugs have also been proposed. For an extensive overview, the readers

are referred to the review by Rohan and Sassi (2009). The most successful

nanoformulation so far, VivaGel®, is discussed in more detail in the section on

dendrimers.

8.4.5 Human Papillomavirus (HPV)

Human papillomavirus (HPV) is responsible for a significant proportion of cancers

and precancerous lesions of the vulva, vagina, and anus in women; cancers and

precancerous lesions of the anus and penis in men; and a subset of head and neck

cancers and genital warts in both sexes (Hartwig et al. 2015). The HPV infections

are considered the most common sexually transmitted infections, and as many as
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75% of society will acquire a HPV infection at least once in their lifetime (Forcier

and Musacchio 2010). It has been estimated that 75–80% of sexually active adults

acquire a genital tract HPV infection before the age of 50 (Meltzer et al. 2009). The

infection is transmitted via mucosal surfaces and is highly contagious (Yanofsky

et al. 2012). It is generally accepted that HPV infection is precursor for the

development of cervical cancer; thus, 100% of these cases are believed to be

HPV-positive (Hartwig et al. 2015). To date, there is no successful anti-viral

therapy available to treat HPV infections (Rodríguez-Gascón et al. 2015). The

common treatment is associated with pain and systemic and local adverse effects,

however failing to eliminate the latent viral infection (Fathi and Tsoukas 2014).

8.4.6 Gene-Silencing Therapy

To date, there are approximately 22 siRNA/shRNA-based therapeutics in clinical

trials for the treatment of more than 16 diseases ranging from age-related macular

degeneration to cancer (Yang et al. 2013). However, vaginal siRNA delivery

remains, at least up to now, a neglected area. Theoretically, siRNAs can be

designed to silence any gene of interest. However, a number of challenges/barriers

exist for the delivery of free siRNA into target cells in vivo. Firstly, the large,

anionic, hydrophilic structure of siRNA molecules inhibits intracellular delivery.

Secondly, siRNA molecules are not stable in serum and are prone to nuclease

degradation; the half-life for unmodified/unprotected siRNAs in serum ranges from

minutes to an hour. Finally, side effects such as immunogenicity and off-target

effects can also occur (Wang et al. 2010; Wan et al. 2014). The injections of

double-stranded RNA (dsRNA) result in a potent gene-specific silencing, known as

RNA interference (RNAi). Gene therapeutic potential is being investigated in the

field of sexually transmitted infections such as HIV, HPV, and HSV within the

vaginal tract. The application of siRNA-based therapies in the treatment and pre-

vention of viral infections has been shown to be effective against hepatitis B virus

(HBV), hepatitis C virus (HCV), HPV, and HIV (Whitehead et al. 2009). The

siRNA-based microbicides effectively protected mice against HSV-1 when

administered intravaginally (Palliser et al. 2006). The ease in administration and

low toxicity profile makes the vaginal route an excellent site for siRNA delivery

particularly for the treatment and prevention of sexually transmitted infections

(Zeller and Kumar 2011). However, naked siRNAs cannot achieve efficient

mucosal uptake if administered directly into the vagina due to the degradation, poor

cellular uptake, and low endosomal escape efficiency. Currently, an in-depth

assessment on the future of siRNA-based therapy via vaginal route is still lacking

(Yang et al. 2013).
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8.4.7 Herpes Simplex Virus (HSV)

Genital herpes simplex virus infection, especially HSV-2, is one of the most

prevalent sexually transmitted diseases (Cherpes et al. 2003). Particularly con-

cerning is the fact that an estimated 25–65% of pregnant women (data available for

USA) have genital infection with HSV type 1 or 2. Neonatal HSV infections is an

especially devastating consequence of the epidemic of genital herpes (Corey and

Wald 2009). Moreover, as genital herpes can lead to an increased risk of HIV

infections, the prevention and treatment of genital HSV have great impact on the

spread of HIV infections as well. Cherpes et al. (2003) confirmed the increased

acquisition of HSV-2 among women with BV. Nanocarriers delivering anti-viral

drugs and substances of natural origin with anti-viral activities are discussed in the

following sections.

8.5 Polymer-Based Nanopharmaceuticals for Vaginal

Therapy

Polymer-based nanopharmaceuticals can be seen as an evidence of fast-growing

application of nanotechnology in medical field (Duncan and Gaspar 2011;

Etheridge et al. 2013). Their interactions with mucosal surfaces, including vaginal,

and their fate in the vaginal environment are now better understood, allowing a

better design and development of optimal nanoparticles targeting vaginal admin-

istration. The readers are referred to an extensive review on polymer-based

nanocarriers for vaginal drug delivery by Sarmento’s group (das Neves et al. 2015).

Most of the polymer-based nanopharmaceuticals were developed as microbicides

and are expected to assure prevention of sexual HIV transmission (das Neves et al.

2015).

8.5.1 Polymeric Nanoparticles

Polymeric nanoparticles are solid-type nanoformulations in which drug can be

either dispersed inside a polymer matrix (nanospheres) or confined to a cavity

surrounded by a polymeric coating (nanocapsules). They have been explored as

drug carriers via different routes of administration including vaginal, offering

numerous advantages, such as drug protection from degradation, prolonged drug

release, a relatively high encapsulation of various drugs, and a long shelf life

(Lembo and Cavalli 2010). The polymers of either natural or synthetic origin

should be biodegradable and of high biocompatibility to diminish inherent cyto-

toxicity and increase tissue compatibility. The polymers that have been approved by

the Food and Drug Administration (FDA) as generally recognized as safe (GRAS)
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for human use include the following: alginate, cellulose derivatives, polyacrylates,

PEG, polyglycolic acid (PGA), poly-D,L-lactic acid (PLA), PGLA, poly(methyl-

methacrylate) (PMM), poly-e-caprolactone (PCL), triblock copolymers of poly

(ethylene oxide) (PEO)/poly(propylene oxide) (PPO) (PEO-PPO-PEO; poloxam-

ers), and poly(vinylalcohol) (PVA) (das Neves et al. 2015). Hydrophobic polymeric

NPs are inherently mucoadhesive due to the interactions between the mucus and

polymer (Caramella et al. 2015).

Based on the surface properties and the ability to adhere or penetrate cervico-

vaginal mucosa, polymeric nanoparticles can be classified as: (i) conventional

(non-mucoadhesive), (ii) mucoadhesive (mucoadhesive polymer-coated), or

(iii) mucus-penetrating (PEGylated) nanoparticles (Vanić and Škalko-Basnet 2014),
as shown in Fig. 8.1.

8.5.1.1 Bacterial, Fungal, and Viral Infections

Chitosan/alginate nanoparticles incorporating chlorhexidine digluconate were pro-

posed for the topical treatment of mixed vaginal infections (fungal and bacterial).

Their mucoadhesiveness on the porcine vaginal mucosa was confirmed, as well as

in vitro antimicrobial activity against Escherichia coli and Candida albicans

(Abruzzo et al. 2013). Clotrimazole-loaded cationic nanocapsules based on

Eudragit RS-100 and medium-chain triglycerides were examined for the topical

treatment of vulvovaginitis. In vitro antimicrobial studies showed that the

nanocapsules exhibited activity against the Candida albicans and Candida glabrata

strains (Santos et al. 2013). Ramyadevi et al. (2016) developed polyvinyl

pyrrolidone-Eudragit RSPO nanoparticles encapsulating acyclovir incorporated into

a thermosensitive gel for the vaginal treatment of genital HSV infections. In vivo

studies using rat model showed the slow drug absorption and increased retention of

the drug at the site of action for 24 h. The tissue distribution was two- to threefolds

higher in animals treated with the nanoparticle-based formulation compared to that

of the free drug (Ramyadevi et al. 2016).

Conventional 

nanoparticle 

Mucus-penentrating 

nanoparticle 

Mucoadhesive 

nanoparticle 

PEG 

Mucoadhesive 

polymer 

Drug 

Fig. 8.1 Schematic drawing of the different types of polymeric nanoparticles explored for vaginal

drug delivery Adapted from Vanić and Škalko-Basnet 2014 (with permission from Elsevier)

192 Ž. Vanić and N. Škalko-Basnet



8.5.1.2 Microbicides

Optimizing the size and surface properties of nanoparticles enables an improved

retention of drug onto the vaginal mucosa, or assisted penetration through vaginal

mucus when applicable. Meng et al. (2011) have shown an extended residence time

of mucoadhesive chitosan-based nanoparticles with tenofovir on the mucosal sur-

face. While the small-sized nanoparticles (180 nm) exhibited burst release,

medium-sized (280 nm) and large-sized (600 nm) nanoparticles demonstrated the

Higuchi and first-order release profiles, respectively. The highest encapsulation of

tenofovir was obtained inside larger particles, which also exhibited suitable

mucoadhesiveness and biocompatibility (Meng et al. 2011).

The evidences that HIV is present in human semen during an intercourse,

accompanied by an increase in vaginal pH (caused by the semen presence), were

used for the development of semen-triggered microbicide delivery systems. Zhang

et al. (2011) designed the pH-sensitive polymeric nanosystems for controlled

release of tenofovir and tenofovir disoproxil fumarate. Nanoparticles were prepared

from PLGA and methacrylic acid copolymer (Eudragit S-100). Almost fourfold

increase in the drug release rate was achieved from 75% Eudragit S-100 blend in

the presence of semen fluid simulant over 72 h.

In addition to pH, the presence of relatively high amounts of hyaluronidase in

the semen can be also used as a trigger for a controlled tenofovir release from

stimuli-responsive nanoparticles. Hyaluronidase significantly triggered the micro-

bicide release and hyaluronic acid degradation from the hyaluronic acid-based

nanoparticles after 24. The nanoparticles were non-cytotoxic to human vaginal

VK2/E6E7 and End1/E6E7 cells and innate Lactobacillus flora (Agrahari et al.

2014).

Polymeric nanoparticles can mediate the intracellular delivery, antiretroviral

activity, and cytotoxicity of dapivirine. Dapivirine-loaded PCL nanoparticles were

readily taken up by different cells; the kinetics of uptake was found to be dependent

on the cell and nanoparticles type, resulting in enhanced intracellular drug delivery

in phagocytic cells (das Neves et al. 2012). In a follow-up study including

dapivirine-loaded PLGA nanoparticles (170 nm), an initial burst effect of up to 4 h

was attained followed by sustained release for overall 24 h at pH 4.2 and 7.4,

respectively. Interestingly, transport of dapivirine across the cell monolayers was

significantly decreased in the presence of mucin, thus proving the influence of

mucin on the membrane permeability (das Neves and Sarmento 2015).

PLGA nanoparticles containing PCS-RANTES significantly increased the tissue

uptake and permeation of the microbicide in an ex vivo cervical tissue model,

although the anti-HIV activity achieved with the nanoparticle-based and free

PCS-RANTES was comparable (Ham et al. 2009).

An interesting approach in HIV prophylaxis presents the use of nanoparticles

containing combination of two microbicide agents, each of them acting at different

stages of viral replication cycle. Date et al. (2012) prepared the thermosensitive gel-

containing PLGA nanoparticles with efavirenz (integrase inhibitor) and raltegravir

(non-nucleoside reverse transcriptase inhibitor). The EC90 of microbicide-loaded
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nanoparticles was lower than raltegravir + efavirenz solution but has not attained a

significance. The intracellular levels of efavirenz in the HeLa cells treated with

raltegravir and efavirenz nanoparticles were above the EC90 for 14 days, whereas

raltegravir intracellular concentrations diminished within 6 days (Date et al. 2012).

Following the same approach, Cunha-Reis et al. (2016) recently developed teno-

fovir- and efavirenz-loaded PLGA nanoparticles incorporated into a polymeric film

base. The formulation was found to be safe upon once daily vaginal administration

to mice, with no significant genital histological changes or major alterations in the

cytokine/chemokine profiles detected. However, drug levels of both tenofovir and

efavirenz decreased rapidly, suggesting that additional studies to optimize the

nanoparticles-in-film formulation are required (Cunha-Reis et al. 2016).

Recently, an effective topical treatment against sexually transmitted diseases was

proposed based on the intravaginal administration of nanoparticles encapsulating

siRNA molecules. Mice inoculated with a lethal dose of HSV-2 and treated with

siRNA-loaded PLGA nanoparticles exhibited improved survival from approxi-

mately 9 days (untreated mice) to more than 28 days (in PLGA nanoparticle-treated

mice) (Steinbach et al. 2012).

8.5.1.3 Cervical Cancers

Chitosan-based nanoformulations in a form of nanocapsules for the topical treat-

ment of HPV-induced cervical cancers by imiquimod (immune response modifier)

have been proposed to enhance the adhesion and penetration of the drug through

vaginal mucosa, namely the chitosan-coated poly(e-caprolactone) nanocapsules in a

hydrohyethylcellulose gel and non-coated poly(e-caprolactone) nanocapsules

incorporated into a chitosan hydrogel. Both types of nanoparticles were of similar

size (*200 nm), but the encapsulation was significantly higher for the non-coated

nanocapsules. Performed mucoadhesion and penetration studies demonstrated that

the hydroxyethyl cellulose gel-containing chitosan-coated nanocapsules were more

suitable considering their increasing mucoadhesion. On the other hand, the

chitosan-coated imiquimod-loaded nanocapsules also revealed satisfactory

mucoadhesion, but led to significantly higher values of permeated drug into the

vaginal tissue, thus providing better performance considering the treatment of

HPV-induced cancers (Frank et al. 2017).

8.5.1.4 PEGylated Polymeric Nanoparticles for Improved Drug

Delivery Through Vaginal Mucus

Although both the conventional and mucoadhesive nanoparticles have shown, to a

certain extent, the ability to improve vaginal therapy (as reported in previous

sections), the breakthrough in the field came with the diffusion studies using the

human cervicovaginal mucus by Hanes’s group (Lai et al. 2007, 2010). The group

demonstrated that the conventional nanoparticles are commonly trapped inside the
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mucus, thus exhibiting the reduced ability to deliver drugs across the mucus to the

deeper epithelial layers. Considering that the mucus is secreted and shed continu-

ously, the mucoadhesive nanoparticles may remain captured and wrapped on/inside

the mucus without successfully reaching the target site (Cone 2009). This suggests

that mucus-penetrating nanoparticles might be a better solution to treat vaginal

disorders where the deeper epithelium is the targeted site. Engineering of

nanoparticles mimicking the viruses by exhibiting the non-adhesive surface prop-

erties (size range <200 nm) provided the desired nanoparticles’ penetration features

(Lai et al. 2007; das Neves et al. 2011b). Coating the PLGA and polystyrene

nanoparticles with low molecular weight PEG enabled their uniform distribution

over the vaginal epithelium and rapid diffusion of the nanoparticles through the

cervicovaginal mucus in vitro (Ensign et al. 2012a). When administered before a

vaginal HSV-2 challenge, the acyclovir-loaded mucus-penetrating nanoparticles

protected 53% of mice, compared to 16% protected by a free drug solution.

Moreover, these nanoparticles were confirmed to be non-toxic when administered

once daily for one week (Ensign et al. 2012b). The advantages of

mucus-penetrating nanoparticles have also been confirmed in the study by Yang

et al. (2014), where paclitaxel-loaded mucus-penetrating nanoparticles composed of

poloxamer and PLGA effectively suppressed tumor growth and prolonged the

median survival of mice as compared to the control (Yang et al. 2014). Even though

in the reported studies the lower molecular weight PEG was used, the recent

investigations demonstrate that the high molecular weight PEG (40 kDa) can be

also used as a mucoinert surface coating for nanoparticles (Maisel et al. 2016).

An overview of the physicochemical properties of different polymeric

nanoparticles investigated for vaginal delivery is presented in Table 8.1.

8.5.2 Dendrimers

Based on their specific properties and considering their success both in the pre-

clinical and clinical studies, dendrimers are discussed as a separate type of poly-

meric NPs. Chemically, dendrimers are characterized by the hyperbranched

structures constructed through the repeated stepwise addition of branched subunits

to a reactive core. For more details, the readers are referred to Rupp et al. (2007).

The basic structure comprises three units: (i) the multivalent surface, (ii) the interior

shells surrounding the core, and (iii) the core to which the dendrons are attached

(Svenson and Tomalia 2005). Most dendrimer structures are based on the poly

(amido amine) (PAMAM) or poly(propylene imine) (PPI) constructs (Rojo and

Delgado (2007). Majority of the studies on dendrimers for vaginal delivery targeted

the prevention of viral infections, including the most successful nanosystem,

SPL7013 (das Neves et al. 2015). A gel formulation of SPL7013, which is a

negatively charged, is considered to be one of the leading candidates for HIV

prophylaxis. SPL7013 was the first dendrimer-based drug submitted to the FDA; its

first clinical trial was successfully completed already in 2004 (McCarthy et al.
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2005). SPL7013, the fourth-generation dendrimer, comprising the polylysine

branches attached to a benzhydrylamine amide central core, is the sodium salt

bearing a polyanionic outer surface which enables the multiple interactions with

target sites for the possible blocking of the HIV-1 replication and chimeric

simian/HIV-1 viruses (Jiang et al. 2005). The final formulation, the VivaGel®, is a

topical water-based gel containing 3% (w/w) SPL7013 in the BufferGel® and

Carbopol-based acidic buffering gel. In addition, the formulation exhibits a lower

pH and is therefore compatible with vagina. VivaGel® was reportedly well toler-

ated in the sexually abstinent women at strengths of up to 3%, without any evidence

of genital irritation (O’Loughlin et al. 2010).

A new anionic carbosilane dendrimer (2G-S16) is a highly biocompatible den-

drimer with promising anti-viral activity, at least in animals (Chonco et al. 2012).

Finally, although the anti-HIV potential of dendrimers remains to be proven,

dendrimers act impressively in the treatment of vaginal bacterial infections such as

bacterial vaginosis (Navath et al. 2011).

8.6 Lipid-Based Nanoformulations for Vaginal Therapy

Lipid-based nanopharmaceuticals are broadly classified as vesicular drug

nanocarriers (liposomes) and solid nanocarriers (solid lipid nanoparticles, nanos-

tructured lipid carriers). They are composed of the different types of (phospho)

lipids, triglycerides, waxes, fatty acids, and fatty alcohols (Škalko-Basnet and Vanić
2017).

8.6.1 Phospholipid Vesicles—Liposomes

Liposomes are the most common lipid-based nanopharmaceuticals investigated for

vaginal drug delivery. They are characterized by uni-, oligo-, or multilamellar

phospholipid bilayers enclosing inner aqueous compartment(s); the buildup pro-

vides the ability to entrap/incorporate/associate hydrophilic, hydrophobic, or

amphiphilic drugs (active compounds). Liposomes are generally recognized as

biocompatible and physiologically acceptable drug delivery nanosystems.

Moreover, hydrophilic nature of liposomal formulations is considered to be bene-

ficial for vaginal application; the size and surface properties of liposomes can be

manipulated to achieve desirable interaction with vaginal mucosa and appropriate

drug release profile (Vanić and Škalko-Basnet 2013).
Liposomes have been mostly investigated for the topical treatment of vaginal

infections, inflammations, as microbicides, hormone therapy, and vaccination, as

discussed in more detail in the following sections.
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8.6.1.1 Fungal, Bacterial, and Viral Infections

Different types of liposomes, characterized by the surface properties (Fig. 8.2),

were investigated to improve the pharmacokinetic properties of vaginally applied

drugs. The majority of the reports are based on the in vitro, ex vivo, and in vivo

animal investigations. One of the earliest studies concerning vaginal application of

liposomes deals with in vitro and ex vivo evaluation of lecithin-based liposomes for

the treatment of fungal and bacterial infections (Pavelić et al. 1999). Three different
antimicrobials, i.e., clotrimazole, metronidazole, and chloramphenicol, were

encapsulated into two types of liposomes differing in the lipid bilayer elasticity:

conventional and propylene glycol liposomes, respectively. When the formulations

were examined for their in vitro stability in the buffers simulating vaginal pre- and

postmenopausal conditions (pH 4.5 and 5.5.), retention of the originally encapsu-

lated drugs in liposomes was found to be dependent on the pH and drug

lipophilicity. At lower pH and lower drug lipophilicity (metronidazole), the faster

drug release occurred and vice versa. The same trend was confirmed when lipo-

somes were examined for in situ stability in the presence of cow vaginal mucosa.

Clotrimazole liposomes retained more than 40% of the originally entrapped drug,

after 6 h of incubation, following chloramphenicol (37%) and metronidazole (28%)

liposomes, respectively (Pavelić et al. 1999). Such burst release of all drugs from

liposomes in the first hours can be advantageous allowing high initial loading and

medium maintenance dose; however, it will also require frequent applications due

to the leakage of the liposome dispersions from the application site. To overcome

that drawback, the same research group suggested incorporation of liposomes into a

semisolid gel vehicle. A Carbopol 974P NF hydrogels exhibited the pronounced

mucoadhesive properties and acidic pH corresponding to the healthy vaginal pH

(Pavelić et al. 2001). Incorporation of liposomes containing metronidazole, clotri-

mazole, or chloramphenicol into the 1% (w/w) Carbopol gels provided an adequate

viscosity for vaginal administration and significantly sustained the release of the

Conventional 

liposome 

Mucus-penentrating 

liposome 

Mucoadhesive 

liposome 

PEG 

Mucoadhesive polymer 

Hydrophilic drug 

Lipophilic drug 

Fig. 8.2 Schematic drawing of the different types of liposomes investigated for topical vaginal

therapy Adapted from Vanić and Škalko-Basnet 2013 and Vanić and Škalko-Basnet 2014 (with

permissions from Elsevier)
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originally entrapped drugs. Even after 24 h of incubation in the vaginal fluid

stimulant (pH 4.5) more than 30% of the originally encapsulated clotrimazole

(Pavelić et al. 2005b), 40% of chloramphenicol (Pavelić et al. 2004a) and almost

50% of metronidazole (Pavelić et al. 2005b), respectively, remained in the gels.

Similar findings were reported by Karimunnissa and Atmaram (2013). Carbopol

gels assured a prolonged release of the ciclopirox olamine (antifungal drug) from

the conventional liposomes composed of hydrogenated phospholipids and choles-

terol and showed good mucoadhesiveness to the sheep vaginal mucosa. It has been

proven that Carbopol gels improved the physical stability of liposomes for vaginal

drug delivery, preserving their original size distributions for at least one month

upon storage at the stress conditions (40 °C, accelerate storage test) (Pavelić et al.

2004a, b, 2005a).

Physical stability of liposomes can also be improved by preparing the prolipo-

somes, i.e., solid dispersions of lipids, microporous particles, and drugs, which

upon mixing with water convert into liposomes. Clotrimazole-containing prolipo-

somes provided sustained release and in vivo evaluation of antifungal activity in

rats confirmed decreased c.f.u. of Candida albicans in proliposomes-treated groups

at 7 days post-dose, in comparison with the control. Moreover, no visible signs of

inflammation or necrosis of vaginal tissue were detected (Ning et al. 2005a, b).

The particle size, membrane elasticity, and surface properties can be manipulated

to achieve desirable therapeutic effect. To improve a delivery of antimicrobials

deeper into the mucosa and infected epithelial cells, Vanić et al. (2013) proposed

the elastic liposomes composed of lecithin and sodium deoxycholate (edge activator

responsible for liposome membrane deformability). The penetration ability tested in

the in vitro model of epithelial barrier was higher for the deformable as compared to

the conventional liposomes. The same research group proposed the deformable

propylene glycol-containing liposomes (DPGLs). The addition of propylene glycol

to the membrane composition of the deformable liposomes resulted in a fourfold

increase in the encapsulation of metronidazole in comparison with the deformable

liposomes. Incorporation of DPGLs into 1% (w/w) Carbopol 974P NF gel extended

the release of both drugs (metronidazole and clotrimazole) in the in vitro simulated

vaginal conditions. Interestingly, DPGLs penetrated more readily through the

hydrogel matrix than the conventional liposomes, while rheological and texture

analyses confirmed that both types of liposomes, i.e., the conventional and elastic,

were fully compatible with Carbopol-based gel (Vanić et al. 2014a). Recently, Li

et al. (2016) reported an increased penetration of fibrauretine (antifungal) into the

vaginal mucosa through its encapsulation into the deformable propylene glycol

embodying liposomes. Increased localized effect was confirmed in the ex vivo

penetration studies (porcine vaginal mucosa) and in vivo evaluation on rats. The

drug mainly aggregated in the vagina and uterus. Interestingly, although the authors

named the vesicles as DPLGLs, these vesicles differed in the composition as

compared to DPGLs developed by Vanić et al. (2014a). Instead of an edge acti-

vator, cholesterol was used as a membrane constituent, contributing to bilayer

rigidity. However, 20% (w/v) propylene glycol present in the formulation (Li et al.

2016) was probably responsible for the elasticity of vesicles. Therefore, based on
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the classification of the vesicles described in this chapter, these vesicles would

rather belong to the propylene glycol liposomes than the deformable propylene

glycol liposomes, even though both types are considered the elastic liposomes. The

types of elastic liposomes investigated for vaginal administration are shown in

Fig. 8.3.

Another strategy for improved vaginal delivery of liposomally encapsulated

antimicrobials utilizes the surface-modified liposomes (Vanić and Škalko-Basnet
2014). Incorporation of metronidazole into the mucoadhesive liposomes (Fig. 8.2)

is expected to enhance its vaginal bioavailability. These liquid mucoadhesive

nanoformulations do not necessarily require incorporation into the semisolid

vehicle to remain at the administration site; the polymers on liposomal surface

allow strong interaction with the mucosa. Andersen et al. (2013) reported twofold

increase in metronidazole encapsulation efficiency via its encapsulation into pec-

tosomes and chitosomes (pectin- and chitosan-containing liposomes); the polymer

presence both inside and outside of vesicles is probably improving the encapsu-

lation. Further investigation confirmed binding of chitosomes to mucin and their

applicability for vaginal delivery of higher molecular weight drugs (Andersen et al.

2015). Chitosan-coating of clotrimazole-containing liposomes enabled an extended

release of the drug and increased the drug deposition in the vaginal tissue without

drug penetration, thus showing its potential for safe administration in the pregnant

patients. Namely, ex vivo permeation studies performed on the vaginal tissue

obtained from a pregnant sheep demonstrated an increase in the tissue retention of

clotrimazole in comparison with the non-coated clotrimazole liposomes and free

drug (Jøraholmen et al. 2014). Although the antimicrobial assessments were not

performed in these studies, the possible increase in the anti-bacterial and antifungal

effects can be expected due to the antimicrobial effect of the chitosan itself (Zheng

and Zhu 2003).

Edge activator Hydrophilic drug Lipophilic drugPhospholipid Propylene glycol

Propylene  glycol 

liposome 

Deformable 

liposome 

Deformable   propylene 

glycol liposome 

Fig. 8.3 Types of elastic liposomes investigated for topical vaginal drug delivery Adapted from

Vanić et al. 2015 (with permission of Bentham Science Publishers)
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For the treatment of vaginal fungal infections, Kang et al. (2010) proposed the

thermosensitive, poloxamer-based gel-containing amphotericin B-loaded cationic

liposomes. The drug-containing cationic liposomal gel was found to be more stable

and less cytotoxic to HEK293 cell line than the amphotericin B-loaded cationic

liposomes.

An alternative strategy for vaginal delivery of liposomally encapsulated

antimicrobials could be the preliposome tablets. Compression of preliposome

powders into the tablets presents a unique synergy between the ability of liposomes

to encapsulate and protect drugs and increased stability assured by solid formula-

tions. Liposomes are formed in situ upon the tablet degradation following a

hydration in vaginal fluid (Vanić et al. 2014b).

Relatively lot of attention has been paid to the applicability of liposomes as

nanoformulations for vaginal treatment of viral diseases. For the treatment of

genital papillomavirus infections, conventional liposomes encapsulating interferon

alpha were proposed already in the late 1990s. Preliminary clinical investigation

performed on one female and one male patient demonstrated the potential of the

novel formulation, even though standard interferon alpha formulations were not

tested as controls. Cervical lesions were completely resolved at the end of the

therapy and the exophytic lesions reduced in size. In situ hybridization has shown

decreased focal staining for human papillomavirus (HPV) DNA in the biopsy tissue

after the treatment. The decreased number of lesions has been confirmed in a male

patient at the end of the observation period (Foldvari and Moreland 1997). In the

very recent study by Jøraholmen et al. (2017), the mucus-penetrating liposomes

encapsulated 81% of interferon alpha 2b and were evaluated for improved localized

therapy of HPV infections. Since the size and surface properties of nanocarriers

play a crucial role in delivery into/through mucosa (das Neves et al. 2011a),

PEGylated phosphatidylcholine liposomes with slightly negative surface charge

(−13 mV) and average diameter of 180 nm size were prepared. The ex vivo pen-

etration studies on vaginal tissue obtained from pregnant sheep demonstrated the

significantly increased interferon alpha 2b penetration from the PEGylated lipo-

somes in comparison with control (Fig. 8.4). In addition, the mucin studies con-

firmed no interaction between the PEGylated liposomes and mucin, proving their

ability to penetrate mucus and reach the deeper epithelium (Jøraholmen et al. 2017).

Pavelić et al. (2005a) examined the propylene glycol liposomes with acyclovir

for topical vaginal therapy of herpes simplex virus (HSV) infections. The liposomal

surface charge influenced their stability in the mimicked vaginal environment. The

neutral liposomes were the most stable in the vaginal fluid stimulant (pH 4.5),

whereas in the presence of mucin, phosphatidylcholine/stearylamine liposomes

(positively charged) retained the highest ratio of the originally entrapped drug as a

consequence of the interaction between negatively charged mucin and positively

charged stearylamine, protecting the liposomes from the lower pH and vaginal fluid

components. Incorporation of liposomes into the mucoadhesive polycrylic-based

hydrogel further improved their stability in the simulated vaginal conditions and

permitted localized and sustained release of the encapsulated acyclovir (Pavelić
et al. 2005a).
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8.6.1.2 Microbicides

Microbicides exhibit different mechanisms of action as compared to antimicrobials,

which require different drug targeting strategies to achieve their successful delivery

(Nuttall et al. 2007).

Substantial number of nanotechnology-based delivery systems has been reported

for enhanced delivery of microbicides (Brako et al. 2017); liposomes have shown a

great potential due to their solubilizing capacity, biocompatibility, as well as ability

to fuse with virion material. Even without encapsulated active agent, some lipo-

somes may act as microbicides due to their ability to interfere with HIV trans-

mission by competing with the host membrane for virus uptake. For example,

dimyristoylphosphatidylcholine (DMPC) liposomes enriched with cardiolipin as

bilayer constituent have shown a clinical potential in HIV-1 prophylaxis (Malavia

et al. 2011). Surprisingly, the optimal cardiolipin-based microbicide formulation

was characterized by a large average diameter (3 µm) and highly negative surface

charge (−104 mV) of liposomes (Malavia et al. 2011).

Mourtas et al. (2010) investigated the efficacy of non-nucleoside reverse tran-

scriptase inhibitor MC-1220 encapsulated into the liposomal gel. In vivo pharma-

cokinetic evaluation in rabbits demonstrated that the microbicide was faster and

better absorbed from the liposomal formulation in comparison with the emulsion,

while vaginal irritation was found to be in acceptable range for the both formula-

tions (liposomes and emulsion) and always lower as compared to the irritation

caused by nonoxynol 9 (Mourtas et al. 2010). In a study evaluating the efficacy of

MC1220 liposomal gels on the rhesus macaque model, partial anti-viral defense has

been achieved (Caron et al. 2010).

Fig. 8.4 a Ex vivo interferon

a-2b (IFN a-2b) penetration.

b IFN a-2b partitioning after

8-h ex vivo penetration

experiment. Results are

expressed as percentage

mean ± SD (n = 3) *IFN

a-2b in Intron A buffer.

Reprinted from Jøraholmen

et al. 2017 (with permission

from Elsevier)
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Liposomal encapsulation of octylglycerol resulted in a better microbicide effi-

cacy in vitro against HIV, HSV, and Neisseria gonorrhoeae, without affecting the

innate vaginal flora. Interestingly, at the same concentration of octylglycerol, 1%

phospholipid formulation suppressed more than 91% of the HIV infection as

compared to 80% suppression obtained by 10% phospholipid formulation.

Incorporation of octylglycerol-containing liposomes into the Carbopol- or

poloxamer-based gels increased the viscosity of liposomes, subsequently pro-

longing the microbicide release. Ex vivo testing on a human ectocervical tissue

model and in vivo testing on a macaque model have proven the safety of the

liposome formulation (Wang et al. 2012).

An innovative strategy in preventing viral infections (HIV, HSV and HPV)

could be the mucosal delivery of small interfering RNA (siRNA) (Brako et al.

2017). This approach is discussed in the following subchapter for the treatment of

cervical cancers caused by HPV.

8.6.1.3 Cervical Cancers

Vaginal delivery of PEGylated lipoplexes represents a novel strategy to treat

HPV-caused cervical cancers. Lechanteur et al. (2015) suggested the use of E6

siRNA complexed with PEGylated lipoplexes to treat this cancer, since HPV

infection is mainly associated with overexpression of E6 oncogen in the infected

keratinocytes cells. The presence of densely coated PEG shield is crucial for a

delivery of the vesicles into the cervicovaginal mucosa (Wu et al. 2011; Ensign

et al. 2012a). Lipoplexes composed of dioleoyltrimethylammoniumpropane

(DOTAP), cholesterol, and dioleoylglycerophosphoethanolamine (DOPE) in the

molar ratio 1/0.75/0.5 with or without 50% DSPE-PEG2000 demonstrated good

physicochemical characteristics, and the treatment with anti-E6 lipoplexes and

anti-E6 PEGylated lipoplexes resulted in 50 and 28% E6 mRNA knockdown,

respectively. In addition, PEGylated lipoplexes with 100 nM siE6 induced the

re-expression of the tumor suppressor gene p53. In another study by the same

research group, three different types of PEGs were examined for lipoplexes coating

considering their effectiveness in delivering siRNA and cytotoxicity, namely

DSPE-PEG2000, DSPE-PEG750, and ceramide-PEG2000. Since the PEGylation

decreases the surface charge of cationic lipoplexes, an appropriate amount of PEG

is essential to prevent the cytotoxicity; however, it should also permit the release of

siRNA into the cytoplasm. In this context, the optimal balance was achieved with

20% Ceramide-PEG2000 (Lechanteur et al. 2016).

To increase the residence time of lipoplexes inside the vagina, they should be

incorporated into an appropriate vehicle. Solid vehicles were considered for this

purpose; the semisolid vehicles such as hydrogels could abolish mucopenetrative

properties of PEGylated lipoplexes. Wu et al. (2011) proposed the freeze-dried

biodegradable alginate scaffolds for entrapping PEGylated lipoplexes. The nega-

tively charged scaffold entrapped approximately 50% of lipoplexes and enabled

sustained release of the nanoformulation both in vitro and in vivo. The presence of
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alginate reduced the cellular uptake efficiency of PEGylated lipoplexes in vitro;

however, a sixfold increase in their uptake into the vaginal epithelium has been

demonstrated in vivo (mice) as compared to the conventional lipoplexes (Wu et al.

2011). Recently, Furst et al. (2016) developed the freeze-dried

hydroxyethylcellulose-based vehicle for incorporation of DSPE-PEG2000 lipo-

plexes, so-called sponges. This solid vehicle assembles desirable mechanical

characteristics such as the hardness, deformability, and mucoadhesive properties,

which are not influenced by the inclusion of lipoplexes. Following the insertion into

vagina, the sponges are rehydrated with vaginal fluid, forming a hydrogel and

allowing siRNA delivery to vaginal tissue. Since 4 h were necessary for lipoplexes

to diffuse outside the rehydrated sponges containing 1.67% hydroxyethylcellulose,

the sponges with 0.83% hydroxyethylcellulose were found appropriate for an

optimal vaginal treatment (Furst et al. 2016).

8.6.1.4 Multifunctional Topical Vaginal Therapy with Natural Origin

Compounds in Liposomes

Liposomal delivery of herbal polyphenols such as curcumin and resveratrol pre-

sents an attractive approach for the treatment of vaginal inflammations, infections,

and possibly cancers; these natural origin compounds exhibit a wide range of

therapeutic properties. Curcumin is the major component of turmeric powder

obtained from the rhizome of Curcuma longa. It reveals a wide variety of poten-

tially therapeutic properties, such as anti-oxidative, anti-inflammatory, antineo-

plastic, pro- and anti-apoptotic, anti-angiogenic, cytotoxic, immunomodulatory, and

antimicrobial actions, and has demonstrated to affect many cellular and molecular

pathways (Strimpakos and Sharma 2008; Basnet and Škalko-Basnet 2011).

Resveratrol is also a multitargeted antioxidant and anti-inflammatory agent, which

has been proven to exhibit the fungicidal, anti-bacterial, and anti-viral activities

applicable for vaginal therapy (Baur and Sinclair 2006). Both compounds are very

poorly soluble molecules, restricted by their low bioavailability that could be

improved by their encapsulation into liposomes. The incorporation of curcumin and

curcuminoides into the conventional soy phosphatidylcholine liposomes resulted in

the improved anti-inflammatory activities in comparison with controls. Namely,

liposomal curcumin was found to be two- to sixfold more potent than the corre-

sponding curcuminoides (Basnet et al. 2012). Ex vivo penetration studies on cow

vaginal mucosa have shown relatively low penetration of liposomally associated

curcumin, while the binding affinity was significantly higher. The permeability and

tissue retention were liposomal size-dependent; the larger vesicles provided a

binding effect that was more pronounced to the vaginal mucosa (Berginc et al. 2012

Berginc et al. (2014) evaluated the chitosan- and Carbopol-coated

curcumin-containing liposomes. Both polymers significantly increased curcumin

permeability as shown in in vitro model of vaginal mucus in comparison with the

non-coated liposomes and free curcumin. Škalko-Basnet’s group has applied the

similar concept of increased vaginal bioavailability of poorly soluble polyphenols
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via liposomal encapsulation in their later study. Chitosan-coated

resveratrol-containing liposomes of approximately 200 nm size entrapped suffi-

cient load of resveratrol (70% efficacy) for assuring therapeutic levels during the

extended time. Besides increased solubility, liposomal encapsulation of resveratrol

enhanced its anti-oxidative and anti-inflammatory activities in comparison with

non-liposomal resveratrol, while coating with chitosan assured a good retention of

the vesicles in vagina (Jøraholmen et al. 2015).

Li et al. (2012) proposed the elastic propylene glycol liposomes incorporated

into a hydrogel foam aerosol for vaginal delivery of poorly soluble matrine,

anti-inflammatory agent isolated from Sophora flavescens root extract. Following

vaginal application, the aerosol base swelled enabling a fine distribution of

matrine-loaded liposomes onto the vaginal mucosa for extended period.

In the study by Chen et al. (2012), the pH- and temperature-dual-sensitive

mucoadhesive liposome gel comprising a cleavable hydrazone-based pH-sensitive

methoxy polyethylene glycol 2000-hydrazone-cholesteryl hemisuccinate polymer

was examined for vaginal delivery of arctigenin. It is a lignan derivate exhibiting

antioxidant, anti-HIV, anti-tumor, and anti-inflammatory activities. The formulation

was designed to form a gel at a body temperature improving the residence time of

pH-sensitive liposomes in the vagina, which, upon exposure to a slightly acidic

vaginal environment (pH 5), degraded releasing the entrapped arctigenin.

Liposomal encapsulation increased the lignan solubility. Cytotoxicity studies on

HEK293 cells revealed the reduced toxicity of liposome-encapsulated arctigenin

and arctigenin-loaded dual-sensitive liposome gel (Chen et al. 2012).

8.6.1.5 Vaccines

Vaginal route of drug administration was also investigated for vaccine delivery as

means of preventing HIV infection. Gupta et al. (2012) developed a solid

rod-shaped dosage form based on liophylized hydroxyethylcellulose gel containing

liposomes with entrapped HIV-1 envelope protein CN54gp140. Following a

hydration in the vaginal cavity, this solid formulation reverts into a gel form,

providing a good retention of the liposomes on the vaginal mucosa. Regardless of

the liposome surface charge, all liposome-gel formulations exhibited high mu-

coadhesive bond strength (0.397–0.433 N), while rheological evaluation demon-

strated pseudo-plastic flow properties suitable for vaginal administration. Positively

charged liposomes allowed the highest entrapment of CN54gp140 (Gupta et al.

2012). Considering that the positively charged vesicles were also the most stable in

the simulated vaginal conditions (Pavelić et al. 2005a) and are known to be more

potent inducer of the antigen-specific cytotoxic T lymphocyte responses (Nakanishi

et al. 1997), the authors suggested the positively charged liposome-based rods as an

optimal formulation for further investigations (Gupta et al. 2012).

Recently, an interesting approach for vaginal mucosal vaccination was proposed,

namely the application of multifunctional liposome-loaded microneedles. Wang

et al. (2017) prepared the mannosylated lipid A liposomes (MLLs) and stealth lipid
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A liposomes (SLLs) entrapping a HSV-2 surface antigen gD and ammonium

bicarbonate, and loaded them into the microneedles arrays. Following vaginal

mucosa patching, the formulation was dissolved immediately recovering the MLLs

(200 nm) and SLLs (50 nm), facilitating delivery of the active ingredients into the

vaginal epithelium. The formulation was shown to act as a vaccine adjuvant-dual

delivery system permitting robust humoral and cellular immunity against the

invading sexually transmitted pathogens. Its effectiveness has been confirmed in

in vivo studies enabling a successful protection of mice from HSV-2 infection

(Wang et al. 2017).

8.6.1.6 Hormones

Vaginal delivery of hormones, such as progesterone and estrogen, is considered to

be more effective then via other routes of drug administration, as these types of

drugs are extensively metabolized in liver. To the best of our knowledge, there is

only one report on vaginal delivery of liposomally encapsulated hormones. Jain

et al. (1997) prepared multilamellar conventional liposomes with progesterone that

were characterized by large average diameter (6.7 µm) and were capable of

entrapping almost 98% of progesterone taken into the preparation. The vesicles

were freeze-dried and then incorporated into a polyacrylamide gel to achieve the

final concentration of progesterone in a gel of 1% (w/w). Ex vivo permeation

studies on sheep–goat vaginal mucosa demonstrated that the drug penetration fol-

lowed a zero-order kinetics. In vivo studies in rats revealed that the formation of

functioning corpora lutea was decreased in the treated animals by both gel for-

mulations. However, progesterone-loaded liposomal gel demonstrated significantly

higher inhibition (85%) than a control gel (46%) due to a depo formation providing

controlled progesterone release (Jain et al. 1997).

8.6.2 Lipid Nanoparticles

Lipid nanoparticles are often classified as solid lipid nanoparticles (SLNs) or

nanostructured lipid carriers (NLCs) and have been extensively investigated for

improved skin drug delivery. SLNs are composed of exclusively solid lipids (0.1–

30%, w/w) and surfactants (0.5–50%), which serve as stabilizing agents. NLCs are

similar to SLNs in their features; however, their lipid core contains a mixture of

solid and liquid lipids. Therefore, NLCs allow better drug incorporation and prevent

drug expulsion reported during the storage of SLNs. Both types of lipid nanopar-

ticles offer numerous advantages such as biodegradability, biocompatibility,

improved drug stability, and ability to sustain and/or control release of drug and

drug targeting (Müller et al. 2002; Kristl et al. 2010). In spite of all the advantages

considering skin administration, there are a limited number of publications

reporting their use in localized vaginal therapy. This could be explained by the
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better affinity of vaginal mucosa for more hydrophilic vehicles, rather than the

lipophilic formulations.

Alukda et al. (2011) evaluated the tenofovir-loaded SLNs for vaginal microbi-

cide delivery. The novel SLNs were able to enhance cellular uptake of microbicide

and were well tolerated in in vitro model of vaginal epithelium over a period of

48 h.

Ketoconazole- and clotrimazole-containing SLNs composed of

polyoxyethylene-40 (PEG-40) stearate acrylate have been investigated for the

topical antifungal therapy. Prolonged release profiles of both drugs from SLNs were

obtained, and the antifungal studies demonstrated their potential applicability for

the treatment of candidiasis (Cassano et al. 2016). Clotrimazole was investigated

when incorporated into NLCs embedded in the Poloxamer 407 gel. Ex vivo per-

meation studies on pig vaginal mucosa revealed deposition of the drug in the

mucosa and the antifungal activity fourfold higher than the commercial product.

The hydrogel vehicle served as a protection barrier between clotrimazole and the

HeLa cell, thus reducing the toxicity of the drug. Furthermore, hydrogel also limited

the diffusion of the drug through vaginal mucosa and permitted a higher and

intimate interaction between C. albicans and the clotrimazole-loaded NLCs (Ravani

et al. 2013).

Büyükköroğlu et al. (2016) developed the siRNA and paclitaxel-loaded SLNs

incorporated into a vaginal suppository for the treatment of cervical cancers.

Cytotoxic assessments demonstrated that SLNs incorporating Bcl-2 siRNA and

paclitaxel/Bcl-2 siRNA were more cytotoxic in comparison with

paclitaxel-containing SLNs and control SLNs.

Table 8.2 summarizes the lipid-based nanoformulations investigated for vaginal

delivery of antimicrobials.

8.7 Surfactant-Based Vaginal Nanoformulations

This group of nanoformulations comprises niosomes and microemulsions.

Compared to the previously discussed types of nanoformulations, i.e., polymer and

lipid based, their vaginal use is relatively little explored. The surfactant-based

nanosystems were mostly investigated for the delivery of antimicrobials.

8.7.1 Niosomes

Niosomes are nanovesicular formulations similar in structure to liposomes; instead

of phospholipids, their bilayers consist of the non-ionic surfactants enriched with

cholesterol. Surfactants utilized as niosomes building material exhibit neutral
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surface charge and are relatively non-toxic and mild. Polyglycerol alkyl ethers,

ester-linked surfactants, glucosyldialkyl ethers, and polyoxyethylene alkyl ethers

such as Brij, Tweens, and Spans are commonly employed (Hamishehkar et al.

2013). Niosomes are chemically more stable than liposomes; however, liposomes

provide better safety profile. Similar results were achieved with both niosome- and

liposome-based gels in treatment of candidiasis with respect to the release profile as

well as antifungal activities (Ning et al. 2005a).

Niosomes were proven suitable nanocarriers for topical microbicide delivery.

Encapsulation of chemokine −2 RANTES into the patent-protected noisome-based

carrier, i.e., Novasomes 7474, prolonged the retention of the microbicide on the

vaginal mucosa and increased its safety profile (Kish-Catalone et al. 2006).

Novasomes 7474 are nanovesicles prepared as the mixture of monoester of poly-

oxyethylene fatty acids, cholesterol, and free fatty acids in a 74/22/4 ratio; they

consist of 2–7 bilayered shells surrounding a large amorphous core of hydrophilic

or hydrophobic materials (Singh et al. 2011). A dose-dependent release of −2

RANTES from Novasomes 7474 over a period of 30–120 min was achieved. The

in vivo assessments of the nanoformulation in a cynomolgus macaque animal

model to evaluate the potential efficacy in blocking the vaginal challenge with the

R5-tropic SHIV162P3 demonstrated that majority of the challenged animals pre-

treated with Novasomes 7474 carrier alone or a carrier containing an anti-viral

agent were protected against viral infection. Surprisingly, empty Novasomes

(without entrapped –2 RANTES) exhibited a potent prophylactic effect against

SHIV162P3, suggesting that the physical nature of Novasomes, i.e., the presence of

surfactants, contributed to a physical barrier effect between the cervicovaginal

epithelium and incoming virus (Kish-Catalone et al. 2007).

Well-known microbicide candidate tenofovir disoproxil fumarate was entrapped

in the Span 60-based niosomes incorporated into a mucoadhesive hydrogel. Both

the niosomes and hydrogel contributed to extended release of the microbicide.

Good tolerability of the tenofovir niosomal gel was obtained on the rat vaginal

mucosa compared to the plain gel containing the free microbicide (Patel and Patel

2011).

Recent literature reports on the possible intravaginal application of metformin

hydrochloride loaded niosomes for the treatment of polycystic ovary syndrome.

Niosomes composed of Span 80 and cholesterol with or without cetyl trimethyl

ammonium bromide (cationic surfactant) were incorporated into chitosan/ß-gly-
cerophosphated thermosensitive gel. Both types of the metformin hydrochloride

noisome-based gels were investigated in vivo (rats) for the efficiency in the treat-

ment of polycystic ovary syndrome and compared to the oral metformin

hydrochloride therapy. Similar results in the recruitment and development of nor-

mal follicles, and normalization of hormones levels were achieved with both tested

gels; these values were comparable to the oral drug therapy, but at the lower dosage

regimen and reduced systemic side effects (Saini et al. 2016).
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8.7.2 Microemulsions

Microemulsions are thermodynamically stable and isotropically clear dispersions of

water and oil containing higher ratio of surfactant and co-surfactant, wherein the

size of the dispersed droplets is typically less than 100 nm. They exhibit higher

solubilizing capacity and long-term stability in comparison with the conventional

emulsions and suspensions (Santos et al. 2008).

Vaginal application of microemulsions was considered for delivery of contra-

ceptives. The gel microemulsions were formed by the addition of polymers and

gelling agents into the water-in-oil microemulsion. The in vivo studies using a

rabbit model have shown greater contraceptive efficacy of the gel microemulsions

than a commercially available nonoxynol-9 gel. In addition, the repeated intrav-

aginal application of spermicidal gel microemulsions to rabbits has not caused any

local, systemic, or reproductive toxicity (D’Cruz and Uckun 2001). In a follow-up

study, the polymer-based microemulsion increased bioavailability of antiretroviral

spermicide WHI-07 and assured extended contraceptive and antiretroviral effects

(D’Cruz and Uckun 2006).

Microemulsion containing Astronium sp. extract was explored for the possible

treatment of vulvovaginal candidiasis. In vitro antimicrobial studies demonstrated

more than eightfold reduced minimal inhibitory concentration (MIC) of Astronium

sp. extract when incorporated into microemulsion. The superiority of the formu-

lation has been proven in in vivo studies (rats); the developed microemulsion was

more effective than both the unincorporated extract and the antifungal positive

control (amphotericin B) (Bonifacio et al. 2015).

8.8 Safety and Toxicity

Majority of the safety evaluations of nanopharmaceuticals have focused on

nanocarriers administered via parenteral, pulmonary or recently, topical (skin)

routes. However, toxicity, especially a long-term exposure of mucosal surfaces to

nanocarriers, requires further attention. Vaginal dosage forms and delivery systems

should maintain or restore a normal vaginal pH; in the case of bacterial vaginosis

treatment, it is equally important to treat the infection and restore the normal vaginal

environment. WHO Note indicates the pH deviations from the normal acidic pH as

potentially dangerous; therefore, the buffer strength of any vaginal product,

including nanoformulations, should be considered in the product development

(Cunha et al. 2014; Caramella et al. 2015). Regarding the safety and toxicity of

nanopharmaceuticals destined for vaginal administration, more comprehensive

studies are urgently needed.

The concentration of nanosystems at the vaginal site is extremely important.

Smaller amounts of nanocarriers at the cervicovaginal mucus can be eliminated by

the natural self-cleansing mechanisms of the genital tract such as the mucus
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turnover and discharge. However, repeated administration and long-term use, and

concerns regarding the reproductive and fetal safety, remain open.

Importantly, upon the exposure to vaginal products, the vaginal epithelium may

secrete immune mediators further enhancing the susceptibility to sexually trans-

mitted infections. To draw reliable conclusions from the cell toxicity testings,

animal studies and assure a direct correlation to human data, more studies are

needed (Cummins and Doncel 2009). The absence of reliable models able to predict

the safety of nanopharmaceuticals in a reliable manner is a major limitation in the

development of microbicides for HIV prevention (Wilson et al. 2009).

Nanotoxicology, a recently introduced discipline, particularly focuses on

nanoparticles and nanomaterials. In spite of a significant progress in understanding

the nanoparticle–cell interaction mechanisms, we are missing the deeper intercon-

nections of the involved mechanisms (Elsaesser and Howard 2012).

8.9 Conclusions

Vagina as a drug administration site has gained increased attention, particularly

regarding the localized therapy of vaginal disorders. However, due to the unique

features of the vaginal tract, the formulations destined for administration to the

vagina need to be design and developed in a more targeted approach. The issues of

mucoadhesiveness and mucopentration, extended residence time, ability to assure

intracellular delivery, safety upon the repeated administration, etc., need to be

addressed in a more orderly manner. Although the rather urgent need to address

sexually transmitted diseases accelerated the drug development in the field, the need

for advanced functional nanopharmaceuticals remains to be addressed. Deeper

understanding of the interaction between the vaginal environment and nanosystems

should provide straightforward optimization of the delivery systems and lead to

improved drug therapy. The potential of localized vaginal therapy is not fully

explored, and the increased attention to the field, as well as multidisciplinary

approaches, can be seen as very positive developments.
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Chapter 9

Nanoformulations for Wound Infections

Avinash P. Ingle, Priti Paralikar, Raksha Pandit,

Netravati Anasane, Indarchand Gupta, Mahendra Rai,

Marco V. Chaud and Carolina Alves dos Santos

Abstract Nanotechnology is promising science, which plays an important role in

revolutionizing the medical and pharmaceutical fields in near future. The wide-

spread applications of nanotechnology have already offered advantages to

biomedical problem including wound healing. Generally, wound healing is a

complex process; it involves coordinated interactions of diverse immunological and

biological processes. However, the long-term wounds remain a challenging clinical

problem due to huge chances of secondary infection by different microbes. In this

context, various nanoparticles and nanobased formulations are attracting interest for

their clinical applications because of their potential biological properties such as

antibacterial activity, anti-inflammatory effects and wound healing efficacy. In this

chapter, we have focused on role of nanotechnology, particularly the applications of

various nanoparticles and their nanoformulations in the management of wound

infections. The nanoformulations can be effectively used as therapeutic treatment in

wound infections. However, before use of such nanoformulations, in-depth studies

on toxicity need to be performed.

Keywords Wound � Nanoparticles � Nanoformulations � Nanotherapy

Microbial resistance

A. P. Ingle � P. Paralikar � R. Pandit � N. Anasane � I. Gupta � M. Rai (&)

Nanobiotechnology Laboratory, Department of Biotechnology,

SGB Amravati University, Amravati, Maharashtra 444602, India

e-mail: mahendrarai@sgbau.ac.in; pmkrai@hotmail.com

M. V. Chaud � C. Alves dos Santos

LabNUS School of Pharmaceutical Sciences—Biomaterials and Nanotechnology Laboratory,

University of Sorocaba, Sorocaba, São Paulo, Brazil

© Springer International Publishing AG 2017

M. Rai and C. Alves dos Santos (eds.), Nanotechnology Applied To Pharmaceutical

Technology, https://doi.org/10.1007/978-3-319-70299-5_9

223



9.1 Introduction

Skin is the most important organ, which acts as protective barrier for other human

body organs and also plays a vital role in maintaining health of human being. But

many factors including pathogenic microorganisms break integrity of the skin and

tissues leading to the formation of wound (Solanki and Nagori 2013). A wound can

be defined as an injury, which occurs quickly as a result, skin is torn, cut, punc-

tured, or blunt force trauma causes a contusion. There are two important types of

wound, i.e. acute or chronic, and they are classified depending on the time required

for its healing. Among these, acute wounds heal rapidly in the predicted amount of

time with no complications. However, chronic wounds take a longer time to heal

and might have some complications (Fletcher 2008). Generally, the wounds with

exposed tissue or organs to the outside environment are referred to as open wounds

or penetrating wounds. Closed wounds have damage that occurs without exposing

the underlying tissue and organs (non-penetrating wounds). Penetrating wounds

mainly include stab wounds (trauma from sharp objects, such as knives), skin cuts,

surgical wounds (intentional cuts in the skin to perform surgical procedures) and

gunshot wounds (wounds resulting from firearms); all these generally result from

trauma that breaks through the full thickness of skin, reaching down to the

underlying tissue and organs (Asensio and Verde 2012). Moreover, non-penetrating

wounds are usually the result of blunt trauma or friction with other surfaces; the

wound does not break through the skin, and it includes abrasions (scraping of the

outer skin layer), lacerations (a tear-like wound), contusions (swollen bruises due to

accumulation of blood and dead cells under skin) and concussions (damage to the

underlying organs and tissue on head with no significant external wound). In

addition, there is third category of wounds called as miscellaneous wounds which

include thermal wounds (injuries like burns, sunburns and frostbite occur due to

extreme temperatures, either hot or cold), chemical wounds (resulted from contact

or inhalation of chemical materials) (Chou et al. 2015), bites and stings (occur due

to bites from humans, dogs, bats, rodents, snakes, scorpions, spiders and tick),

electrical wounds (resulted from high-voltage electrical currents) (http://www.

woundcarecenters.org/article/wound-basics/different-types-of-wounds). All the above-

mentioned wounds may lead to the complications, if not treated properly. These are as

follows:

• Infections: It may cause mild to severe infections with various pathogenic

microbes which further leads to pus drainage, foul odour, fever, dull throbbing

pain, mild swelling and heat at wound site.

• Inflammation: Wound may lead to inflammation in which they are hot, red,

painful, and with swelling.

• Scarring: After complete healing of wound, the new regenerated cells may be

of different characteristics and sometimes leave a scar behind.

• Loss of function: Many wounds can be disabling and life threatening if a major

organ, blood vessel or nerve is damaged.

224 A. P. Ingle et al.

http://www.woundcarecenters.org/article/wound-basics/different-types-of-wounds
http://www.woundcarecenters.org/article/wound-basics/different-types-of-wounds


All the above-mentioned wounds are normally cured through the process of

wound healing which is classically defined as a series of continuous, sometimes

overlapping, events. These include haemostasis, inflammation, proliferation and

remodelling of the scar tissue (Stadelmann et al. 1998; Tocco et al. 2012). The

phases involved in healing of cutaneous wound are governed by coordinated action

of different multiple cell types such as keratinocytes, fibroblasts immune,

endothelial and progenitor cells (Fig. 9.1) (Eming et al. 2014; Pastar et al. 2014).

The multiple cellular and molecular events involved in wound healing are tightly

controlled by numerous growth factors, chemokines and cytokines. Apart from

these, the active relationship between skin and microbiome also plays important

role in wound healing process. Signalling networks which involve the interleukin

(IL) family and growth factors are essentially required to coordinate cell–cell and

cell–extracellular matrix (ECM) interactions for the complete healing of wound.

However, the imbalances in these factors lead to a non-healing, chronic wound

(Brem and Tomic-Canic 2007; Lindley et al. 2016; Hamdan et al. 2017).

The acute wounds heal rapidly, and there are no complications. But,

chronic wounds require more time to heal and if not treated on time, it may result in

severe infections by microbial pathogens. The bacterial pathogens such as

Fig. 9.1 Phases of cutaneous wound healing showing the cells and molecules responsible for the

regaining of a healthy barrier (adapted and reproduced from Hamdan et al. (2017); an open-access

article)
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S. aureus, P. aeruginosa and bacteria belonging to family Enterobacteriaceae are

the most common causative agents responsible for wound infections (Mordi and

Momoh 2009). In burn wound patients, bacterial infections may be followed by

fungal infections caused by various members belonging to genera Candida,

Aspergillus and Fusarium. Apart from this, viral infections by herpes simplex virus

were also reported in some cases (Solanki and Nagori 2013).

Various topical agents such as antiseptics, antibiotics, granulation tissue sup-

pressing agents, herbal therapeutics, enzymes and some other agents are available

for wound treatment and healing as medications (Solanki and Nagori 2013). But

some of these topical agents are facing the problem of inefficiency, side effects and

increasing resistance in microbial pathogens (Howell-Jones et al. 2005). These

problems create pressing need to develop alternative therapeutic agents and

strategies for the treatment of wound infections and early healing of wound.

Considering the widespread biomedical applications of nanobiotechnology, it is

believed that this technology has potential to address the problem associated with

wound infection and its healing. Nanobiotechnology has arisen from the conver-

gence of nanotechnology and biotechnology, leading to the development of

structures, devices and systems in the form of nanomaterials having nanosize

(1–100 nm) range (Rai and Ingle 2012). Due to novel properties of nanomaterials, it

has tremendous applications in various fields including health care. Indeed, many

areas of health care are already benefiting from the advantages of nanobiotech-

nology which is revolutionizing the medical and pharmaceutical fields

(Gunasekaran et al. 2011). Considering the huge applicability of nanobiotechnol-

ogy, Cortivo et al. (2010) proposed that “small is beautiful” should be the slogan of

nanoscientists. But, we want to improvise this slogan as “small (nano) is beautiful

and magic”.

As far as health care is concerned, nanomaterials are found to have

broad-spectrum applications in the diagnosis, treatment and management of various

microbial infections and diseases (Rai et al. 2014). Metal nanoparticles like silver

have potential antimicrobial properties and hence being used as antimicrobial

agents (Salunke et al. 2017), in water-disinfecting systems (Zhang et al. 2012), for

the development of nanobased bone implant materials (Marsich et al. 2013), dental

materials (Zhang et al. 2013), gold nanoparticles (Mendes et al. 2017) and lipo-

somes which are the most promising nanomaterials used as vehicle for delivery of

drugs and gene in life-threatening diseases (Lila and Ishida 2017). Apart from these

applications, some of the metal nanoparticles can be promisingly used in the

treatment and healing of wounds (Rigo et al. 2013), in burn infections (Elliott

2010), etc.

Among the various issues in health care, skin wounds and their treatments is one

of the key areas of research. In last few years, nanotechnology has emerged as

important platform to treat skin wounds. Various nanomaterials including metal and

metal oxide nanoparticles such as silver, gold, copper, titanium and zinc oxide

nanoparticles have shown significant therapeutic efficacy in wound healing

(Ambrožová et al. 2017; Bui et al. 2017). The novel and characteristic properties of

nanomaterials like nanocapsules, polymersomes, solid lipid nanoparticles and
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polymeric nanocomplexes make them vehicles of choice for the effective delivery

of drugs and other molecules in wound treatment. In addition, the use of

active pharmaceutical ingredients like chitosan and hyaluronate in the formulations

enhances their therapeutic potential (Oyarzun-Ampuero et al. 2015).

The aim of this chapter is to review significant findings in the area of

nanoparticles and wound treatment. Various topics have been focused, which

include role of various nanoparticles such as silver, gold, copper, calcium, cur-

cumin, etc., in wound healing. In addition, efficacy of combined use of nanopar-

ticles with various drugs and antimicrobial molecules has also been discussed.

Among all, we highlight the formulations of nanoparticles (nanoformulations) with

drugs, natural extracts, proteins, growth factors, etc., and their applications as

embedded in secondary vehicles (fibres, dressings, hydrogels, etc.) which has

ability to enhance their wound healing applications.

9.2 Types of Wound Infections and Its Severity

Wounds are generally developed by penetrating objects or through any physical

damage. However, the infection in wound depends upon the causative agent,

wound depth and site. Based on above facts, the wound infections are classified into

four classes as follows:

9.2.1 Bites

The oral flora of biting animals causes the wound infection. The majority of bites

are from dogs, cats and insects which generally cause the bacterial infections (Talan

et al. 1999). It can cause the morbidity from direct trauma followed by infections.

Bacteriological analysis has reported the presence of mixture of both aerobes and

anaerobes in such wounds (Talan et al. 2003).

9.2.2 Surgery

Infection at surgical site is considered to be one of the worst complications that a

patient can experience after an intervention (Alfonso-Sanchez et al. 2017). Hence,

avoiding the infection at surgical site has been high priority in order to reduce pathogen

entry. If proper care has not been taken, the patient undergone surgery generally gets

infection from the microbe present in the hospital environments (Alfonso-Sanchez

et al. 2017). Hospitals are the hot spots for the antimicrobial-resistant bacteria and thus

play a role in their emergence and spread (Hocquet et al. 2016).

9 Nanoformulations for Wound Infections 227



9.2.3 Trauma

It results from any kind of physical damage forming the wound which is susceptible

to various infections. The infectious organisms may cause deep or superficial

infection depending on the depth of the wound. The wounds contaminated by dirt

are at high risk of getting infected. Generally, Clostridium tetani is main bacterium

to cause infection in such cases (Gulamhussein et al. 2016).

9.2.4 Burns

It is most common and devastating form of trauma. Burn patient needs very fast and

specialized care in order to reduce morbidity and mortality. It may include the mild

or severe forms of wound affecting various layers of skin. The risk of infection

increases with the increasing damage to tissues. The substantial thermal injury

induces the state of immunosuppression which invites the development of infec-

tions, majorly comprising of bacteria (Church et al. 2006). However, fungal and

viral infections have also been observed in significant number of instances.

As far as the severity of wound is concerned, the wound developed in burn cases

is more severe as compared to other types of wound. This is because in case of burn

wound, there is extensive damage to the skin component. Moreover, due to tissue

damage, the inner tissue gets exposed to the environment containing microbes. The

damaged skin is easy portal of entry and is better platform for the growth of

microbes. Additionally, a negligible immune response appears to work at the

wound due to lack of organized tissue structure and cells in the wound area. The

process of tissue repair and remodelling is quite lengthy and time-consuming

process as compared to doubling time of most pathogens. Hence, microbes, espe-

cially the bacteria, occupy the major portion of the wound and thus hinder the

wound healing process.

9.3 Treatment Strategies Available and Their Limitations,

MDR at High Rate

The development of microbial resistance to antimicrobials is currently available in

therapeutics, and it has become a growing concern in the medical and scientific

community. Nowadays, many bacteria have been reported to possess resistance

against various antibiotics, making them ineffective in preventing their growth. One

of the advantages of the use of nanomaterials in the control and treatment of

infections caused by resistant microorganisms lies in their difficulty in developing

resistance to nanomaterials. This is due to the property of nanomaterials to act on

different cellular mechanisms of the bacteria, making it more difficult for the

appearance of resistance due to the complexity of its action (Santos et al. 2014).
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The resistance of microorganisms to the most antibiotics like MRSA

(methicillin-resistant S. aureus) makes the necessity of developing new, interesting

nanoformulations effective and necessary weapon to control resistance against

conventional therapies (Cao et al. 2017). Another important factor that has impact

in wound healing is the biofilm formation, and despite several methods such as

physical removal of biofilm and systemic and topical application of antimicrobials,

new methods, particularly engaged with the controlled release of antimicrobial

agents, should be developed to prevent biofilm-induced delayed wound healing. In

this sense, the use of nanomaterials as carrier for drugs in a new system of drug

delivery is also a promising alternative (Oryan et al. 2017).

Wounds are the sites of colonization of pathogenic microbes and sometimes

multidrug-resistant microbes. S. aureus is an important pathogen responsible for

colonization of burn wounds (Chhiber et al. 2015). Usually, fusidic acid is used in

the treatment of difficult-to-treat skin infections caused by S. aureus. The authors

evaluated the efficacy of topical fusidic acid (2% w/w)-loaded biocompatible

microemulsion-based system (FA-ME) in removal of MSSA bacterial infections.

The nanosized FA-ME system developed by them showed better wound healing

with improved therapeutic potential.

Zhu et al. (2017) stated that it is urgent need to tackle the problem of wound

infections caused by multidrug-resistant Gram-negative “superbugs”, such as

P. aeruginosa. The authors reported the inclusion of colistin with a self-healable

hydrogel. Within 24 h, the colistin is released from the hydrogel and remains active

which was proved by antibacterial activity. The colistin-loaded hydrogel can be

used as a wound healing formulation to treat burn wounds against infection caused

by superbug like P. aeruginosa.

9.4 Nanotherapy for Wound Infections

9.4.1 Role of Nanoparticles in Wound Healing

Wound healing is a complex process which requires various balanced microele-

ments, antioxidants, matrix metalloproteins such as chemo-attractant protein 1,

macrophage inflammatory protein1 and growth factors, etc. Deficiency of copper,

zinc and calcium may inhibit the wound healing cascade. The best solution for

wound infection is the use of antimicrobial agents, which can prevent the secondary

infection of wound. Nanoparticles are antimicrobial agents, which can tackle the

process of wound healing (Mohammad et al. 2008; Rakhmetova et al. 2010; Kawai

et al. 2011; Ghosh et al. 2015; Chhabra et al. 2016). Nanoparticles of silver, gold,

copper, zinc oxide, titanium dioxide, calcium, chitosan and curcumin can be used in

wound healing. Figure 9.2 shows schematic representation of various nanoparticles

involved in the recovery of wound infection and wound healing.
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9.4.1.1 Silver Nanoparticles (AgNPs)

Over the centuries, silver and its compounds have widely been applied for treatment

of burn injuries because of its strong broad-spectrum antimicrobial activity (Klasen

2000; Marx and Barillo 2014). Silver provides sanitary environment by preventing

initial growth of bacteria in wound treatment. Based on type of wound and period

of wound healing, various wound dressings are available. Antimicrobial wound

dressings were helpful for patients to reduce the risk of infection. Infection occurs

when bacteria, fungi or any other living microbe enters into wound tissues.

Knowing the antimicrobial nature of silver, its ions were added to dressing surface

to reduce the chances of infection. The frequent use of antibiotics, general

antiseptics like chloride compounds, iodine compounds, quaternary ammonium

compounds and peroxidase can exhibit antibiotic resistance, exert side effects, cause

damage to surrounding tissues and systemic toxicity (Shirai et al. 2000;

Fromm-Dornieden et al. 2015). Such disadvantages encouraged scientific com-

munity to look to other effective antimicrobial agent.

The introduction of nanoparticles has allowed scientific community to upgrade

the antimicrobial properties of silver. AgNPs are currently in spotlight for its

antibacterial and anti-inflammatory effect, which is useful in management of wound

infection. Due to increase in surface area of nanoparticles, the interaction with

infected surface of wound is enhanced. In the context, silver nanoparticles are also

well known for its antimicrobial, anti-inflammatory, antiseptic and wound healing

properties (Ahamed et al. 2010). AgNPs even at lower concentration exert same

Fig. 9.2 Schematic representation of various nanoparticles involved in recovery of wound

infections
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wound healing effect as compared to silver and its compounds. Because of high

thermal stability, low toxicity and volatility, AgNPs exhibit high bactericidal

activity against a large number of bacterial infections (Shrivastava 2007).

Investigators have found antibacterial mechanism of AgNPs is due to release of

silver ions from the surface of nanoparticles (Xiu et al. 2011, 2012). The major

problem associated with wound is bacterial contamination. Presence of bacteria on

wound surface delays healing process. E. coli, P. aeruginosa and S. aureus are

mainly responsible for causing contamination on wound surface (Fong and Wood

2006; Dai et al. 2010).

Various studies have been focused on effect of AgNPs on wound healing and

tissue regenerations. Recently, Pannerselvam et al. (2017) studied burn wound

healing activity of AgNPs saturated cotton fabrics on Wistar albino rat (male). In

this work, phytosynthesized AgNPs-incorporated cotton fabric dressing was tested

to assess its wound healing ability on rat’s burn wound for 18 days. It was observed

that wound healing efficacy of AgNPs-incorporated dressing (at 100 µg of AgNPs

concentration) acquired high healing potential as compared to control burn heal

cream dressing. These kinds of dressing are very much useful in management of

wound infection and wound healing. Similar findings were reported by Hebeish

et al. (2014), who studied that AgNPs-treated cotton fabric dressing containing

250 ppm AgNPs concentration exerts maximum wound healing activity as com-

pared to dressing containing 60 and 125 ppm AgNPs concentration. Silver ions or

its nanoparticles in wound dressing can react with and destroy bacteria causing

wound infection.

The several studies of AgNPs against a large number of bacterial species have

been made (Abbasifar et al. 2017; Elemike et al. 2017; Patra and Baek 2017). The

bactericidal mechanism of AgNPs is not clear, but reports suggest that silver ions

interact mainly with three components of bacterial cell: (a) bacterial cell wall and

plasma membrane, (b) bacterial DNA and proteins, (c) enzymes involved in cellular

processes (Rai et al. 2009; Yang et al. 2009; Gunasekaran et al. 2011). A significant

consideration in the application of AgNPs for wound healing has been investigated

by various researchers (Tian et al. 2007; Pannerselvam et al. 2017). AgNPs-

incorporated cotton fabrics and dressings have shown significant recovery at the site

of burn wound infection (Rigo et al. 2013). In this in vitro study, through cellular

staining technique it was observed that AgNPs induced mitochondrial activity

without causing cell lysis in skin. Reduced mitochondrial activity was suggested to

decrease bacterial infection in wound. Likewise, AgNPs-coated cotton wool was

reported to exhibit excellent wound healing activity along with faster blood clotting

rate. Additionally, AgNPs-coated cotton showed excellent UV protection properties

(Kim et al. 2017). In addition to antibacterial activity, AgNPs can expedite the

wound healing by anti-inflammatory activity with effect on cytokines modulations

(Tian et al. 2007).

AgNPs and anticoagulating agent enoxaparin were reported to exert wound

healing activity, but this activity gets enhanced when AgNPs form complex with

enoxaparin (Marcato et al. 2015). Due to broad-spectrum antibacterial activity,

AgNPs are effective against variety of bacterial species. The development and
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modification of silver at nanolevel puts a noticeable improvement in efficacy of

wound treatment. This switching significantly reduces time required for wound

healing and also reduces the risk of unwanted complications. AgNPs provide the

medical community a new generation of highly powerful wound treatment system.

9.4.1.2 Gold Nanoparticles (AuNPs)

The anti-inflammatory and antiangiogenic activity of negatively charged AuNPs

facilitates its use in the therapy of cutaneous wounds, diabetic wounds and

rheumatoid arthritis (Pivodova et al. 2015). Kim et al. (2015) coated phytochemi-

cally synthesized AuNPs on hydrocolloid membrane and investigated wound

healing activity of nanoparticles-coated membrane. In vivo activity of membrane

was tested on Spargue-Dawley rats for 15 days. Histological and immunohisto-

logical studies demonstrated that synthesized nanoparticles-coated hydrocolloid

membrane induces wound healing process including tissue regeneration, formation

of connective tissue and the process of angiogenesis. The study also showed that

nanoparticles were non-toxic to liver and kidney of rats. Application of membrane

along with other antioxidant agent can be used in the cutaneous wound healing.

AuNPs have many unique properties like mechanical stability, resistance to

enzymatic degradation, antimicrobial activity. AuNPs can be incorporated into

scaffolds which can help in wound healing process. AuNPs and chitosan composite

was fabricated, and wound healing activity of composite was evaluated on full

thickness wound model of rats. The wound healing activity of composite, chitosan

alone and commercially available product of chitosan was demonstrated. In vivo

wound healing assay demonstrated the promising wound healing activity of

nanocomposite. Combination of AuNPs with collagen scaffolds can be used in skin

tissue engineering (Aktruk et al. 2016).

The cryopreserved human fibroblast cell along with AuNPs was used as therapy

for wound infection. The cyropreserved fibroblast or low-temperature

storage/preserved cells facilitate the availability of cell at any time, without any

morphological or functional deformities. Fibroblast cell enhances the secretion of

biologically active substance such as growth factors, cytokines and components of

extracellular matrix. All the components which are mentioned above are required at

the time of wound healing process. In vivo study was performed in the mice, and

from planimetric and clinical studies, it was revealed that cryopreserved fibroblast

cell with AuNPs enhanced the healing of burn wounds (Volkova et al. 2016).

Lu et al. (2012) reported the application of AuNPs in combination with

antioxidants like epigallocatechin gallate (EGCG) and a lipoic acid (ALA). In vivo

study found that activity of nanoparticles along with antioxidants enhances the

wound healing in cutaneous wounds of mouse. Anti-inflammatory and antioxidant

properties of nanoparticles increases with activity of antioxidant molecules. Lau

et al. (2017) studied the effect of AuNPs in photobiomodulation therapy on wound

healing process. In vivo influence of AuNPs was evaluated on Spargue-Dawley

rats. The cutaneous wound of Spargue-Dawley rats was divided into three groups:
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one without treatment, one with gold nanoparticles and one group with combination

of AuNPs in photomodulation therapy. Histological study revealed that AuNPs in

photomodulation therapy were more effective in stimulating angiogenesis. Akturk

and Keskin (2016) reported the novel approach in the tissue engineering of skin;

AuNPs were incorporated into collagen nanofibres at different concentrations.

AuNPs have demonstrated antimicrobial activity and mechanical stability. It can act

as additive in skin tissue engineering.

9.4.1.3 Copper Nanoparticles (CuNPs)

The effect of suspension of CuNPs was evaluated on the full thickness wound

infections of rats. According to planimetric measurement data, it was found that

healing of wounds or regeneration ability of wound was maximum on fifth day of

application of CuNPs. It was observed on twenty-first day that regeneration of skin

was observed in rats. CuNPs prevent the secondary infections of the wounds and

the time required for healing of wound was decreased, after using suspension of

CuNPs. The suspension of CuNPs can be recommended safe for the treatment of

epidermal wound infections (Babushkina et al. 2013).

Ghosh et al. (2015) reported the biological synthesis of CuNPs from Dioscorea

bulbifera, antidiabetic and antioxidant activity of CuNPs was also evaluated in the

study. From the study, it was found that a-amylase and a-glucosidase activity was

strongly inhibited by CuNPs. Inhibition of enzyme clearly indicates the wound

healing capacity of CuNPs. Rakhmetova et al. (2010) synthesized CuNPs and

prepared methylcellulose-based ointment containing CuNPs. In vivo wound healing

study was performed on the full thickness wound of mice. Wound healing effect of

CuNPs containing ointment and ointment base (without nanoparticles) was inves-

tigated. In vivo study revealed the wound healing potential of CuNPs-based

ointment.

9.4.1.4 Zinc Oxide Nanoparticles (ZnONPs)

Psunica-Panea et al. (2016) prepared the composite film of collagen, dextran and

zinc oxide nanoparticles (ZnONPs). It was embedded for wound healing purpose.

Scaffold was designed, and zinc oxide nanoparticles were decorated on it. ZnONPs

can be used as promising candidate, which could be used for the regeneration of skin

in wound healing process. Chhabra et al. (2016) developed novel dressing material

for wound healing purpose. ZnONPs-incorporated nanofibrous scaffolds of gelatin

were prepared, and its in vivo wound healing activity was evaluated on mice. In vivo

study demonstrated ZnONPs-doped scaffolds of gelatin not only enhance wound

healing process by promoting cell growth at the site of wound infection but also

reduce the bacterial infection. ZnO-doped nanofibrous material can be used in tissue

regeneration.
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Sudheesh-Kumar et al. (2012) prepared nanocomposite bandages by incorpo-

rating ZnONPs into chitosan hydrogel. In vitro antimicrobial activity of composite

was tested against E. coli and S. aureus, which are responsible for the microbial

wound infection. In vivo wound healing activity of nanocomposite bandage was

performed on Spargue-Dawley rats. Study revealed that nanocomposite bandage

can enhance the wound healing and help in collagen deposition. Karahaliloglu et al.

(2016) evaluated antimicrobial activity of ZnONPs-incorporated chitosan/silk ser-

icin scaffolds. It was demonstrated that chitosan-incorporated scaffolds can be used

in the wound dressing purpose.

9.4.1.5 Titanium Dioxide Nanoparticles (TiO2 NPs)

Sankar et al. (2014) reported the biological synthesis of TiO2NPs, and its in vivo

wound healing activity was demonstrated in Winstar Albino rats. Wound healing

study in albino mice includes the study of various parameters like wound closure,

protein profiling and histopathology studies. In vivo study demonstrated that wound

treated with TiO2NPs did not show pus formation, bleeding, microbial infection and

inflammation.

Archana et al. (2013) prepared chitosan nanodressing containing TiO2NPs and

pectin. In vitro study showed that nanocomposite possesses antimicrobial activity.

In vivo wound healing activity of chitosan alone and TiO2 loaded

chitosan-pectin nanodressing was performed on excision type of wound in Albion

rats. Wound healing experiment demonstrated significant wound closure rate as

compared to chitosan alone. Nanodressing acts as suitable candidate for wound

healing.

Woo et al. (2015) prepared bilayer composite membrane containing TiO2NPs

incorporated electrospun chitosan membrane and extracellular matrix (ECM) sheets

as a wound dressing. In vitro antimicrobial activity of bilayer was evaluated against

E. coli and S. aureus. The wound healing effect of bilayer composite was evaluated

on full thickness wound of Spargue-Dawley rats. Histological and immunological

studies demonstrated that ECM present in bilayer helps in the release of growth

factor which is required at the time of wound healing. Biocomposite film can be

used in wound dressing.

9.4.1.6 Calcium-Based Nanoparticles

The pH-sensitive calcium-based nanoparticles can be used in wound healing

therapy. In vivo experiment was performed on the effect of calcium nanoparticles

on mice. Calcium nanoparticles were intravenously administrated in the wound bed,

and injected nanoparticles can be tracked by using FLAG detection system. It was

found that pH-sensitive nanoparticles can increase the fibroblast proliferation and

accelerate the wound healing process (Kawai et al. 2011).
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9.4.1.7 Curcumin Nanoparticles

Krausz et al. (2014) reported curcumin-encapsulated nanoparticles as potential

antimicrobial and wound healing agent. Curcumin nanoparticles were prepared by

sol-gel method, and its in vitro antimicrobial activity was evaluated against

methicillin-resistant S. aureus and P. aeruginosa. In vivo wound healing activity

was performed on murine wound model. Curcumin nanoparticles can be used in the

burn wounds and also in the therapy of other cutaneous injuries.

It was reported that some of nanoparticles may possess the ability to enhance the

process of wound healing in Type 2 diabetic patient. In diabetic patients, the

process of wound healing is very slow. The oxidative stress is the major problem

which delayed wound healing process and resulted in the formation of reactive

oxygen species (ROS). Metal oxide nanoparticles such as aluminium oxide

nanoparticles, cerium oxide nanoparticles can act as ROS scavenger which enhance

diabetic wound healing (Mohammad et al. 2008).

Curcumin is well-known anti-inflammatory and antioxidant agent. It plays very

significant role in the proliferation phase of wound healing. Curcumin can enhance

the formation of granulation tissue and also promote the synthesis of components

present in the extracellular membrane. Various nanomaterials-based vehicles can be

used in the controlled release of curcumin, which can help in the process of wound

healing (Hamdan et al. 2017).

Curcumin-loaded chitosan nanoparticles were prepared and impregnated into

collagen-alginate scaffolds. It was found that novel nanohybrid scaffolds enhance

the solubility and stability of curcumin and help in reducing the process of

inflammation followed by increasing the wound healing and tissue regeneration in

diabetic wounds. In vivo wound healing study of nanohybrid scaffolds was con-

ducted on Winstar rats. It was investigated that topical application of scaffolds

reduces the inflammation at the site of wound. Nanoscaffold has promising

properties such as biocompatibility, anti-inflammatory, cell adhesion, which are

significant for the impairment of wound healing process. Hence, curcumin-

impregnated scaffolds can help in the management of diabetic wounds (Karri et al.

2016).

Li et al. (2016) reported epidermal growth factor- curcumin-encapsulated

hydrogel nanoparticles, and its wound healing properties were investigated. The

study revealed that dual-drug-loaded hydrogel nanoparticles help in the process of

skin regeneration. Epidermal growth factor (EGF) is a polypeptide which aids in the

wound repair. EGF accelerates the process of wound healing by the synthesis of

extracellular matrix component, cell motility and cell proliferation. Curcumin

prevents the oxidative stress at the time of wound healing process. Hydrogel

nanoparticles act as a topical gel which can help in wound repair.

Nguyen et al. (2013) documented curcumin-loaded gelatin and chitosan sponge,

and its wound healing properties were evaluated. In vivo wound healing property

was evaluated by excision wound model of rabbit. Chitosan was used in wound

healing process as it acts as drug carrier which helps in the process of wound
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healing. Gelatin prevents the loss of fluid which can help in wound healing process.

From in vivo analysis, it was found that curcumin-loaded sponge was much more

effective as compared to the sponge without curcumin. The composite sponge helps

in collagen formation and in closure of wound excision.

9.5 Nanoparticles in Combination

with Antimicrobial Agents

9.5.1 Need of Combination Drugs

Nowadays, resistance to antimicrobial drug is a point of huge concern. Different

microbes have different kinds of mechanism of resistance, which is a big burden to

the researchers to exploit new drugs that will settle the need of new antimicrobials

over resistant strains. But development of new drugs from the lead is quiet

time-consuming and tedious process, and then also resistance to the new drugs can

be developed after some time. Microorganisms can develop resistance by various

means such as mutation or changes in target, over production of target site,

development of alternate growth requirement, by producing drug degrading

enzyme, having active drug efflux pump, multiple factors including loss of porin,

production of an additional enzyme that avoids binding, cell wall thickening

changes in target (Ranghar et al. 2014).

Konop et al. (2016) stated that nanoparticles are being used in a wide range of

health care, food industry and domiciliary applications, materials and textiles.

Nanoparticles can be applied in several ways such as in wound dressings, medical

supplements, catheters and medical textiles: bedclothes, towels and clothes.

Nanoparticles can also be the key component in cosmetics as antiseptic and

preservative agents.

Thomas et al. (2014) performed antimicrobial activity of AgNPs, antibiotics and

their combination against multidrug-resistant biofilm-forming, coagulase negative

S. epidermidis strains which were isolated from the pus, catheter tips and blood

samples of the patients and other organisms. S. aureus, V. cholerae, S. typhi and S.

paratyphi were collected from MTCC. Synergistic effect of antibiotics with

biosynthesized AgNPs against test strains was done by disc diffusion method.

AgNPs were combined with standard antibiotics such as fusidic acid, gentamicin,

ciprofloxacin, erythromycin, penicillin, chloramphenicol, levofloxacin, nalidixic

acid and ampicillin. After evaluation, it is observed that AgNPs show highest

activity against S. epidermidis strains and highest synergistic effect was observed

with chloramphenicol. Shahverdi et al. (2007) also investigated synergistic effect of

AgNPs with different antibiotics against S. aureus and E. coli. Their results show

the hike in activities of penicillin G, amoxicillin, erythromycin, clindamycin and

vancomycin in the presence of AgNPs against both bacteria.
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Hassan et al. (2016) in their experiment analysed the synergistic effect of AgNPs

with b-lactam cefotaxime sodium antibiotic against the test organisms,

Gram-negative bacteria E. coli, P. aeruginosa and Gram-positive bacteria S. aureus

and the fungal strains Candida albicans and Aspergillus niger. The combination of

AgNPs with b-lactam cefotaxime sodium antibiotic increased efficiency of micro-

bial inhibition. Similar study was conducted by Bhande et al. (2013) for the

assessment of synergistic activity of ZnONPs with b-lactam antibiotics such as

cefotaxime, ampicillin, ceftriaxone, cefepime against of E. coli, K. pneumoniae, S.

paucimobilis and P. aeruginosa, and positive synergistic effect was observed.

Baker et al. (2017) synthesized bimetallic silver–gold nanoparticles from endophyte

P. veronii against bacitracin-resistant strains Bacillus subtilis, E. coli and K.

pneumoniae and analysed their synergistic activity with different antibiotics baci-

tracin, kanamycin, streptomycin, erythromycin and chloramphenicol, and fold

increase in their activity was 87.5, 18.5, 11.15, 10, 9.7 and 9.4%, respectively.

Perez-Dıaz et al. (2016) also worked on antibiofilm activity of AgNPs. They

conducted an experiment for the assessment of cytotoxic effect of chitosan gel

formulations loaded with AgNPs on human primary fibroblasts, and silver sulfa-

diazine (SSD) was kept as control. Results show that chitosan gels with AgNPs

have less toxicity than clinically used medication silver sulfadiazine.

Nowadays, nanoparticles-impregnated medical supplies are available in market

and favourably used in medical practices. Acticoat™ Flex 3 dressing is a flexible

polyethylene cloth coated with AgNPs (concentration—0.69 and 1.64 mg/cm2).

Various in vitro and in vivo experiments were conducted for the analysis of toxicity

of nanoparticles on cells such as treatment of Acticoat™ Flex 3 to 3D fibroblast cell

culture and real partial thickness burn patient, MTT assay, transmission electron

microscopy (TEM) and inductively coupled plasma mass spectrometry (ICP-MS)

analysis, which shows that presence of AgNPs does not affect viability of cells, no

signs of apoptosis or necrosis, does not hamper healing of wound and does not put

any obstacle was observed in the proliferation of fibroblasts and keratinocytes and

also suitable for prolonged use (17 days) (Rigo et al. 2013).

Velazquez-Velazquez et al. (2015) performed an experiment for evaluation of

the antibiofilm activity of AgNPs impregnated in commercial dressings. They

isolated bacterial strains from chronic wounds of patients suffering from diabetes

type 2 and DFU. Clinical samples were identified as Gram-positive and

Gram-negative P. aeruginosa, K. pneumoniae and S. epidermidis, E. faecalis,

respectively, and their activity was analysed within biofilms generated under slow

fluid shear conditions. So, their finding generates a view that dressings impregnated

with AgNPs are able to prevent the growth and reduces microbial flora and in turn

minimizes the bioburden in wound area which leads to fast healing.

Jeong et al. (2014) examined effect of silk fibroin (SF) nanofibrous matrices

combined with silver sulfadiazine (SSD) on wound healing. They selected two cell

lines, normal human epidermal keratinocytes (NHEK) and normal human epidermal

fibroblasts (NHEF) as their model for human cells and silver sulfadiazine-modified

SF were taken in different concentrations 0.1, 0.5 and 1.0 wt%. Their study depicts

that number of NHEK and NHEF attached to examined nanofibres containing SSD
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decreased when the concentration of SSD increased and the number of attached

NHEF cells was lower than attached NHEK cells. In vivo study was carried out on

rat wound model against commercially available wound dressing ActicoatTM, and

result shows the faster wound healing by SF matrix with 1.0wt% SSD than Acticoat.

Archana et al. (2015) developed novel nanoparticle film exclusively for wound

healing which contains chitosan, polyvinylpyrrolidone (PVP) and silver oxide

nanoparticles (Ag2O), named as CPS film. In vitro antibacterial activity was

assessed against E. coli and S. aureus, and it shows stronger inhibitory effect

against S. aureus than E. coli. CPS films were also tested in vivo, in rats for

14 days. CPS-treated wound were healed almost completely (99%), where

gauze-treated and chitosan group-treated wounds show healing rate 95 and 91%,

respectively. It concludes that wounds treated with CPS healed faster than

chitosan-treated groups and gauze dressing. Anisha et al. (2013) developed a chi-

tosan, hyaluronic acid (HA) and AgNPs containing antimicrobial sponge which

holds potential use in a wound dressing for diabetic foot ulcers (DFU) infected with

drug-resistant bacteria. Antimicrobial assessment of this sponge was done against

E. coli, S. aureus, methicillin-resistant S. aureus (MRSA), P. aeruginosa and

P. pneumoniae. For the toxicity analysis of AgNPs, fibroblast cells were used which

showed that the toxicity depends on the concentration of AgNPs. The sponge can

be used as a potential material for wound dressing in DFU infected with

antibiotic-resistant bacteria.

Ahamed et al. (2015) conducted a study regarding synthesis and antimicrobial

assessment of composites containing regenerated cellulose (RC) and chitosan

(Ch) in combination with silver nanoparticles (Ag). Those composites were further

associated with gentamicin (G) and some were kept composites without gentamicin,

for in vivo experimentation on wounds of rats. Wound healing rate in rats was

examined against wound covered with soframycin, RC–Ch–Ag and RC–Ch–Ag–G.

Wound covered with sterile cotton gauze and dipped in gentamicin was kept as

control. Wound treated with RC–Ch–Ag composites showed 96% of contraction,

RC–Ch–Ag–G composite showed completely contraction and control shows 74%

of wound contraction, which showed composites having good healing properties.

Synergistic effect of nanoparticles in combination with antibiotics has potential

to overcome the need of new approaches for defeating resistance. There are many

postulates which explain mechanism of synergy such as:

1. Antibiotics and nanoparticles can kill microbes through different mechanisms. If

the microbial cell is resistant to the antibiotics, nanoparticles can kill bacteria

through a completely different mechanism. Nanoparticles are having high

surface-to-volume ratio, which increases drug uptake into the cells by increasing

the permeability of cell membrane. Hydrophobic nature of nanoparticles also

facilitates the transport of antibiotics to the cell membrane which consists of

hydrophobic groups such as phospholipids and glycoprotein. There is a possi-

bility of bonding between antibiotics and nanoparticles and thus the antibiotic—

nanoparticles combination may get attached on the cell membrane and result in
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the lysis of cell wall of microbes, followed by the entry of combination into the

cell and may result in the DNA unwinding due to spatial restrictions and cell

death (Hari et al. 2014; Jamaran and Zarif 2016)

2. Synergistic effect of nanoparticles with antibiotics increases fold activity against

drug-resistant pathogens and provides the emerging strategy to defeat infections

caused by multidrug-resistant microorganisms. (Abhishek and Hemlata 2014;

baker et al. 2017)

3. Encapsulation and controlled release of drugs can be possible through the synergy

with nanoparticles. It can be a potential approach for the delivery of antibiotics

close to the surface of microbes by promoting bacterial aggregation. Defined

release of drugs thus enhances antimicrobial efficiency and potentially reduces the

quantity of antimicrobial agent required for activity (Eissa et al. 2016)

4. Inhibitory role of nanoparticles can be explained because they can act as an

adjuvant for the treatment of infectious diseases. Furthermore, nanoparticles can

generate hydroxyl radicals and dysfunctions important protective factors

required for viability of microbes (Hwang et al. 2012).

In addition to antimicrobials, nanoparticles can play pivotal role in case of

synergy with anticancerous drugs. Some anticancerous drugs have limitations such

as poor water solubility and low oral bioavailability. Hence, nanoparticles with

better encapsulation efficiency (EE), drug loading capacity (DL) and appropriate

shape can improve its anticancer activity and bioavailability (Zhang et al. 2016).

The synergistic activity of nanoparticles can be useful for enhancing the antimi-

crobial property of the antibiotic and minimizing the dosage of antibiotics against

multidrug-resistant pathogens. It can also be helpful in reducing the side effects, and

at the same time it is simple, eco-friendly and cost-effective also (Hwang et al.

2012; Zarina and Nanda 2014; Lakshmi and Kannan 2016).

9.6 Nanoparticle-Based Formulations

In the last few decades, widespread studies have been performed on the use of

various methods of nanoparticle synthesis. They showed potential for various

applications as said earlier. Hence, the entire available knowledge is always com-

pelling to formulate the generated nanoparticles for formulation processes, which

can lead to the product for specific needs. For instance, AgNPs synthesized by

Phytophthora infestans were used in ointment and found to be effective in wound

healing as compared to conventional silver sulfadiazine ointment (Thirumurugan

et al. 2011). The 1% (w/w) AgNPs ointment-treated Swiss albino rats demonstrated

significant wound healing. Similar pharmacological effects were found in the group

of rats treated with 0.125% (w/w) AgNPs and conventional silver sulphadiazine

ointment (1% w/w). The AgNPs ointment did not show any evidence of phase

separation, physical instability, no objectionable odour and no effect of temperature
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in the storage of formulation. AgNPs-based nanoformulations were also developed

for topical burn wound healing (Kaler et al. 2014). The nanoparticles of the size

range 3–10 nm were synthesized by using Saccharomyces boulardii and were

formulated into topical gel form (Kaler et al. 2014). It was claimed to be developed

in such a way that it will keep the balance between therapeutic activity and toxicity.

It was observed to possess very effective wound healing activity in vitro and in vivo

on male Sprague-Dawley skin.

Sirnaomics Inc. has been investigating the nanoformulations containing SiRNA

targeting for TGFb1 and Cox-2 (cyclooxygenase-2), encapsulated into HK polymer

nanoparticles. The nanoparticles formulation inmethylcellulose showed to reduce the

fungal growth, scar formation and accelerated wound-healing (Kalashnikova et al.

2015). Chereddy e al. (2013) developed poly (lactic-co-glycolic acid)-curcumin

nanoparticles (PLGA-CC NP) formulation for effective wound healing. In this case,

PLGA NPs have been used as drug carrier encapsulating CC. Both PLGA and CC

showed the combined activity on topical wound healing with simultaneous utilization

of therapeutic potential lactic acid in wound healing. The healing process was marked

by down regulation of inflammatory responses, accelerated epithelialization and

enhanced granulation in tissue formation. Skin wounds are very painful, specifically

through the wound dressing changes. Ideally the dressing changes are performed after

7 days. During this procedure, there is possibility of removing the regenerating

epithelia. Kuchler et al. (2010) tested the improvement of wound closure by

morphine-loaded solid lipid nanoparticles (SLN). The study was performed on

human-based 3D wound healing model and observed the sustained release of drug in

the wound with constant opioid concentration. The formulation was claimed to be

efficient as compared to the other conventional pharmaceutical formulations such as

solutions or cream. Recently, nanoformulations using ZnONPs-loaded-sodium

alginate-gum acacia hydrogels (SAGA-ZnONPs) were studied for its effectiveness in

wound healing (Raguvaran et al. 2017). After in vitro wound healing test using skin

fibroblast cells, the nanoformulation showed significant effects at different concen-

trations of SAGA-ZnONPs. The study claimed that use of biolpolymeric biocom-

patible polymers, viz. sodium alginate and gum acacia, can help to increase the

efficacy of the nanoformulation and minimize their unwanted side effects. Further,

there is requirement of new strategies in the development of nanoformulations having

capable to heal the chronic wounds. More in vivo studies are needed to be performed

which can help to develop highly efficient nanoformulations for human use.

9.7 Conclusions

The ultimate aim of wound healing is faster recovery with minimum scar formation.

It involves many complex processes and has thus attracted many scientists across

the globe to undertake intense studies. Majorly it involves the overlapping events

comprising the coagulation, inflammation, proliferation and tissue remodelling.

However, the infection during wound formation is also one of the major obstacles
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in wound healing. Particularly in case of burn patients, wound is quite difficult to

heal as compared to other types of wound. Hence, there is always need of a therapy,

which can be efficient in healing the wound at the earliest. Although, the available

treatment methods of wound healing are effective at certain level, they also have

some limitations. The development of multiple drug resistance in microbes residing

in wound is of utmost importance. Hence, there is a pressing need to look for any

better option. Recent advances in nanotechnology have greatly expanded our

understanding of the use of nanotechnology-based products to modulate various

wound healing therapeutics.

Various metal nanoparticles have been shown to be efficient in inhibiting the

growth of pathogenic microorganisms in wound. As far as the diabetic patients are

concerned, the healing is very lengthy procedure, and hence there are many chances

of secondary infections. Nanoparticles can be helpful herein to promote the early

wound healing with minimal scar formation. Various nanobased formulations have

been already available in market for topical application on wound. Clinical

observations and experimental data have shown that these nanoformulations have a

great potential in accelerating the wound healing, reducing the oxidative stress and

protecting the regenerative tissues. However, more studies are recommended in this

field so as to develop the nanoformulations, which can help to retain the tensile

properties of the repaired skin and can closely bear a resemblance to the normal

skin. It will definitely benefit to develop nanobased products in better way for

clinical application in wound healing.
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Chapter 10

Lipid-Based Nanoformulations

for Treatment of Skin Diseases

Sajjad Janfaza and Seyedehhamideh Razavi

Abstract Two past decades have seen the rapid emergence of nanotechnology.

Recent findings in the field of nanotechnology have led to exciting opportunities in

biomedical research specially delivery systems. Nanoformulations have been

developed with aim to enhance the efficacy and reduce toxicity of drugs by

addressing multiple drug delivery challenges such as bioavailability and solubility.

In the past decades, various nanocarriers—some approved by the FDA, some

undergoing investigation—have been reported for their applications in medicine.

Among them, lipid-based nanoformulations have attracted considerable attention

because of their unique properties including good biocompatibility and versatility

of the lipids used and improved solubility of hydrophobic compounds. In this

chapter, we focus on application of lipid-based nanoformulations for systemic and

topical treatments of skin diseases. We first describe the structure of the skin and

lipid-based nanoformulations. In the next section, treatment of skin disorders using

these nanosystems (such as liposomes, ethosomes, etc.) is comprehensively

reviewed.

Keywords Lipid-based nanocarriers � Drug delivery � Skin diseases

Liposomes � Skin cancer � Stratum corneum
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BSA Body surface area

BUP Budesonide disodium phosphate

CERs Ceramides

CHOL Cholesterol

DXP Dexamethasone disodium phosphate

Dox Doxorubicin

EN Econazole nitrate

FGF Fibroblast growth factor

FLZ Fluconazole

FFAs Free fatty acids

LUV Large unilamellar vesicles

MTX Methotrexate

MPLP Methylprednisolone disodium phosphate

MLV Multilamellar vesicles

NLCs Nanostructured lipid carriers

NSVs Non-ionic surfactant vesicles

PDT Topical photodynamic therapy

PIC Polyinosinic-polycytidylic acid

PLP Prednisolone phosphate

PAR-1 Protease-activated receptor-1

SUV Small unilamellar vesicles

SDS Sodium deoxycholate

SLN Solid lipid nanoparticles

SCC Squamous cell carcinoma

SC Stratum corneum

TELs Transethosomes

TFs Transfersomes

TMP N,N,N-trimethylphytosphingosine-iodide

10.1 Introduction

Nanotechnology as one of the recently emerging and rapidly growing technologies

of the twenty-first century has made significant advances in a wide range of fields

from energy (Janfaza et al. 2014) to medicine (Razavi and Janfaza 2015b). This

promising field of study allows scientists to study and manipulate materials at the

nanoscale. Today, a number of materials and products have been developed for

variety of applications (such as medicine) on the basis of nanotechnology.

The introduction of nanotechnology into several aspects of medicine led to the

development of a revolutionizing field of nanomedicine. Recent progress in

nanomedicine has allowed the synthesis of various nanostructures for different

biomedical applications, including drug delivery, biosensing, and other applications

(Mahyad et al. 2015).
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Among nanomedicine applications, drug delivery using nanosystems has

attracted tremendous attention recently. The development in fabrication of various

nanocarriers with exact control in size and physiochemical properties, beside sig-

nificant progress in understanding of physical, chemical, and biological mecha-

nisms underlying, drug release, biodistribution, bioavailability, and toxicity of

nanocarriers have led to major advances in this field of research.

The ability of treatment and prevention of diseases have been achieved by using

various types of nanocarriers. Lipid-based nanocarriers are promising drug carriers

because of their attractive properties such as biocompatibility, ease of modification,

low toxicity, and preventing the degradation of the medicine in the physiological

environment have demonstrated great promise for drug delivery (Razavi et al.

2017). These nanosystems offer great potentials for treatment of skin diseases

including fungal, bacterial, and inflammatory skin diseases as well as burn (Razavi

et al. 2017).

In this chapter, application of various types of lipid-based nanocarriers including

liposomes, niosomes, ethosomes, transfersomes, and solid lipid nanoparticles for

both topical and systemic treatment of skin diseases has been reviewed.

10.2 Anatomy and Function of Skin

The human skin is the largest single organ of the body, with a surface area of one to

two square meters and accounts for approximately 16% of total body weight. It

protects the body as an outer barrier from external pathogenic factors and excessive

water loss. The skin is composed of three main layers: epidermis, dermis, and

hypodermis (subcutaneous layer) (Fenner and Clark 2016). Schematic of human

skin structure is shown in Fig. 10.1.

Fig. 10.1 Schematic of

human skin structure

including the epidermis,

dermis, and subcutaneous

layer
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10.2.1 Epidermis

The epidermis is the outermost layer of mammalian skin and contains four types of

cells: keratinocytes (which make up 90% of the cells found in this layer),

Langerhans cells, melanocytes, and Merkel cells. The epidermis is a stratified

squamous epithelial layer and contains different layers including the stratum cor-

neum, granular layer, spinous layer, and basal layer (see Fig. 10.2) (Montenegro

et al. 2016).

Stratum corneum (SC) or horny layer is the greatest barrier for the transdermal

drug delivery and the outermost dead layer of the skin with 10–20 lm thickness.

SC comprises of 15–20 layers dead cells called corneocytes embedded in a lipid

matrix; sometimes referred to as a “bricks and mortar” structure. The majority of

lipid classes in the lipid matrix are ceramides (CERs), cholesterol (CHOL), and free

fatty acids (FFAs). Nevertheless, many investigations have focused on increasing

stratum corneum permeability to improve transdermal delivery (Marcott et al.

2013).

10.2.2 Dermis

The dermis is a vascular and hydrophilic layer and has strongly connected to the

epidermis through a basement membrane. This layer is much thicker than the

epidermis, and its thickness varies widely in different regions of the body (less than

1 mm thick on the eyelids but over 5 mm on the back) making up the remaining

90–95% of the total skin thickness. It is anatomically divided into two areas: a

superficial area nearby to the epidermis, called the papillary region, and a thicker

deeper region called the reticular area.

Fig. 10.2 Schematic

representation of the

epidermis: stratum corneum,

granular layer, spinous layer,

and basal layer
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Dermis consists of fibroblasts (which produce collagen, elastin, and gly-

cosaminoglycan), blood and lymph vessels, cells of the immune system, dermal

adipose cells, hair follicles, sweat glands, and sebaceous glands (Elewa et al. 2015).

10.2.3 Hypodermis or Subcutaneous Layer

The subcutaneous layer (It is also called hypodermis) lies below the dermis. It

consists of many cell types like fibroblasts, fat cells (adipocytes), and leukocytes,

also large blood vessels and nerve endings. Hypodermis plays important role in

storage of excessive fat, maintenance of body temperature, and providing protective

padding (Shahbuddin 2014).

10.2.4 Routes of Skin Penetration

There are two diffusional routes to penetrate into human skin: the transappendageal

and the transepidermal routes.

The transappendageal route comprises transport via hair follicles, sweat ducts,

and sebaceous glands. There is relatively small surface area (approximately less

than 0.1% of total surface) for this route and may be of some importance for ionic

molecules or large polar compounds. In addition, the relative surface area of the

shunts in different areas of the body may be various. For instance, in the scalp, the

density and size of hair follicles are much greater than in other location on the skin

such as on the back (Scharschmidt et al. 2015).

The transepidermal pathway is widely accepted to be the predominant pathway

for diffusion across the skin. This route can be defined as the pathway where

compounds permeate across the stratum corneum by using two different passages:

the transcellular and the intercellular (Ng and Lau 2015). The intercellular pathway

is generally regarded as the main route of permeation of most compounds in which

molecules diffuse through the continuous lipid matrix between the corneocytes.

In the transcellular route, drugs pass directly through the corneocytes and

interleaving lipids (Vitorino et al. 2015). Figure 10.3 presents two different

Fig. 10.3 Two transepidermal pathways for permeation across the stratum corneum: the

transcellular and the intercellular
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transepidermal routes. It is found that the transcellular routes are preferred by polar

drugs while nonpolar drugs mostly penetrate through the intercellular route.

10.3 Lipid-Based Nanocarriers

There are several lipid-based nanosystems investigated for skin drug delivery. In

this part of chapter, we briefly describe the nanocarriers and their advantages and

the next parts review the studies involved in treatment of skin diseases with

mentioned lipid-based formulations.

10.3.1 Liposomes

Liposomes, first described in the early 1960s, are vesicles in which a small aqueous

volume is surrounded by a bilayer membrane, mainly composed of phospholipids

and cholesterol. Cholesterol increases the mechanical strength of bilayer and may

increase the liposomes’ lifespan in the blood. Also, liposomes modified by PEG are

able to escape macrophage uptake and increase its blood circulation time (Vemuri

and Rhodes 1995; Garg and Goyal 2014; Veerapu et al. 2014).

Liposomes can be classified, based on their lamellarity and size, into multil-

amellar vesicles (MLV) that are 0.5–10 lm, small unilamellar vesicles (SUV) with

size less than 100 nm and large unilamellar vesicles (LUV) which are greater than

100 nm. In addition, several other classifications have been suggested for lipo-

somes, according to their charges, sensitivity to pH and temperature changes, blood

circulation time, bilayer rigidity, and nature and structure of their components

(Vemuri and Rhodes 1995; Veerapu et al. 2014).

Liposomes have found great potential for pharmacological (such as anticancer

and gene therapy), cosmetic, and food applications. They have been used for both

systemic and topical treatments. For instance, doxil, the first FDA approved

PEGylated liposomal formulation of doxorubicin, is routinely administered in

cancer therapy (Arias 2013).

Liposomes offer several advantages including biocompatibility, ability to

incorporate both hydrophilic and hydrophobic molecules and preventing the

degradation of the medicine in the physiological environment. Despite these

advantages, several problems such as low encapsulation efficiency, low stability,

and short circulation time have limited the development of liposomes (Vemuri and

Rhodes 1995; Arias 2013; Garg and Goyal 2014; Veerapu et al. 2014).
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10.3.2 Niosomes

Niosomes, non-ionic surfactant vesicles (NSVs) with ability to entrap both

hydrophilic and lipophilic drugs, first introduced by Handjani-Vila et al. in 1979.

Niosomes are composed of non-ionic surfactants that affect membrane permeability

and in many cases, and cholesterol or its derivatives. There are several advantages

of niosomes such as stability, ease of modification, and low toxicity (Moghassemi

and Hadjizadeh 2014; Schreier and Bouwstra 1994).

10.3.3 Ethosomes

Ethosomes were introduced for the first time in 1996 by Touitou for skin perme-

ation enhancement (Touitou 1996). Ethosomes consist of phospholipid, ethanol,

and water have been reported as efficient formulations for dermal and transdermal

drug delivery. Ethanol in the ethosomal formulation can soften ethosomal lipid

bilayers providing the better skin permeation by inducing disorder in the lipid

structure of the stratum corneum. In addition, net negative charge on the surface of

ethosomes allows them to be smaller than liposomes (Razavi and Janfaza 2015a).

Ethosomes offer several advantages including enhanced skin permeation,

physical stability, enhanced solubility, high drug-loading capacity, great flexibility.

However, ethosomes may cause skin irritation due to relatively high levels of

alcohol content (Ainbinder et al. 2010; Razavi and Janfaza 2015a).

10.3.4 Solid Lipid Nanoparticles (SLN)

The first generation of lipid nanoparticles, called solid lipid nanoparticles (SLN),

was developed in the 1990s. SLNs represent a promising colloidal system com-

posed of physiologically tolerated lipids with a melting point generally higher than

40 °C (to be solid at body temperature) as a solid core covered by non-toxic

surfactants that stabilize nanoparticles in dispersions.

SLNs have been showing potential success for several administration routes.

Since SLNs are colloidal systems, they offer several advantages including higher

surface-to-volume ratio, increased bioavailability, controlled release properties, and

improved pharmacokinetics. SLNs are found to be less toxic than polymer-based

nanoparticles. They can also be prepared without using organic solvents to be less

toxic. Reduction of dosing frequency and ability to be scaled up are other advan-

tages of these colloidal nanocarriers (Mehnert and Mäder 2001).

One main disadvantage of SLNs corresponds to their low drug-loading capacity.

The drug release kinetics from lipid matrix of SLNs, moreover, can be changed that

influences acceptance of them.
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10.3.5 Nanostructured Lipid Carriers (NLCs)

Nanostructured lipid carriers (NLCs) are drug delivery systems developed from

SLNs in late 1990s, to overcome their limitations mentioned above. NLCs are

composed of a mixture of a solid and a liquid lipid which results in increased

stability and drug loading. Two main advantages of NLCs and SLNs are the ability

of production in large-scale and without using any organic solvents.

Biocompatibility, biodegradability, and high drug loading, as well as passive and

active targeting, are other advantages of NLCs (Müller et al. 2002, 2007).

NLCs are widely investigated for chemotherapeutic drug delivery because of

their unique advantages. Almost all of NLCs have shown improved therapeutic

efficacy compared to free drugs.

10.3.6 Transfersomes

In 1992, highly deformable liposomes comprised of phospholipids and a

co-surfactant molecule, the so-called edge activator, were first introduced by Cevc

and Blume as transfersomes (TFs). Edge activator is a single chain surfactant such

as sodium cholate, Span 80, and sodium deoxycholate (SDS) that destabilizes the

lipid bilayers of the vesicles and increases bilayer deformability.

Lipid-to-surfactant ratio significantly affects the flexibility of the bilayer of

transfersomes. TFs can act as both drug carrier and penetration enhancer. They can

modify the SC intercellular lipid lamellae and facilitate the delivery of therapeutic

agents across the most important barrier for transdermal drug delivery. The extre-

mely flexible TFs are able to penetrate to pores with much smaller than their own

diameters. TFs are biocompatible and biodegradable. Nevertheless, there are

problems such as the lack of purity of natural phospholipids and influence of

hydrophobic drug loading on vesicle elasticity prohibit the practical applications of

TFs (Honeywell-Nguyen and Bouwstra 2005; Benson 2006).

10.4 Advantages of Lipid-Based Nanocarriers for Skin

Disease Treatment

Lipid-based nanocarriers have been considered as drug delivery systems for treat-

ment of skin diseases including fungal, bacterial, and inflammatory skin diseases as

well as skin cancer. Lipid-based systems possess many advantages for both topical

and systemic treatment of skin diseases.

Depending on the kind of skin disease, physicochemical properties of the drug,

and the employed administration route, a nanocarrier with desirable properties can

be used to deliver the therapeutic to the target cell or tissue. For instance, clinical
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application of several anticancer drugs for the systemic treatment of skin cancer is

limited by their high hydrophobicity. On the other hand, hydrophilic drugs usually

show poor skin penetration through dermal or transdermal delivery. Lipid-based

formulations, providing both hydrophilic and hydrophobic environments, can

entrap both hydrophilic and hydrophobic drugs to overcome this limitation. In this

section, we discuss which type of delivery systems should be used for a certain

therapeutic agent and administration route.

There are several factors such as mechanical action and perturbations of the skin

barrier that affects the penetration of chemicals through the skin. Like other tissues,

the surface of stratum corneum has a negative charge. So, positively charged for-

mulation can improve skin penetration because of an increased interaction with the

membrane. Also, studies have demonstrated that some penetration enhancers, e.g.,

dimethyl sulphoxide, propylene glycol or biologically active ligands like cell

penetrating peptides can translocate nanoparticles with their payload into deeper

skin layers.

Penetration enhancers can improve transport rate through the skin and subse-

quently increase systemic drug level, which is useful for transdermal drug delivery.

On the other hand, the aim of topical delivery systems is to release the drug locally

at therapeutic levels and entry of the drug into systemic circulation might lead to

unwanted side effects. Therefore, enhancing drug penetration may not improve

topical drug administration.

An important point regarding the low efficacy of traditional dermal drug delivery

systems is the failure of therapeutics to reach the site of action and stay there at a

sufficient concentration for a long time. The prolonged availability of drug in the

skin tissues is of utmost importance for topical drug delivery and offers great

potentials for treatment of skin diseases. The localized delivery of the therapeutics

using lipid-based nanoformulations can improve availability of the drug at the site

of action and prevents systemic absorption, reducing the dose required for treat-

ment, off-target effects, and dose-dependent side effects.

Moreover, there are many therapeutic agents that their clinical application in

systemic treatment is severely limited owing to their systemic toxicity. A number of

studies have demonstrated decreased toxicity of the drug-encapsulated lipid-based

formulations compared to free drug while maintaining or increasing drug efficacy.

In systemic delivery, passively or actively targeting is one of other important

advantages of the nanocargos for skin drug delivery. The surfaces of lipid-based

nanocarriers can be decorated with different ligands (e.g., antibodies, peptides,

aptamers, etc.) to target specific organs or tissues and control drug release in certain

areas. Targeting more than one pathway is possible by employing the multifunc-

tional nanocarriers, achieving synergistic effects and hence, increased therapeutic

efficacy. In addition, nano-sized systems modified by PEG or other modifications

can increase circulation time in the body upon systemic administration.

Drug uptake is an important factor influencing cellular sensitivity to drug. It is

well known that nanocarriers can enhance drug uptake by the target cells in the

skin, reducing the toxic effects of free drugs.
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Nanocarriers are able to protect their contents (small molecules or biothera-

peutics) from degradation and interaction with other molecules in the biological

environment; they also can prevent induction of immune response.

10.5 Skin Diseases

10.5.1 Inflammatory Skin Disease

Inflammatory skin diseases affect many people worldwide. Intensive research has

been carried out to investigate complex molecular and cellular processes involved

in inflammatory skin diseases. Inflammation is characterized by redness, swelling,

heat, and pain. Psoriasis and atopic dermatitis are among the most common

inflammatory skin diseases.

10.5.1.1 Psoriasis

Psoriasis is a highly prevalent chronic inflammatory skin disease which is associ-

ated with a significantly impaired quality of life and often accompanied by multiple

significant comorbidities such as psoriatic arthritis, obesity, depression, and car-

diovascular disease. Clinically, psoriasis is characterized by red scaling raised

plaques which are covered by a silvery scale. Disease severity depends on the

extent of the body surface area (BSA) affected by psoriasis. Psoriasis is started by

external factors including stress, infection, alcohol, drugs, and trauma in genetically

susceptible people and tends to be worst in individuals with a dysfunctional

immune system (Thielen et al. 2005; Parisi et al. 2013).

For such a chronic disease, long-term treatment is required. The primary aim of

psoriasis treatment is complete and rapidly clearance of the skin lesions and pre-

venting its recurrence.

Conventional treatments for psoriasis including topical or systemic therapies can

have serious adverse effects. Topical medications for psoriasis include corticos-

teroids (the most common), vitamin D derivatives, tazarotene, pimecrolimus,

anthralin, and tacrolimus. However, these treatments can have severe side effects in

the long term.

Traditional systemic therapies include methotrexate (MTX), retinoids, cyclos-

porine, and acitretin which may lead to various short-term and long-term side

effects and may not always provide sufficient improvement of the disease.

Recently, biological therapies such as infliximab, adalimumab, etanercept which

are inhibitors of tumor necrosis factor-a, T cells, and interleukin 12 and 23 have

shown to be efficient in the treatment. However, there are problems such as treat-

ment resistance, long-term tolerability, and high cost which limits their use.
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Psoriasis has many aspects and a complex immunopathogenesis involving both

innate immune systems including keratinocytes, dendritic cells, monocytes, neu-

trophils, macrophages, and endothelial cells and acquired immune systems namely

T lymphocytes. Cytokines, chemokines, and growth factors are released as a result

of interaction of both immunologic systems with each other (Thielen et al. 2005;

Parisi et al. 2013).

Advancement of medical research and technology and the better understanding

of the immunopathogenesis of psoriasis have led to the discovery and development

of pharmaceutical agents for treatment of moderate to severe psoriasis. Many

psoriasis treatments target the immune system. For instance, several of these

therapeutic strategies act through the IL-17 and IL-23 pathways or some target

intracellular signaling pathways such as phosphodiesterase-4 inhibitor and the

Janus kinase inhibitor.

Surveys have shown that despite progress in treatments, all therapeutic options

have limitations. Therefore, the development of new therapies is essential.

A number of lipid-based nanoformulations including liposomes, ethosomes, nio-

somes, NLCs, and SLN have been used for treatment of psoriasis.

Zhang and Smith (2011) reported the use of SLN carrying

betamethasone-17-valerate (BMV), a moderately potent corticosteroid, for pro-

longed and localized skin delivery. They reported that using the SLN the inflam-

matory site in epidermal or the upper layers of the skin can be targeted which leads

to decrease in toxicity and undesirable systemic side effects. In addition, these

changes in lipid composition can affect the drug delivery properties and fate of SLN

when applies on the skin. Therefore, SLN leads to achieve higher permeation,

controlled release, better therapeutic efficacy, targeting to a specific site, poor

systemic drug absorption, and lower toxicity.

Higher permeation, reduced doses of medication (Saraswat et al. 2002), and

higher skin permeation (Agarwal et al. 2001; Trotta et al. 2002; Ali et al. 2008)

have been achieved when liposomes were used as nanocarriers.

Niosomes presented a higher permeation and better efficacy (Guo et al. 2000).

For ethosomes, studies showed higher permeation and larger skin drug deposition

(Scognamiglio et al. 2013).

The use of NLCs led to a reduced skin irritation, better sustained release, PN106

improved therapeutic response, and reduced adverse effects (Agrawal et al. 2010).

The higher permeation of resveratrol through porcine skin in case of transfer-

somes was reported (Scognamiglio et al. 2013).

10.5.1.2 Atopic Dermatitis

Atopic dermatitis (AD), also known as eczema, is a common chronic skin disorder

affecting 15–30% of children and 2–10% of adults. The disease is characterized by

skin inflammation, edema, cutaneous physiological dysfunction, infiltration with

inflammatory cells and decreased antimicrobial responses that predispose the skin

to infections. The pathogenesis of AD is multifactorial, and the disease is caused by
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complex interactions between genetic and environmental factors (Simpson 2010;

Boguniewicz and Leung 2011).

The purpose of the traditional treatments is relieving the symptoms and pre-

venting worsening of the disease by eliminating the trigger factors. Classical

treatment of AD is based on hydrating topical emollients and anti-inflammatory

agents including topical glucocorticosteroids and topical calcineurin inhibitors.

Recent therapies focus on improving the skin barrier using topical emollients and

addressing the underlying causes of the inflammation.

In 2011, Jensen et al. evaluated the influence of SLN containing the corticos-

teroid betamethasone-17-valerate (BMV) on the penetration profile of the drug

substance into and across the skin and also reservoir effect in the barrier-impaired

skin. According to the results, SLN allows formation of a reservoir of drug

specifically in the stratum corneum and leads to increase in levels of drug in both

intact and diseased skin. A constant high concentration of BMV in the skin was

achieved when SLN was used compared to an ointment. Also, it is shown that the

permeability of the skin barrier can affect the penetration rate of a drug (Jensen et al.

2011).

Pople and Singh constructed a modified nanolipid carrier using lipophilic sol-

ubilizers for topical delivery in 2011. Increased encapsulation efficiency and

improved stability and skin localization were found for the nanolipid carrier (Pople

and Singh 2011).

The formulations of Pep-1 peptide-conjugated elastic liposomes (Pep1-EL)

containing taxifolin glycoside (TXG) was investigated for the treatment of AD. The

results showed increased skin permeation profile of the drug suggesting the

potential application for topical delivery of a wide variety of therapeutic agents

(Kang et al. 2010).

The tacrolimus loaded lipid nanoparticles (T-LN) have been developed for

atopic dermatitis treatment. Results exhibited a higher penetration of encapsulated

drugs into deeper skin layers where dendritic cells mainly reside. In addition, no

skin irritation was observed for the formulation (Pople and Singh 2010).

10.5.2 Fungal Disease

Therapy with drug-loaded nanocarriers can be promising especially in the case of

resistant fungal strains. Fungal skin diseases, also called mycoses, are caused by

fungi and among the most common infections worldwide, especially in the tropical

and subtropical areas. These infections can lead to substantial health problems in a

wide range of people. Mycoses can be broadly classified into superficial, subcu-

taneous, and systemic, depending on the site and extent of infection.

In superficial mycoses, mostly caused by dermatophytes, outermost layer of the

skin (epidermal stratum corneum) is infected with no inflammatory response in the

host. Subcutaneous mycoses are caused by fungi that penetrate into the subcuta-

neous tissues of the skin and triggering pathologic changes in the host. Systemic
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mycoses occur when pathogen has disseminated from the original site of infection

to another through bloodstream spread.

There are many antifungal drugs available for treatment of various fungal infec-

tions, some of them have undesirable side effects. Since fungi are eukaryotic cells,

with the biochemical similarity to human cells, it is difficult to design specific drugs

that can selectively target fungal cells without any side effects on the human body.

Fluconazole (FLZ) is a widely used triazole antifungal drug used to treat

Candida infections. Several studies have focused on encapsulation of FLZ into

lipid-based nanocarriers such as liposomes, ethosomes, and SLNs. Gupta and

coworkers develop FLZ-loaded liposomal and niosomal gel, providing a localized

and sustained delivery of FLZ for the treatment of cutaneous candidiasis.

Liposomes and niosomes (with the size of 0.348 and 0.326 nm and encapsulation

efficiency of 31.8 and 27.6, respectively) incorporated into carbopol gel showed

better antifungal activity, as compared to plain drug solution (Gupta et al. 2010). In

another study, an effective dermal delivery for FLZ based on ethosomal gel for-

mulation is reported (Verma and Pathak 2012).

Recently, FLZ-loaded SLNs composed of various lipid cores have been reported

as delivery system for the topical treatment of skin fungal infection. SLNs con-

sisting of compritol 888 ATO (CA) lipid could significantly improve the dermal

localization and cutaneous delivery of FLZ resulting in better antifungal activity

(Gupta et al. 2013).

Voriconazole is another triazole antifungal agent which exhibit promising

activity against all Candida species including those strains that are

fluconazole-resistant. A promising vesicular carrier called transethosomes (TELs)

consisting of high ethanol concentration, and edge activator has been employed to

enhance skin permeation and delivery of voriconazole in the dermis/epidermis

region compared to control (Song et al. 2012a).

Econazole nitrate (EN) is a broad-spectrum topical antifungal agent that has

potential for the treatment of topical fungal infections caused by Candida albicans

and dermatophytes. Thanks to its improved therapeutic efficacy, better dispersity,

and good storage stability, a better antifungal activity has been achieved by using

the EN-loaded ethosomal gel formulation. The ethosomal system with vesicle size

of about 200 nm is capable of controlled releasing of EN in the deeper layers of the

skin (Verma and Pathak 2012).

Solid lipid nanoparticles loaded with eugenol, an effective antifungal agent, have

been used for treatment of fungal infections. According to the results, eugenol-SLN

can provide more than 100% encapsulation of eugenol and enhanced therapeutic

efficacy (Verma and Pathak 2012).

10.5.3 Skin Cancer

Skin cancer is considered as a major health problem worldwide. There are three

main types of skin cancer including basal cell carcinoma (BCC), squamous cell
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carcinoma (SCC), and melanoma. Melanoma, also known as “cutaneous mela-

noma” or “malignant melanoma,” begins in the melanocytes and is the most serious

form of skin cancer because of its potential for invasion and metastasis.

However, conventional therapeutic strategies are being developed for melanoma

including chemotherapy, immunotherapy and surgical resection, serious side

effects, and low efficacy associated with drug treatments are the most important

challenges in the treatment of melanoma.

Current therapies for melanoma focus on the targeted and combinatorial treat-

ments utilizing nanocarriers. Nano-sized liposomes have attracted considerable

interest as an attractive drug delivery system for the controlled delivery of thera-

peutics (e.g., hydrophobic and hydrophilic anticancer drugs, gene therapy, small

molecules, nucleic acid, peptides, etc.).

A number of studies have demonstrated decreased toxicity and increased anti-

tumour efficacy for anticancer therapeutics encapsulated in lipid-based

nanoformulations

Niosomal delivery system for 5-fluorouracil (5-FU) consisting of

a,x-hexadecyl-bis-(1-aza-18-crown-6), cholesterol, and Span 80® was investigated

on SKMEL-28 (human melanoma skin cancer) and HaCaT (non-melanoma skin

cancer) cell lines. When using the niosomal system (size *200 nm), an

improvement of the cytotoxic effect and an improved percutaneous permeation of

the encapsulated drug were achieved compared to free drug (Paolino et al. 2008).

The in vivo and in vitro investigation of liposomal drug delivery system for four

types of synthetic glucocorticoids including budesonide disodium phosphate

(BUP), prednisolone phosphate (PLP) dexamethasone disodium phosphate (DXP),

and methylprednisolone disodium phosphate (MPLP) has been showed better tumor

growth inhibition and cytotoxic effects on melanoma cells in comparison with

controls (Banciu et al. 2008). It has been suggested that tumor angiogenesis inhi-

bition is the main cause of antitumor activity of liposomal glucocorticoids (Banciu

et al. 2006).

According to the study of liposome-encapsulated cisplatin cytotoxicity against

melanomas, the loading of cisplatin into liposomes composed of phos-

phatidylethanolamine greatly increases drug uptake by melanomas thus enhancing

the antitumor effects against melanomas (Hwang et al. 2007). The antitumor

activities of PEG-modified liposomal cytochalasin D, a well-known and potent

inhibitor of actin filament polymerization, have been investigated in B16 melanoma

cells. (Huang et al. 2012).

N,N,N-trimethylphytosphingosine-iodide (TMP) is an antitumor agent that can

suppress angiogenesis and metastasis by decreasing the expression of angiogenic

factors such as VEGF and MMP-2. Liposomal formulation of TMP leads to

effective anti-angiogenic and anti-metastatic activities on B16F10 murine mela-

noma cells (Song et al. 2012b). Cationic thermosensitive liposomes loaded with

doxorubicin (Dox) have also shown increased efficacy against tumor cells (Dicheva

et al. 2016).

260 S. Janfaza and S. Razavi



10.5.3.1 Tumor Targeting

Tumor targeting is an important issue in treatment of melanoma as well as other types

of cancer. Targeting of the fibroblast growth factor (FGF) receptor using FGF has

shown promise in treatment of C57BL/6 J mice bearing B16 melanoma with lipo-

somal Paclitaxel, a largely used a lipophilic antitumor agent. Using the nanocarrier

system, a prolonged circulation time in the bloodstream and a good accumulation of

drug in tumor tissues was obtained (Cai et al. 2012). Octreotide, as another targeting

ligand, has been used to construct targeted liposomal system leading to significant

accumulation of DOX, a widely prescribed anticancer drug, in the tumor site of B16

tumor-bearing mice (Sun et al. 2010). Also, it has been proved that liposomal DOX

targeted with N-acetyl-proline-histidine-serine-cysteine-asparagine-amide (Ac-

PHSCN-NH2) could efficiently transport therapeutic into the tumor cells, suppress

tumor growth and, and decreased drug toxicity, resulting in prolongation of the sur-

vival time of B16F10-bearing C57BL/6 mice (Dai et al. 2012).

Co-administration of tumor penetrating peptides like iRGD with modified

liposomes enhances the tumor penetration and antitumor efficacy of the drug-loaded

nanoformulation against melanoma (Deng et al. 2017).

Liposomal vincristine, a widely used chemotherapy drug for melanoma treat-

ment, conjugated to CD20 antibodies could selectively kill CD20+ melanoma

cancer initiating cells (Song et al. 2015). In Dicheva et al’s study, a specific uptake

of RGD-TSL by melanoma has been demonstrated for RGD-targeted thermosen-

sitive liposomes encapsulating Dox (Dicheva et al. 2015).

Topical photodynamic therapy (PDT) is a popular technique for the treatment of

non-melanoma skin cancers, which its performance is often limited by several

factors, such as penetration depth and the presence of pigment. 5-ALA is an agent

widely used in PDT. Using 5-ALA encapsulated in liposomes, enhanced penetra-

tion through the skin for the treatment of melanoma has been achieved (Lin et al.

2016).

10.5.3.2 Hybrid Nanosystems

The hybrid nanosystems containing various types of nanoparticles or QDs and

therapeutic agent present great opportunities to be explored as theranostic platforms

with the capability of synchronous therapeutic and diagnostic roles of cancer.

Functionalized quantum dots encapsulated in liposome have been exhibited

enhanced penetration and retention into 3D multicellular tumor spheroid cultures

from melanoma cells (B16F10) (Al‐Jamal et al. 2008).

Liposomes loaded with both cisplatin and QDs have demonstrated higher

cytotoxicity against melanomas compared to free cisplatin (Zhang et al. 2012).
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10.5.3.3 Nucleic Acid Delivery

Delivery of nucleic acid is a complex process widely used to turn on or off the

expression of a particular gene in target cells and has been proved to be a promising

approach for the treatment of variety of inherited and acquired diseases, such as

cancer and viral infections. Despite a large variety of carriers have been developed,

designing an ideal carrier for clinical application is still a challenge. For instance,

nucleic acid delivery by viruses is very effective but may associate with

immunogenicity and tumorigenicity.

Hence, development of safe and efficient carriers for the nucleic acid delivery

that survives the in vivo environment is a major research objective. Using

liposome-mediated nucleic acid delivery, a successful targeting of oncogenic targets

or pathways, as well as tumor suppressor genes, has been achieved.

Liposome encapsulation of nucleic acids has been shown as an effective method

for treatment of melanoma. Liposomes decorated with cyclic RGD

peptide-conjugated PEG, as lipid nanocarriers, have been efficiently used for sys-

temic and actively targeted siRNA delivery to the melanoma cells of

melanoma-bearing mice (Yonenaga et al. 2012).

Another study on systemic delivery of liposome-incorporated protease-activated

receptor-1 (PAR-1) siRNA demonstrated the ability to suppress growth and

metastasis of melanoma (Villares et al. 2008).

Polyinosinic-polycytidylic acid (PIC) is a synthetic analog of dsRNA, which has

been studied for antitumor immunotherapy. The growth of B16F10 melanoma can

be inhibited by treatment with a complex of PIC and cationic liposome (Fujimura

et al. 2006).

10.6 Conclusion

Lipids can be employed to construct nano-sized lipid-based systems such as lipo-

somes, niosomes, and solid lipid nanoparticles as promising means to overcome

typical drug delivery challenges. These safe and biocompatible nanocarriers pro-

vide much effective, specific and precise drug delivery systems, making them one

of the most promising delivery systems for treatment of skin diseases such as

melanoma and infections.

However, there are some challenges for treatment of skin disease using

nanocarriers that need to be addressed. With accelerating rate of researches and the

rapid progress in the field of nanomedicine, more and more achievements will be

expected in the future. Therefore, as mentioned in this chapter, there is enough

evidence to believe that lipid-based nanoformulations would bring hope for better

treatment of skin diseases.
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Chapter 11

Anti-Proliferative Activity of Curcumin

Loaded PLGA Nanoparticles for Prostate

Cancer

Md. Asad Khan, Salman Ahmad, Irfan Ahmad

and M. Moshahid A. Rizvi

Abstract Prostate cancer is the second leading cause of cancer in men in Western

countries. In 2017, in the USA, 161,360 new cases were estimated and 26,730

deaths occurred due to prostate cancer. Its management remains a great challenge

day to day in oncology. The growth of the prostate gland is driven by the androgen

receptor. Prostate tumors initially respond well to androgen-ablation therapy.

Inhibition of androgen receptor (AR) and b-catenin nuclear localization play

important role in prostate tumorigenesis. A hallmark of the signaling pathway is the

stabilization of the transcriptional co-activator b-catenin, which regulates expres-

sion of many genes implicated in cancer. Thus, advanced therapeutic strategies are

required to treat prostate cancer. Curcumin is a promising anticancer agent for

various cancer types. Curcumin-loaded PLGA nanoparticles is one of the drug

delivery systems for the treatment of prostate cancer. It is efficiently internalized in

prostate cancer cells and releases biologically active curcumin in cytosolic com-

partment of cells for effective therapeutic activity.

Keywords Curcumin � PLGA � Curcumin nanoparticles � Prostate cancer

Apoptosis

11.1 Introduction

Prostate cancer is the maximally identified most common cancer in men (particularly

Western men). The American Cancer Society, recent statistics, envisioned 161,360

new cases and 26,730 deaths due to prostate cancer at the USA in the year 2017. The

data are unexpectedly increasing with every passing year (Rebecca et al. 2017).
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Prostate cancer is 2–5 times higher in developed nations as compared with under

developing nations. The prostate cancers’ death rate has been declined due to better

therapy and surgical operation (Snyder et al. 2010). It is the main motive of this

cancer-associated deaths among men in North US and is the sixth most common

reason of cancer-related loss of existence in the world (Siegel et al. 2012). The

present-day therapy procedures are incredibly toxic to normal cells/tissues. Specially,

traditional chemotherapy effects in off targeting that would purpose intense harm to

rapidly dividing cells, and the patient frequently experiences organ toxicity (Niraula

and Tannock 2011). The growth of prostate gland is driven by the androgen receptor

(AR), prostate tumors to begin with respond well to androgen-ablation remedy.

Regrettably, the majority of tumors evolve from a hormone-sensitive to a

hormone-refractory form of the disease, that is, castration-resistant prostate cancer

[CRPC] (Scher et al. 2008). Inhibition of androgen receptor (AR) and b-catenin

nuclear localization play important roles in prostate tumorigenesis. The mechanism

involved in this variation consists of improved expression and balance of the

androgen receptor, activating mutations in this receptor that adjust its ligand speci-

ficity and modifications within the expression of transcriptional co-regulators of the

androgen receptor (Pienta and Bradley 2006). In addition, extracellular factors might

affect the activity of the androgen receptor, among which might be the Wnt proteins

(Takahashi et al. 2011). Deregulation ofWnt signal protein can cause numerous types

of cancer, including colon, liver, and skin cancers (Lai et al. 2009). A hallmark of the

Wnt protein signaling pathway is the stabilization of b-catenin and its nuclear

accumulation. b-catenin is also a critical component of cadherin cell adhesion com-

plexes (Heuberger and Birchmeier 2010) that is possible to be important for the

formation and characterization of the prostate gland (Takeichi 1991). b-catenin was

first linked to cancer through its association with adenomatous polyposis coli protein

(APC), a key tumor suppressor in colorectal cancer (Su et al. 1993). We also describe

the possible roles of the Wnt/b-catenin signaling pathway in prostate cancer and the

way this pathway will become activated and describe a number of the contradictory

reports approximately b-catenin localization in prostate tumor cells.We also show the

crosstalk among Wnt/b-catenin and androgen receptor signaling in prostate cancers

and a viable therapeutic application of medicine that targets Wnt/b-catenin signaling

cascades. The significance of the androgen receptor (AR) in prostate cancer

(Lonergan and Tindall 2011) and b-catenin serves as a transcriptional co-activator of

b-catenin and androgen receptor vice versa. However, the Wnt/b-catenin signaling

pathwaywill be proved a good therapeutic target for prostate cancer simplify sentence

for clarity Wnt/b-catenin inhibitors are probably another target to stop the emergence

of castration-resistant tumors throughout androgen-ablation therapy because tumor

cell proliferation will become maximum dependent on Wnt/b-catenin signaling

pathway. Prostate-specific membrane antigen (PSMA) is a type II transmembrane

glycoprotein that is negatively regulated via androgen. PSMA is notably over

expressed in androgen-independent prostate cancer (Israeli et al. 1994).

Increased PSMA expression in prostate cancers is associated with higher tumor grade

(Chang et al. 2001) and an excessive danger for disease progression as defined by

biochemical recurrence after radical prostatectomy (Ross et al. 2003). The
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prostate-specific antigen (PSA) screening has brought about a dramatic growth in the

identity of early localized prostate cancers. In regions of the world with much less

rigorous screening approach, high stage, and metastatic prostate cancers represent a

better percentage of latest cancer instances (Hofer et al. 2006). The disease is com-

monly monitored by the way of the prostate-specific antigen (PSA) test. Accordingly,

intervention to enhance the PSA level may help prevent prostate cancer.

A randomized, double-blind, controlled study evaluated the outcomes of curcumin on

serum PSA levels in men who underwent prostate biopsies due to accelerated PSA,

however, who had negative findings for prostate cancers. Participants had been

subdividedwith the aid of the reduce off of their baseline of PSA is 10 ng/ml.We have

been given a mixture of 100 mg of curcumin for six months. PSA values had been

evaluated before and six months after treatment. PSA level reduced in the patient with

PSA values more than 10 ng/ml among people who obtained supplementation con-

taining curcumin. These consequences indicated that curcumin should modulate

serum PSA level. We have observed that curcumin presumably suppress PSA level.

In this chapter, we have discussed the role of curcumin loaded PLGA

nanoparticles for the proliferation inhibition in prostate cancer and to disclose the

relevant factors related to the pharmacological activity of curcumin loaded

nanoparticles. In particular, we have discussed the in vitro loading capabilities and

release kinetics of our PLGA nanoformulation and drug local release inside the

cytoplasm of prostate cancer cells leading to a controlled inhibition of cell prolif-

eration induced by curcumin-triggered cycle arrest/apoptosis. We have also

revealed curcumin loaded PLGA nanoparticle formulation for improved targeting

AR/b-catenin to induce anticancer activity in prostate cancer.

11.2 Curcumin: A Potent Anti-Inflammatory

and Chemotherapeutic Agent

Anticancer herbal compounds are notably suitable for prostate cancer treatment

because of its high relative prevalence as well as longtime response (Cimino et al.

2012). Epidemiological reports indicate that natural polyphenol compounds have

been taken in daily diet to reduce the hazard and prevalence of various types of

cancer (Sinha et al. 2003). Herbal polyphenol compounds may also act as an

ancillary to the surgical operation, chemotherapy, and radiation (Anand et al. 2008a,

b). Curcumin is a natural anticancer phytochemical that has established the

high-quality therapeutic capability for various types of cancer especially for prostate

cancer (Aggarwal 2008; Khan et al. 2016; Seyed et al. 2017). Due to its

anti-inflammatory and anti-carcinogenic activities, it has also been extensively

studied in the area of cancer therapeutics. Curcumin has shown dose-dependent

chemopreventive and chemotherapeutic effects in a number of studies and

pre-clinical trials (Nardo et al. 2009; Khan et al. 2017). It is a member of the

curcuminoid own family been for hundreds of years in conventional drug treatments.

Curcumin was first proven to show the antibacterial interest in 1949 (Schraufstätter
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and Bernt 1949). It is an extraordinarily pleiotropic molecule. Turmeric Curcuma

longa L. rhizomes have been in use for a long time in Indian remedy in the diseases,

consisting of prostate and different common malignancies in humans (Nagaraju et al.

2012). It is mostly grown in the Indian subcontinent and tropical nations in Southeast

Asia. Curcumin is substantially studied natural compound due to its anticancer

activity via influencing a couple of signaling pathways in cancers (Chauhan et al.

2007; Yallapu et al. 2015). The therapeutic use of curcumin comes to be as early as

1748 in human disorder (Oppenheimer 1937). The safety, tolerability, and

non-toxicity of curcumin at excessive doses are well established by human scientific

trials. Chemically termed 1,7-bis (4-hydroxy-3-methoxyphenyl)-1,6-hepadiene-3,

5-dione, that is, typically known as curcumin. These medicinal properties are found

in rhizomes of turmeric that has been used as a spice and coloring agent in Indian

food, as well as a healing agent in conventional Indian medication. There are three

principal curcuminoids: curcumin (curcumin I, 75%); demethoxycurcumin (cur-

cumin II, 20%); and bisdemethoxycurcumin (curcumin III, 5%) (Anand et al. 2008a,

b). Since the last many years’ curcumin is known as an effective antioxidant,

anti-inflammatory, anti-atherosclerotic, anti-proliferative, anti-arthritic,

anti-metastatic, anti-angiogenic, antidiabetic, hepatoprotective, and anti-thrombotic

(Aggarwal and Sung 2009).

Curcumin exhibits cytotoxic effects in prostate cancer cells in a

concentration-dependent and time-dependent manner, and its activity was found to

be higher in prostate cancer infected cells (Prusty and Das 2005). Curcumin induces

significant changes in tumor-related proteins that are associated with cell metabo-

lism, cell cycle, and carcinogenicity in cancer cells (Madden et al. 2009).

Additionally, curcumin acts as a sensitizer for chemotherapy in prostate cancer. The

curcumin inhibits cell motility, induces apoptosis in prostate cancer and restores

tumor suppressor proteins. Some studies have shown that a trace amount of cur-

cumin was detected in the serum of humans when 4–12 g/day of CUR was

administered (Anand et al. 2007). Although curcumin has generated considerable

interest for its extensive physiological activities, its poor bioavailability restricts its

clinical translation. Several studies have also shown that it induces apoptosis in

oncogenic cells by inhibiting diverse intracellular transcription factors and sec-

ondary messengers together with NF-kB, AP-1, c-Jun, the JAK-STAT pathway

(Aggarwal and Harikumar 2009). In spite of those advantages, curcumin possesses

poor water solubility and bioavailability, which makes it a class II drug inside the

Biopharmaceutics category system (Kasim et al. 2004). Moreover, due to its speedy

intestinal and hepatic metabolism, about 60–70% of an oral dose of curcumin gets

eliminated inside the feces (Pan et al. 1999). However, numerous reports have

indicated curcumin’s ability to modulate multiple cell signaling molecules consisting

of pro-inflammatory cytokines (tumor necrosis factor (TNF)-a, interleukin (I L)-1b,

I L-6), apoptotic proteins, NF–jB, cyclooxygenase (COX)-2, STAT3, IKKb,

endothelin-1, malondialdehyde (MDA), C-reactive protein (CRP), prostaglandin E2,

GST, PSA, VCAM1, glutathione (GSH), pepsinogen, phosphorylase kinase (PhK),

transferring receptor, total cholesterol, transforming growth factor (TGF)-b,

triglyceride, creatinine, HO−, antioxidants, AST, and ALT. Although curcumin has
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proven efficacy against numerous human ailments, poor bioavailability due to poor

absorption, speedy metabolism, and rapid systemic removal were proven to restrict

its therapeutic efficacy (Anand et al. 2007). The bioavailability of curcumin can be

improved with the aid of formulating with PLGA (poly lactic-co-glycolic acid)

polymer or PLGA with different polymers/copolymers. Curcumin is known for its

capacity to inhibit carcinogenesis induced by chemical carcinogens, both initiation

and development stages under numerous pre-clinical studies (Thangapazham et al.

2006). It is regarded to inhibit cytochrome P450 (CYP) enzyme-mediated

bio-activation of environmental carcinogens like benzo[a]pyrene (Singh et al. 1998).

11.3 PLGA (poly lactic-co-glycolic acid)

Nanoparticles (PLGA Nanoparticles)

Nowadays, nanoparticles which are used in nanomedicine have been gaining

popularity. Nanotechnology based drug transport systems have attracted the

potential to cure various types of cancer (Nishiyama and Kataoka 2006). This sort

of drug delivery method offers the sustained launch of the anticancer drug to goal

most of cancers cells and thereby avoids the exposure of normal cells. This tech-

nique can substantially enhance the healing as well as reducing drug-related fallout

outcomes and toxicity on regular normal cells (Torchilin, 2007). There are many

types of nanoparticle used in drug delivery systems, e.g., lipid nanoparticles,

nanomicelles, inclusion complexes, nanosuspensions, and liposomes (Zeng et al.

2013). Mainly, the PLGA-based polymer has been appreciably studied owing to its

high biocompatibility, biodegradable, non-toxic, non-immunogenic, and noncar-

cinogenic nature (Thamake et al. 2012). PLGA has shown enormous potential as a

drug delivery provider and as scaffolds for tissue engineering. It is FDA-permitted

biodegradable polymer, which can be physically strong and distinctly biocompat-

ible and was significantly studied as transport vehicles for drug, proteins, and

various different macromolecules inclusive of nucleic acid and proteins. PLGA

polymer is degraded in vivo, by both enzymatically or non-enzymatically, to pro-

vide biocompatible, toxicologically safe. (Ganju et al. 2014). The PLGA is more

often than not as a delivery automobile for numerous drugs, proteins, and different

macromolecules not only in business use but also in research purposes. The change

in PLGA properties to effect the influences the biodegradation and releasing rates of

incorporated drug molecules. PLGA physical properties themselves have been

effected by multiple factors, such as preliminary molecular weight, the ratio of

lactide to glycolide, the dimensions of the device, exposure to water (surface

shape), and storage temperature (Houchin and Topp 2009). The mechanical potency

of the PLGA is affected from physical properties inclusive of molecular weight and

polydispersity index. These properties additionally affect the ability to be formu-

lated as a drug shipping device and may manage the tool degradation rate and

hydrolysis (Passerini and Craig, 2001). Although PLGA has been proven to be
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extraordinarily safe as a material for macroscopic and microparticle systems, pre-

cise concerns may stand up when the usage of nanoscale applications.

11.4 Curcumin Loaded PLGA Nanoparticles

Curcumin-encapsulated PLGA nanoparticles have been efficiently synthesized with

the aid of solvent evaporation technique. Curcumin showed less free-radical

scavenging activity than curcumin loaded PLGA nanoparticles (CLPNPs). The

antioxidant properties do not change with the long-term storage of the curcumin

loaded PLGA nanoparticles. Our chapter emphasized on the generated antibody

conjugation well-matched curcumin loaded PLGA nanoparticle for progressed

targeting (androgen receptor) AR/b-catenin to induce anticancer activity in prostate

cancer. In this chapter, we targeted CLPNPs for prostate cancer cell lines. The

feasibility of focused on prostate cancer cells was previously characterized CLPNPs

nanoformulation (Yallapu et al. 2010). PLGA-loaded drug nanoparticles

(NPs) formulations are known to enhance the therapeutic index in cancers and

reduce morbidity and mortality. The localization and accumulation of drug-loaded

NPs within tumors in addition to within cancer cells can considerably improve drug

activity (Shekhar 2009; Ray et al. 2016). CLPNPs can correctly internalize and

release curcumin in prostate cancer cells (Fig. 11.1). Our synthesized curcumin

loaded PLGA nanoparticles potently promoted cell death in prostate cancers cells

via inducing PARP (poly ADP ribose polymerase) cleavage and down-regulation of

anti-apoptotic proteins including Bcl-xL and Mcl-1. Cleaved PARP is a key arbi-

trator of apoptosis which commonly is resulting from activation of Caspase-3 and 7.

Mcl-1/Bcl-xL down-regulation is related to suppression of platelet-derived growth

factor (PDGF) and b-catenin transcription factors. We also revealed that CLPNPs

inhibit nuclear b-catenin and AR expression. b-catenin is a multifunctional protein

that performs an essential role in oncogenesis. Deregulation of b-catenin has been

associated with accelerated AR activation (Wang et al. 2008) and development of

many forms of cancers, consisting of prostate cancer. Additionally, CLPNPs

up-regulates PKD1 (Yallapu et al. 2014) which is thought to inhibit nuclear

b-catenin and AR expression (Mak et al. 2008). Curcumin is concerned in regu-

lating STAT3 and Akt pathways in prostate cancers (Yallapu et al. 2010). As a

result, it’s essential to be aware that lowering dose of curcumin to inhibit STAT3

and Akt phosphorylation activity without altering its characteristic could benefit the

treatments of cancers.
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11.5 Role of Curcumin Loaded PLGA Nanoparticles

in Prostate Cancer

Inadequate cell internalization of curcumin or curcumin loaded PLGA nanoparticles

lead to suboptimal intracellular drug attention, much less powerful cancer remedy

and the capability for drug resistance. However, it should be decided that the

internalization efficiency of curcumin from CLPNPs in prostate cancers cells

(Yallapu et al. 2014) and CLPNPs was successfully internalized in a

time-dependent manner. The mean particles size of Curcumin loaded PLGA

nanoparticle (CLPNPs) was revealed by dynamic light scattering (Fig. 11.1a).

Fig. 11.1 Curcumin loaded PLGA nanoparticles (CLPNPs) improves internalization, accumula-

tion, retention, and alters cellular structure in prostate cancers cells: a The particle length of

CLPNPs by means of dynamic light scattering and transmission electron microscopy (TEM),

b CLPNPs internalize in a time depending manner in DU145 cancer cells, c CLPNPs accumulation

depends on a type of prostate cancer cells. Prostate cancers cells (1 � 105) have been treated with

10 µm of curcumin and equal amount of curcumin loaded in CLPNPs imaged under TEM,

d CLPNPs showed cellular uptake and retention as compared to curcumin, in prostate cancer cells.

Cells (2 � 107) had been treated with 5 µm curcumin or equivalent CLPNPs, on day 1, 2, and 4,

cells were to determine the fluorescence stages in FL1 channel (488 excitations, Blue laser,

530 ± 15 nm, FITC/GFP), and e CLPNPs efficaciously alters cellular structures and induces

vacuoles in prostate cancer cells. Prostate cancer cells (1 � 105) had been treated with 20 µm

curcumin or equivalent CLPNPs, cellular systems and lysosomal activity (vacuoles formation)

became imaged the use of TEM (Yallapu et al. 2014)
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However the time-dependent interval after 1 h, there has been an extensive wide

range of NPs penetrate within membrane vesicles and by 3 h, NPs have been

completely internalized into the cells (blue arrows). After 18 h interval, NPs were

positioned close to the nucleus (Fig. 11.1b, blue arrows). Furthermore, the strong

internalization and distribution of NPs are probably an aggregate of

clathrin-mediated endocytosis and phagocytosis (Iversen et al. 2011). This obser-

vation confirms that early time points play a key function in transporting NPs into

cancer cells (Mo et al. 2012). Endocytosed nanoformulations can escape from the

endosome, localize in cytoplasm/cytosol and become distributed across the nucleus.

Drugs released from the NPs will possibly set off superior cytotoxicity/therapeutic

effects (Thomas et al. 2009). The uptake of curcumin from CLPNPs via cytometry

showed clear cellular localization at the 18 h time intervals. The extent of endo-

cytosis of CLPNPs demonstrated in prostate cancers (Fig. 11.1c, blue arrows). The

feasible differences inside the mechanism of internalization of CLPNPs inside the

three tested prostate cancers cell lines may be due to the presence of diverse lipid

membranes on their surfaces. In addition to internalization, long-term accumulation,

and retention are likewise essential to improve the therapeutic efficacy of cancer

drug. Many cancer drugs fail to reach effective doses inside cells because of speedy

degradation or cellular export. To assess the CLPNPs in this regard, the retention of

free curcumin and CLPNPs at day 1, 2, and 4 with the aid of showing with the flow

cytometry (Fig. 11.1d). In this chapter, we have shown CLPNPs exhibited better

accumulation and retention at each time intervals in comparison with free curcumin

in DU-145 cells that exhibited the best level of accumulation, which peaked at day

2 and was considerably decrease at day 4. C4-2 cells had a gradual increase from

day 1 to day 2 and remained surprisingly similar at day 4. PC-3 had less retention of

both free curcumin and CLPNPs, with a height accumulation at day 2 due to the

exceptional cellular level of nanocurcumin. The therapeutic response can be dif-

ferent at different cancers. The TEM data showed a large and sizable production of

vacuoles changed in both C4-2 and DU-145 cancers cells (Fig. 11.1e, red arrows).

These cells also showed excessive lysosomal activity that probably arose from

destabilization of lysosomal membranes which cause cell dying/apoptosis indica-

tors (Tahara et al. 2012). It is also exciting to be aware that all the vacuoles have

been positioned around the periphery of the nucleus wherein internalized NPs can

launch bioactive curcumin (Aoki et al. 2007). The stability of CLPNPs in prostate

cancer cells resulted in protrusion of cellular membrane and disrupted cytoskeleton

by inducing vacuoles inside the cellular body (Mohan et al. 2012). Free curcumin is

not able to induce this kind of vacuolization in prostate cancers cells like CLPNPs.

Inhibition of androgen receptor (AR) and b-catenin nuclear localization play

important roles in prostate tumorigenesis (Kypta and Waxman 2012). AR binds to

b-catenin directly to stimulate AR-mediated gene transcription (Song and Gelmann

2005), and importantly, the AR gene itself is a transcriptional target of b-catenin

(Yang et al. 2006). Furthermore, enhanced cross-reaction between AR and

b-catenin has been revealed in in vivo models. Therefore, inhibitors of nuclear AR

and b-catenin act as oncogenes in prostate cancer. In this chapter, the generated

antibody conjugation compatible of curcumin loaded PLGA nanoparticle
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formulation for improved targeting AR/b-catenin to induce anticancer activity in

prostate cancer.

11.6 Conclusions

The aim of cancer treatment is to inhibit proliferation of cancer cells without any

damage to healthy cells. However, the target of a specific drug to specific sites in

the host to achieve ideal therapeutic effects needs improvement. The nano-drug

delivery systems have emerged as a potential alternative for minimizing previously

raised obstacles to efficiently target several cancer cell types because they have

shown several promising characteristics, including optimal solubility, biodegrad-

able, and anti-tumor effects, which are not available with traditional chemotherapy.

However, the curcumin loaded PLGA nanoparticles efficiently inhibit the growth of

prostate cancer cells in vitro. This was achieved through lysosomal activity,

apoptosis, and inhibition of androgen receptor. Extracellular factors might affect the

activity of the androgen receptor, among which might be the Wnt proteins and

deregulation of Wnt signaling pathway that can cause cancer. Wnt/b-catenin sig-

naling pathway will prove to be a good therapeutic target for prostate cancer.

Hence, in the near future, oncologists and patients will benefit from suitable

nanotechnology-based drug delivery systems that could lead to improved thera-

peutic outcomes with reduced costs. Further studies are needed to turn concepts of

nanotechnology into practical applications and to elucidate correct drug doses and

ideal release from these systems for the treatment of prostate cancers with different

molecular and cellular mechanisms.
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Chapter 12

Nanotechnological Interventions for Drug

Delivery in Eye Diseases

Avinash P. Ingle, Priti Paralikar, Alex Grupenmacher,

Felipe Hering Padovani, Marilia Trindade Ferrer, Mahendra Rai

and Monica Alves

Abstract Ocular diseases including various anterior and posterior segment dis-

eases are considered as the major cause of blindness all over the world. However,

efficient delivery of ocular drugs is always a great challenge to researchers and

ophthalmologists due to the complex structure and physiology of the eye. The

conventional treatment strategies comprising eye drops, injections, and implants

may be insufficient in some cases and have severe side effects and/or low

bioavailability. In this context, nanotechnology as novel and emerging technology

can play important role in development of potential and highly specific strategies

for ocular disease treatments. Different nanomaterials-based drug delivery will be

useful in overcoming the ocular barriers and control release of drugs. In this

chapter, we have discussed various anterior and posterior segment diseases of eye

and also focused on the recent advancement in nanomaterial-based systems for

efficient drug delivery in various ocular diseases.

Keywords Ocular diseases � Anterior segment � Posterior segment

Eye � Nanomaterials � Drug delivery

12.1 Introduction

Eye (ocular) diseases are among those which have direct impact on human vision

and quality of life. A survey carried out in 39 different countries estimated that

about 285 million people suffer visual impairment. Of these, about 39 million

people are supposed to become blind and about 246 million have suffered from low
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vision, labeled as moderate and severe visual impairment (WHO 2015; Weng et al.

2017). It was mentioned in the report of WHO that there are major differences in

pattern of blindness and prevalence in different countries as far as epidemiology is

concerned. However, the social and economic policies of each country concerning

exposure due to risk factors and the availability of preventive and curative services

are the important reasons for potential ocular diseases (WHO 2010). Low-income

countries such as South America, India, Central China, and Africa are the most

affected due to ocular diseases, out of total affected population, about 90% of

people live in these regions. Moreover, the prevalence of blindness in low-income

countries is 1%, whereas high-income countries like Western Europe and North

America have only 0.2% prevalence of blindness (Foster and Resnikoff 2005). In

addition, it was observed that gender and age are the important factors in the

context of ocular diseases. According to the reports of WHO, 65% of visual

impaired and 82% of blind people are above 50 years or older (WHO 2015);

moreover, the high prevalence of ocular diseases (64%) was reported in females as

compared to men (WHO 2010). Pascolini and Mariotti (2012) reviewed that

uncorrected refractive errors and cataracts are the foremost causes of visual

impairment around the globe which accounts for about 43 and 33%, respectively.

Generally, both of these conditions can be prevented and cured with the help of

existing treatment strategies. In addition to these visual impaired conditions,glau-

coma accounts for 2% and other causes, other conditions such as diabetic

retinopathy, corneal opacities, and trachoma 1% each. However, in 18% of the

cases, causes of disease are unknown.

The anatomy and structure of eye are very complex, and it is divided into two

parts, i.e., anterior segment and posterior segment of eye; the portion front to the

lens is called as anterior segment, whereas the portion behind the lens of the eye is

referred to as the posterior segment. The anterior segment of the eye consists of

cornea, pupil, iris, ciliary body, conjunctiva, anterior chamber, lens, and aqueous

humor; moreover, the posterior segment of the eye contains vitreous humor, sclera,

choroid, and retina (Janagam et al. 2017). Figure 12.1 shows the anatomy of eye

with different parts of anterior and posterior segments. Based on these classifica-

tions, mainly all the ocular diseases are also grouped into anterior segment and

posterior segment diseases. Among these, anterior segment diseases are the fore-

most causes of ocular disorders. These conditions commonly include dry eye

conditions, ocular infections, inflammatory reactions, hereditary disorders, cataract,

and various types of traumas (Romero et al. 2014). In the present chapter, important

disorders of both anterior and posterior segments have been discussed.

Although a significant progress has been made in the discovery of various

pathological diagnostic methods and treatment strategies including drug delivery

techniques for the management of different ocular diseases, the development of safe

and effective treatment for ocular diseases has remained a global myth (Madni et al.

2017). The most important reasons behind the inefficiency and low specificity of

existing diagnostic tests and treatment approaches include the special physiological

barriers and anatomical complex structure of the human eye (Weng et al. 2017).
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Hence, the development of efficient and highly specific diagnostic tests and ther-

apeutic treatment strategies involving ocular drug delivery system for both anterior

and posterior ocular diseases is receiving great attention. According to Liu et al.

(2012), an ideal ocular drug delivery system should possess key properties,

including (i) a controlled and sustained release profile to maintain therapeutic

concentration of the drug for a prolonged period of time to reduce the frequency of

administration; (ii) specific targeting and prolonged retention in the diseased tissues

to improve therapeutic efficiency and mitigate side effects; and (iii) patient-friendly

delivery routes that minimize side-effects.

In this context, nanomaterial-mediated ocular drug delivery systems appear to be

the most promising tool to meet the primary requirements of an ideal ocular

delivery system. The small size of nanomaterials facilitates the enhanced diffusion

across the membranes like corneal epithelium. Some of the studies performed in the

past reported that the use of such nanomaterials via topical administration improved

the corneal permeability of drugs. In addition, the high surface-area-to-volume ratio

of nanomaterials shows improved interaction with the outer mucous membrane of

the corneal surface which prolongs the retention of the topically administered drug

(Nagarwal et al. 2009; Wadhwa et al. 2009; Zarbin et al. 2010). The recent

advancement in development of nanomaterial-based ocular drug delivery systems

may not only serve to enhance the delivery of drugs to the ocular surface, but also

provide new possibilities of effectively delivering therapeutic agents to intraocular

tissues such as the retina or choroid, using potential delivery methods (Liu et al.

2012).

The main aim of this chapter is to focus on the various anterior segment and

posterior segment ocular disorders and their management using novel and emerging

nanotechnological approaches to overcome the limitations of conventional treat-

ment strategies. The recent advancement concerning the use of various nanoma-

terials, such as liposomes, dendrimers, polymeric micelles, hydrogels, niosomes,

and nanoparticles as ocular drug delivery systems, has been also focused.

Fig. 12.1 Anatomy of eye with different parts of anterior and posterior segments
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12.2 Types of Ocular Diseases

As discussed earlier, ocular diseases have been categorized into two types. The

diseases of the anterior segment of the human eye generally include corneal

infections and disorders like pterygium, Fuchs’ dystrophy, dry eyes, corneal neo-

vascularization, autoimmune disorders, e.g., cataracts (Romero et al. 2014).

However, other types of diseases are referred to as disorders of the posterior seg-

ment such as glaucoma, cytomegalovirus retinitis (CMV), age-related macular

degeneration (Subhi and Sørensen 2017), diabetic retinopathy (DR), retinitis pig-

mentosa (RP), proliferative vitreoretinopathy (PVR), and uveitis (Pato et al. 2011;

Sadaka and Giuliari 2012; Calderon et al. 2017; Levinson et al. 2017). Some of

these ocular disorders are discussed below.

12.2.1 Anterior Segment Diseases

12.2.1.1 Corneal Infections

Ocular infections are generally caused by bacteria, fungi, viruses, and rarely by

parasites (Azari and Barney 2013; Hemavathi and Shenoy 2014; Long et al. 2014).

Such infections affect the different structures in the eye surface, for example, from

the external as conjunctiva to the inner parts of the eye, as in the case of

endophthalmitis or uveitis. Among causative agents of corneal infection, bacteria

are predominant. Recently, it was reviewed that both Gram-positive and

Gram-negative bacteria can contribute about 32–74% of ocular infections globally

(Teweldemedhin et al. 2017). Among the Gram-positive bacteria, staphylococci

(Summaiya et al. 2012; Kaliamurthy et al. 2013; Amsalu et al. 2015), whereas

among Gram-negative bacteria Pseudomonas aeruginosa, Klebsiella pneumoniae,

and Escherichia coli are the leading agents of ocular infections (Idu and Odjimogho

2003; Rahimi et al. 2015). Bacteria are generally responsible for external ocular

infections, such as blepharitis, keratitis, dacryocystitis, and orbital cellulitis

(Fig. 12.2a).

Other causative agents of corneal infections are fungi. The infection caused by

fungi is referred to as fungal or mycotic keratitis and remains a challenge condition

due to the difficulties on drug delivery to infected deeper tissue. Keratitis is com-

monly defined as an inflammation of the cornea, which is considered as most

important refractive components of the eye. There are various forms of mycotic

keratitis, and Fig. 12.2b shows the nasal/superior corneal ulcer that caused fungal

infection with raised slough, irregular edges, and large hypopyon. It was claimed

that for the first time, mycotic keratitis was reported in Germany in the year 1879

caused by Aspergillus sp. (Shukla et al. 2008). The surface of epithelium layer

among the various layers of corneal membranes is the site of infection by fungus.

According to Gratieri et al. (2010), only 63 cases of mycotic keratitis were reported
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until 1951, but currently it is spread all over the world with continuous increase in

number of cases caused by different fungi. The geographic location and season are

the important conditions which decide distribution pattern of various causative

agents for mycotic keratitis. Thomas (2003) demonstrated that tropical and sub-

tropical regions are more sensitive as far as the incidence of mycotic keratitis is

concerned. The important fungal genera associated with mycotic keratitis include

Fusarium, which contributes for about 20–83.6% of total cases, followed by

Aspergillus spp. (16.5–75%) and Candida spp. (1–63%) (Shukla et al. 2008). In

addition to these, fungi like Penicillium, Curvularia, Alternaria, and Rhizopus are

also found to cause mycotic keratitis (Gratieri et al. 2010).

In addition to bacteria and fungi, viruses are found to cause corneal infection.

Viral keratitis is the most common type of anterior segment infection caused by

viruses, and it is highly contagious. This infection progresses with uncomfortable

clinical symptoms like red and/or painful eye, increased tear production, and dis-

comfort (Azari and Barney 2013) (Fig. 12.2c). Usually, all the above-mentioned

bacterial, fungal, and viral infections are treated topically with antibiotics,

Fig. 12.2 Anterior segment diseases of eye: (a) bacterial keratitis, (b) nasal/superior corneal ulcer

with raised slough, irregular edges, and large hypopyon, (c) viral conjunctivitis, (d) wing-shaped

growth of fibrovascular conjunctiva on to the nasal side of cornea, i.e., pterygium, (e) Fuchs’

dystrophy showing deterioration of epithelium cells, (f) dry eye disease, (g) corneal neovascu-

larization showing growth of new blood vessels in cornea, (h) cortical cataract showing

development of white, wedge-like opacities in the periphery of the lens. (All the pictures are

adapted from either free or open access articles; no requirement of copyright permission)
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antifungals, and antiviral agents, respectively. However, the efficacy of these

therapeutic agents is limited by the short residence time of the drugs in the ocular

surface.

12.2.1.2 Pterygium

Pterygium is one of the important ocular diseases generally characterized by the

wing-shaped growth of fibrovascular conjunctiva on the nasal side of cornea.

Actually, the term ‘pterygium’ has been given from Latinized version of the Greek

word ‘pterygion,’ meaning ‘small wing’ (Todorovic et al. 2016). It was claimed that

pterygium was for the first time described in 1000 BC by Sushruta. The prevalence

rate of pterygium varies in different parts of the world ranging from 1 to 25 percent.

However, it was proposed that the region between the latitudes 370 north and south

of the equator is the most disease-prone area, and hence, it is referred to as

‘pterygium belt.’ In India, the rate of prevalence of the disease is more in rural parts

of the country, which ranges from 9.5 to 13% (Bahuva and Rao 2014; http://www.

uptodate.com/contents/pterygium). The disease is more common in older men who

are generally exposed to ultraviolet radiation. The pooled prevalence of recent

meta-analyses was found to be 10, 2% (95% CI 6.3% to 16.1%; I2 = 49.9%, Q = 1.

00; p < 0.001) in the overall population (Liu et al. 2013). Pterygium symptoms

include irritation, itching, photophobia, tearing, and foreign body sensation, but are

highly variable, mainly depending on the severity (Twelker et al. 2000). Many

patients are asymptomatic and usually concerned about the aesthetic appearance.

It is a condition that has some tumorlike features, including p53 gene expression,

ultraviolet radiation as the main risk factor, frequent recurrence following resection,

low levels of cellular apoptosis, and common treatment modalities such as

antimetabolites (Liang et al. 2011). As far as management is concerned, surgery

using a surgical blade is most common primary treatment of pterygium. Moreover,

some other approaches that include the use of argon laser treatment and anti-VEGF

(vascular endothelial growth factor) applications have been performed. Due to high

recurrence rate, adjuvant therapies like radiotherapy, chemotherapy, and graft

procedures are recommended after pterygium excision (Todorovic et al. 2016).

Figure 12.2d shows a wing-shaped growth of fibrovascular conjunctiva on to the

nasal side of cornea, i.e., pterygium.

12.2.1.3 Fuchs’ Dystrophy

Fuchs’ dystrophy is a disease of the cornea, which was for the first time described

by Austrian ophthalmologist Ernst Fuchs (Chu et al. 2017). It was reported that

Fuchs’ dystrophy affects about 4% of the population over the age of 40 and is the

most common genetic disorder of the corneal endothelium (Ołdak et al. 2015). The

disease occurs when inner cell layer in the cornea, the endothelium perish, as

loosing cells are not replaced the hability to keep corneal transparecy is
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consequently losen (Fig. 12.2e). The normal function of endothelial cells is to

pump fluid from the cornea to keep it clear. But the deterioration of these cells leads

to saturation of fluid, and the cornea gets swollen, puffy, and opacified. According

to eye specialist, the early symptoms of the diseases are observed when the people

are in their 30 s and 40 s, and it rarely affects vision until a person reaches their

50 s and 60 s (http://www.naturaleyecare.com/eye-conditions/fuchs-dystrophy).

Depending on the severity of the diseases, it is grouped into two stages: In the first

or early stage, symptoms are mild, e.g., hazy vision in the morning but later gets

better throughout the day. This is because eyes normally stay moist when they are

closed during sleep. But when patients are awake, the fluid dries normally (https://

www.aao.org/eye-health/diseases/what-is-fuchs-dystrophy). In the initial stage of

disease, hyperosmotic eye drops and eye drops without mercury compounds or

anticholinergics may be useful to preserve vision. However, in advanced stage,

surgery is recommended (Eghrari and Gottsch 2010).

12.2.1.4 Dry Eye Disease

Dry eye disease is a common ocular condition that generally occurs when there is

an insufficient production of tear components and/or increased tear evaporation due

to the fact that tear composition is not properly balanced. Tears are essentially

required for the normal lubrication of eyes and to wash away particles and debris. It

was estimated that the prevalence of the disease is ranging from 8 to 34%. It is

reported more common in older women as compared to men (http://www.bmj.com/

content/353/bmj.i2333). However, many factors such as dysfunction of meibomian

gland, allergies, pregnancy, Sjogren syndrome, deficiency of vitamin A, refractive

surgery, and certain medications such as antihistamines, antidepressants, and

antihypertensive and hormone replacement therapy are related to dry eye disease

(Kanellopoulos and Asimellis 2016). Apart from these, people who work long

hours at a computer are more likely to have dry eye, because they blink less often

increasing evaporative dry eye. Artificial tears and ocular lubricants are believed to

be effective mainstream treatment, and there is a wide range of these products

available, but often anti-inflammatory therapies and tears retention strategies are

also required. Severe cases associated with autoimmune condition, such as Sjogren

syndrome and graft-versus-host disease, can lead to devastating complications, such

as corneal ulcers and perforations (Fig. 12.2f).

12.2.1.5 Corneal Neovascularization (CNV)

Corneal neovascularization (CNV) is also one of the anterior segment diseases, and

it occurs due to the excessive ingrowth of new blood vessels into the cornea from

limbal vascular plexus (Fig. 12.2g). To act as a powerful lens in the ocular system,

it is crucial that the cornea keeps its features of transparency and absolute absence

of vessels. According to Chiang and Hemmati (2013), CNV is usually caused due
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to disturbance in the balance of angiogenic and antiangiogenic factors, which play

important role in maintaining corneal transparency. The invasion of immature new

blood vessels in cornea may lead to lipid exudation, persistent inflammation, and

scarring which further affect the corneal transparency and visual acuity. However ,

in case of severe stages of disease, the growth of blood vessels into the cornea and

visual axis may lead to permanent vision loss in patients with corneal grafts. It is

responsible for corneal rejection. The common treatment of CNV includes use of

anti-inflammatory drugs, anti-VEGF (vascular endothelial growth factor) agents,

MMP (mucous membrane pemphigoid) inhibitors, and in some cases, surgical

options like laser ablation, photodynamic therapy, and diathermy and cautery can

be preferred (Bhatti et al. 2010; Chang et al. 2012; Chiang and Hemmati 2013).

12.2.1.6 Cataracts (Autoimmune Disorders)

Cataract is the most important among the ocular diseases, and it is considered as

leading cause of blindness worldwide. The exact etiology and mechanism involved

in the formation of cataract formation are difficult to justify in most of the cases

(Sinha et al. 2009). It has been observed that cataract is the most common in people

over age 40, and it is the principal cause of blindness in such patients. Generally,

cataracts are divided into three different types as follows:

(i) Subcapsular cataract: It generally develops at the backside of the lens.

However, the diabetic patients or those taking high doses of steroid medi-

cations are at greater risk of developing this type of cataract.

(ii) Nuclear cataract: It occurs deep in the nucleus (central zone) of the lens. It

is usually associated with age factor.

iii) Cortical cataract: It is the formation of white, wedge-like opacities in the

periphery of the lens and later reached to the center in a spoke-like fashion (http://

www.allaboutvision.com/conditions/cataracts.htm) (Fig. 12.2h). Cataract can

easily be treated with the help of surgery, and it is considered as the most

common approach.

12.2.2 Posterior Segment Diseases

12.2.2.1 Glaucoma

Among all ocular diseases, glaucoma stands second most leading cause of blindness

all over the world after cataract; however, among posterior segment diseases,

glaucoma stands first. It is characterized by the damage of the optic nerve and thus

considered as an irreversible cause of blindness (Fig. 12.3a). It was estimated that

in 2002, cataract accounted for 47.8%, while glaucoma contributed for about 12.3%

of global blindness. In the year 2010, it was estimated that 60.5 million people in
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the world suffered from open-angle glaucoma (OAG) and angle-closure glaucoma

(ACG). However, it was predicted that by the year 2020, the number of patients will

rise to 79.6 million (Quigley and Broman 2006). Various factors such as intraocular

pressure, ischemia of the optic nerve, and the activation of oxidative stress-related

pathways are mostly responsible for glaucoma (Weinreb et al. 2014). The genetic

basis of glaucoma is not fully understood, but according to Yue (2011), genes like

myocilin or optineurin can be the potential targets for this disease. Glaucoma can be

treated with some medications and surgeries like laser surgery and microsurgery

(http://www.webmd.com/eye-health/glaucoma-eyes).

12.2.2.2 Cytomegalovirus (CMV) Retinitis

Cytomegalovirus retinitis (CMV retinitis), an example of posterior segment infection,

is caused by human cytomegalovirus (a double-stranded DNA virus) in immuno-

compromised patients. It is a type of opportunistic infection characterized by the

inflammation of the retina of the eye that can lead to blindness (Ning et al. 2017). It

was reported that people suffering from immunodeficiency syndrome (AIDS) are the

soft target of this virus. Stewart (2010) demonstrated that 25–42% of AIDS patients

having the pre-highly active antiretroviral therapy (HAART) suffer from CMV

retinitis. More loss of vision in these patients is due to macula-involving retinitis or

retinal detachment. The initial symptoms begin with blurred vision after few days of

infection. It may progress in the loss of peripheral (side) vision, or in some cases,

Fig. 12.3 Posterior segment diseases of eye: (a) glaucoma showing damage of the optic nerve,

(b) cytomegalovirus retinitis showing cotton wool spots (blind spot) in the center of vision,

(c) age-related macular degeneration showing the formation of large and intermediate drusen

(adapted from Ratnapriya and Chew 2013; an open access article, no permission required),

(d) nonproliferative diabetic retinopathy, (e) proliferative diabetic retinopathy [both (d) and

(e) adapted from Corcóstegui et al. 2017; an open access article, no permission required],

(f) retinitis pigmentosa showing spikey black spicules in retina, (g) proliferative vitreoretinopathy

showing retinal detachments, (h) anterior uveitis (inflammations of uvea) showing inflammation of

iris. [(a), (b), (f), (g), and (h) are adapted from open access articles, no requirement of copyright

permission]
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blind spot in the center of vision or cotton wool spots (Fig. 12.3b) develops which

leads to a loss of central vision. Failing to proper treatment or improvement in the

immune system, CMV retinitis destroys the retina and damages the optic nerve and

finally results in complete blindness (Stewart 2010; https://www.aao.org/eye-health/

diseases/what-is-cytomegalovirus-retinitis). As a part of treatment of CMV retinitis,

some medications such as oral valganciclovir, intravenous ganciclovir, foscarnet, and

cidofovir are considered efficient drugs. In addition, intravitreal injections (an

injection into the vitreous near the retina) of foscarnet in combination with oral

valganciclovir can be also recommended. However, some patients may progress to

retinal detachment requiring surgery (Stewart 2010).

12.2.2.3 Age-Related Macular Degeneration (AMD)

Age-related macular degeneration (AMD) is the most common cause of irreversible

vision loss in older populations particularly 55 years and above in developed

nations. The condition is characterized by the degenerative change of the central

area of the retina (macula), deterioration of photoreceptors, and accumulation of

lipid and proteins in retinal pigment epithelium caused by various environmental

and genetic factors. The diseases are broadly divided into ‘dry’ or ‘wet’ (neovas-

cular) AMD (Yonekawa et al. 2015; Horton and Guly 2017). Figure 12.3c shows

the formation of large and intermediate drusen (small white or yellowish deposits)

at intermediate stage of AMD (Ratnapriya and Chew 2013). Generally, medications

like antiangiogenic intravitreal drugs and oral vitamins supplementation are the

common treatment for AMD. In addition, laser, photodynamic, and submacular

therapies are also used. VEGF therapy is considered as most advance, effective

treatment, and it is widely used for neovascular AMD. VEGF is a secreted

endothelial-specific mitogen, which acts as a key regulator of angiogenesis and

vascular permeability (Ratnapriya and Chew 2013; Subhi and Sørensen 2017).

12.2.2.4 Diabetic Retinopathy (DR)

Diabetic retinopathy (DR) is one of the most important disorders of posterior

segment of the eye. It is a microvascular complication commonly observed in

diabetic patients (Calderon et al. 2017). DR is characterized by the damage of retina

by several ways including microaneurysms (swelling in the side of ocular blood

vessel), capillary nonperfusion (impairs the nutrition of the neuroglial tissues in the

retinal parenchyma), and ischemia (an inadequate blood supply) within the retina

(de Barros Garcia et al. 2017). There are two types of RD: One is called as

nonproliferative RD (Fig. 12.3d), which is early stage of disease; here, blood

vessels in the retina begin to leak which results in accumulation of fluid in the retina

leading to blurred vision. However, later disease is referred to as proliferative DR

(Fig. 12.3e); in this condition, the blood vessels in the retina close, and abnormal

blood vessels grow in their place leading to vision loss, detachment of the retina,
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and glaucoma (Corcóstegui et al. 2017). Intravitreous injections of anti-VEGF and

various surgeries like laser photocoagulation and panretinal photocoagulation are

useful to reduce the risk of vision in both kinds of DR (Solomon et al. 2017).

12.2.2.5 Retinitis Pigmentosa (RP)

Retinitis pigmentosa (RP) is a genetic disorder characterized by loss of photore-

ceptors in the retina and progressive permanent vision impairment. The vision

impairment occurs mainly due to the progressive degeneration of the rod pho-

toreceptor cells in the retina. It was estimated that around 1 million people

worldwide suffered from this disease. Moreover, the speed of vision loss varies

from person to person. The early symptoms of RP include night blindness and

peripheral visual field constriction. Whereas, as the disease progress to advanced

stages, just a small central tunnel of visual field remains or subsequently central

vision loss (Levinson et al. 2017). Unfortunately, yet there are no medications

available for the cure of RP, but the efficacy and safety of various prospective

treatments are currently being evaluated. The efficiency of various supplements,

such as vitamin A, DHA, and lutein, in delaying disease progression, was reported

(Hartong et al. 2006; Rayapudi et al. 2013). Figure 12.3f shows the spikey black

spicules formed in retina in case of RP.

12.2.2.6 Proliferative Vitreoretinopathy (PVR)

Proliferative vitreoretinopathy (PVR) is one of ocular diseases which considered as

major complication of rhegmatogenous retinal detachments ad DR (Fig. 12.3g). It

was reported that PVR occurs in about 10% of patients undergoing primary retinal

detachment surgery and prevents the successful surgical repair of rhegmatogenous

retinal detachment. It is responsible for about 75% of all primary surgical

failures (Pastor 2011). The treatment of PVR generally includes the use of

anti-inflammatory, antiproliferative, and antigrowth factor agents in general

(Sadaka and Giuliari 2012); however, corticosteroids, retinoic acid, daunorubicin,

etc., can be used as medications for PVR.

12.2.2.7 Inflammations of Uvea

It is commonly known as uveitis. It occurs due to the inflammation of the middle

layer of the eye (uvea) which consists of the iris, ciliary body, and choroid.

Depending on the inflammation that occurs in various parts of uvea, it is classified

into four types (http://www.allaboutvision.com/conditions/uveitis.htm) as given

below:
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(1) Anterior uveitis: It is characterized by the inflammation of the iris or both iris

and ciliary body (Fig. 12.3h) (http://www.westerneye.com.au/conditions-

procedures/uveitis)

(2) Intermediate uveitis: It is characterized by the inflammation of the ciliary

body.

(3) Posterior uveitis: It is characterized by the inflammation of the choroid.

(4) Diffuse uveitis: It is characterized by the inflammation of all areas of the uvea.

The common symptoms of uveitis include light sensitivity, decreased visual

acuity, eye pain, and red eyes. Usually, glucocorticoid steroids in the form of

topical eye drops (prednisolone acetate) or as oral therapy are found to be effective

in the treatment of uveitis (Pato et al. 2011).

12.3 Role of Nanosystems in Treatment of Ocular Diseases

Nanotechnology involves creation and utilization of systems and materials at

nanoscale. This field has been playing a crucial role in management of ocular

diseases. The nanosystems offer new future for the treatment of ocular diseases by

means of controlled release and improved bioavailability of drug leading to

enhancement of compatibility of ocular tissues (Liu et al. 2012; del Pozo-Rodríguez

et al. 2013; Rai et al. 2016). Many studies have been carried out on the use of

different nanomaterials for ocular drug delivery for management of ocular diseases

(Liu et al. 2012; Janagam et al. 2017; Weng et al. 2017). The major goals for

nanocarriers-mediated drug delivery include enhanced permeation of drug, con-

trolled release and bioavailability of drug, and surface modification of nanocarriers

with specific target moieties. Various nanosystems have been designed for the

treatment of ocular diseases. These systems are mainly made up from natural and

synthetic polymers; along with this, many colloidal systems such as liposomes,

dendrimers, micelles, hydrogels, niosomes, and nanoparticles were also used for

ocular drug delivery (Rai et al. 2016; Weng et al. 2017).

The various studies have reported the use of nanomaterials for ocular drug

delivery. Weng et al. (2017) highlighted nanotechnology-based strategies for the

treatment of ocular diseases such as corneal diseases, glaucoma, retina diseases, and

choroid diseases. Sharaf et al. (2014) reviewed recent advances in nanotechnology

therapeutic approaches in ophthalmology. Janagam et al. (2017) focused on the

development of nanoparticles for ocular drug delivery to the anterior segment of the

eye for improving penetration and bioavailability of drug. Sahoo et al. (2008)

provided an insight on application of various nanoparticulate systems such as

nanosuspension, nanoparticles, liposomes, dendrimers, nanoemulsions, cyclodex-

trins, niosomes in ocular drug delivery. Battaglia et al. (2016) have highlighted the

main ocular barriers to drug delivery, as well as the most common eye diseases

suitable for pharmacological treatment in which lipid nanoparticles have proved
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efficacious as alternative delivery systems. The various nanoparticulate systems

involved in ocular disease management are described below.

12.3.1 Liposomes

Liposomes are most widely used for delivery of drug and therapeutic agent to

ocular infection site. Liposomes are lipid vesicles spherical in shape, which consist

of inner aqueous layer enclosed by phospholipid bilayer. These are biocompatible

and biodegradable (Amin 2017). Due to biphasic nature, liposome can enclose

hydrophobic as well as hydrophilic drug molecules, and this unique property makes

liposomes an ideal candidate for ocular drug delivery system to both anterior and

posterior eye segments. Drug loading capacity of liposomes depends upon their

size, types of lipid used for preparation, physicochemical properties of drug

molecule and therapeutic agents (Mishra et al. 2011). Liposomes were reported to

have low antigenicity and almost no toxicity (Honda et al. 2013; Bozzuto and

Molinari 2015).

The numerous studies have been conducted on use of liposomes as drug delivery

vehicle for ocular diseases. Fluconazole-encapsulated liposomes showed more

efficacy on reproducible model of Candida keratitis in rabbits as compared to

fluconazole alone (Habib et al. 2010). In this study, rabbits were infected with

Candida albicans to produce Candida keratitis. In 21 days of experiment,

fluconazole-loaded liposomal formulation-treated rabbits showed complete healing

of Candida keratitis infection as compared to fluconazole solution by showing

prolonged antifungal action. The study concludes that fluconazole-loaded liposomal

formulation was found successful in eliminating C. albicans infection of the rabbit

cornea. In another study, poly(2-hydroxyethyl methacrylate) contact lenses

encapsulated with lidocaine-loaded dimyristoyl phosphatidylcholine liposomes

with 20 nm size showed sustained release of lidocaine for 8 days. Once positioned

in the ocular surface, the liposome-laden lens will slowly release the drug and

provide drug delivery for extended periods of time (Gulsen et al. 2005). Zhang et al.

(2009a, b) utilized cytochrome c-loaded cationic liposomes for the treatment of

selenite-induced cataract in rats. The study reported that liposomal encapsulation

efficiency increased with increase in phosphatidylcholine content, whereas encap-

sulation efficiency was found to be decreased in the presence of stearylamine.

Furthermore, satisfactory improvement was also observed in lens opacity in cyto-

chrome c-loaded cationic liposomes-treated group with minimizing cataract for-

mation. Jain and Shastri (2011) developed innovative drug delivery system

consisting of ciprofloxacin-loaded liposomes coated onto the surface of contact

lenses. Takashima et al. (2012) reported encapsulation of pDNA with liposomes for

effective gene delivery to posterior segment of the eye. The liposomes show high

pDNA encapsulation efficiency and good cellular uptake ability in human retinal

pigment epithelial cells.
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Recently, Sariano-Romani et al. (2017) studied the effect of anti-inflammatory

drug-loaded liposomal formulations on in vitro and ex vivo cell uptake on human

corneal epithelial cell. The study revealed that liposomes loaded with

anti-inflammatory drug showed well permeable efficiency through corneal epithelial

barriers and activated specific drug receptors, and reduced inflammatory cytokines

production in cultured human corneal epithelial cell. In addition, anti-inflammatory

drugs-loaded liposomal formulation incorporated in artificial tears can be useful for

the treatment of ocular surface disorders including inflammatory surface reactions.

Faber et al. (2017) developed si-RNA loaded liposomes for the treatment of

Acanthamoeba keratitis. The author reported that prepared formulation was found

to be effective for the treatment of ocular keratitis caused by Acanthamoeba

sp. Taha et al. (2014) formulated ciprofloxacin liposome formulation to enhance

bioavailability and ocular drug delivery. The authors’ findings revealed that the

application of resultant formulation improved ciprofloxacin bioavailability and

prolonged effect of drug in eye. The advantage of such formulations can enhance

the chances of drug penetration through cornea to inner tissues of eye. This lipo-

somal formulation has the ability to treat ocular surface diseases as well as internal

tissues in postoperational cases, if needed.

A few studies have reported the use of different coating materials on liposomes

to enhance pharmacokinetic properties. Bochot et al. (2002) formulated the

PEG-coated liposomes. This formulation was injected in vitreous humor, where the

liposome showed biodistribution and sustained release. The incorporation of

liposome-encapsulated PEG offers a targeted delivery to retina. Likewise,

chitosan-coated liposomes in the form of eye drops exhibit best corneal permeation

with increase in permeability. The modified liposome enhanced the penetration of

drug across ocular barriers in the eye (Sasaki et al. 2013). Another study used

intravenous injections of cationic liposomes encapsulated with paclitaxel to target

choroidal neovascularization. The resultant formulations showed significant effect

on reduction of choroidal neovascularization (Gross et al. 2013). Liposomes have

been proved to be an ideal candidate for ocular drug delivery because of its

improved precorneal retention, sustained drug release, and transcoroidal permeation

and hence used in both anterior and posterior segment conditions.

12.3.2 Dendrimers

Dendrimers are highly branched, three-dimensional, treelike nanostructured poly-

mer. Dendrimers have been exploited as drug delivery molecule, mostly because of

highly branched structure. The surface of dendrimers can be easily functionalized

with variety of other molecules for ocular drug delivery. Dendrimer can encapsulate

both hydrophilic and hydrophobic molecules (Madaan et al. 2014). They have been

explored as drug delivery system in ocular diseases, since owing to numerous

advantages as drug carrier. Conventional therapies for the treatment of ocular

disorders have various limitations such as short residence time, poor absorption,
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less penetration of drug into cornea, nonspecific behavior of drug. The dendrimers

have ability to overcome above problems leading to enhanced drug availability and

its controlled release.

Recently, Lancina et al. (2017) developed electrospun dendrimer-based fibers for

topical administration of therapeutic compound to eye. The authors worked on

dendrimer-based nanofiber for topical delivery of brimonidine tartrate drug to treat

glaucoma in rat model. Dendrimer-based nanofibers were observed for toxicity at

therapeutic level in ocular irritation in animal test. The study suggested that

dendrimer-based nanofibers are a viable alternative for efficient administration of

antiglaucoma drugs. Polypropylene imine dendrimer-dexamethasone gel can be

used as potential drug delivery platform for the treatment of corneal inflammation

(Soiberman et al. 2017). This novel subconjunctival injectable

dendrimer-dexamethasone gel can be a potential platform for the treatment of

inflammatory ocular surface disorders like dry eye, autoimmune keratitis, post-

surgical infections. Dendrimeric polyguanidilyated translocator has been investi-

gated for ophthalmic carrier for gatifloxacin drug for the treatment of conjunctivitis

(Durairaj et al. 2010). The study indicated that dendrimeric polyguanidilyated

translocators were found to form stable complex with gatifloxacin and enhance its

stability, which allows a potential in vivo delivery of gatifloxacin at targeted

infection site.

There are various applications of dendrimer in ocular delivery system.

Phosphorus-containing dendrimers were reported for topical delivery of carteolol

drug for the treatment of glaucoma (Spataro et al. 2010). The combination

improved corneal residence and reduced intraocular pressure and toxicity. Kang

et al. (2009) formed the carboplatin-loaded polyamidoamine dendrimer complex for

the treatment of retinoblastoma. The study indicated that carboplatin-loaded

polyamidoamine dendrimer complex not only crosses the sclera but also provides a

sustained effect on tumor vasculature for extended period of time. Likewise,

polyamidoamine dendrimer has been used as a topical delivery vehicle for pilo-

carpine nitrate and tropicamide for the treatment of mycosis and mydriasis

(Vandamme and Brobeck 2005). The hybrid of polyamidoamine dendrimer and

hydrogel of polylactic-co-glycolic acid nanoparticles were reported for delivery of

brimonidine and timolol maleate for glaucoma treatment in adult normotensive

Dutch-belted male rabbits (Yang et al. 2012). The formulation was found to be

nontoxic to human corneal epithelial cells. Furthermore, dendrimeric hydrogel does

not induce any ocular inflammation and enhanced drug bioavailability.

The more advanced vehicle for topical delivery of antiglaucoma drug acetazo-

lamide is poly (propylene imine) dendrimer (Mishra and Jain 2014). The resultant

formulations were reported to show reduced intraocular pressure when incorporated

in albino male rabbits. The polypropylene imine dendrimer can be a promising

ophthalmic drug carrier for delivery of acetazolamide in the treatment of glaucoma.
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12.3.3 Polymeric Micelles

Micelles are core-shelled structure nanoparticles, which are made up of lipid

molecules of amphipathic nature. It is one of the most commonly used nanopar-

ticulate system for ophthalmic drug delivery to both anterior and posterior eye

segments. Nanomicelles are self-assembled copolymer (Vadlapudi and Mitra 2013;

Vaishya et al. 2014). Nanomicelles help to solubilize hydrophobic and hydrophilic

drugs by entrapping the drug and serve as a drug carrier. It possesses an ability to

prevent degradation of drug, lowers adverse effects, increases drug bioavailability,

and improves drug penetration through ocular epithelial cells (Cholkar et al. 2012;

Lalu et al. 2017). Polymeric micelles have the ability to penetrate through cornea in

many topical formulations. The novel nanomicelles formulation with cyclosporine

can be used for the treatment of dry eye syndrome (Velagaleti et al. 2010).

Nanomicelles have been formulated to deliver different ocular drugs to posterior

segment of the eye (Patel et al. 2015). Mostly, di-block polymer, tri-block polymer,

graft and ionic copolymers have been used as polymeric micelles in drug delivery

systems (Vaishya et al. 2014).

Polymeric micelles are composed of copolymers of acrylic acid, vinyl pyrroli-

done, isopropylacrylamide and bisacrylamide. It has been reported in ocular drug

delivery systems with ketorolac encapsulation. The aqueous suspension of

ketorolac with polymeric micelles showed excised penetration, with no corneal

damage (Gupta et al. 2000). The in vitro permeability study was conducted using

dexamethasone-loaded micelles against primary culture of conjunctival and

epithelial cells of rabbit. The resultant formulation was found to show higher

bioavailability of drug at delivered site (Civiale et al. 2009). Plasmid DNA

encapsulated with nanomicelles is made up of polyion complex which was reported

to have effective DNA delivery in choroidal neovascularization (Iriyama et al.

2011). Likewise, Ideta et al. (2004) also reported the treatment of choroidal neo-

vascularization with FITC-P (Lys)-loaded polyion complex nanomicelles.

The various nanoformulation studies have designed to evaluate ocular drug

delivery using nanomicelles, some of them includes; dexamethasone-loaded

micelles in the form of eye drop for ocular inflammation (Rafie et al. 2010),

micelles composed of pluronic F 127 and cationic polyelectrolyte chitosan mixed

dexamethasone were reported for ocular hypertension with prolonged drug release

(Pepic et al. 2010), Di Tommaso et al. (2011) reported methooxy polyhexylsub-

stituted polylactides micelles formulation as novel nanocarriers for poor

water-soluble drugs. The study reported cyclosporine delivery to the eye and found

to be promising drug carrier for ocular diseases such as autoimmune uveitis and dry

eye syndrome. All these findings exemplify the potential of polymeric micelles as

an ophthalmic drug delivery system.
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12.3.4 Hydrogel

Hydrogels are water-soluble, crossed-linked, three-dimensional, polymeric net-

work. Hydrogel has been studied extensively in drug delivery due to their unique

properties like hydrophilicity, elasticity, flexibility. (Fathi et al. 2015). A number of

ocular drug delivery systems have been developed for prolonged therapeutic drug

concentration within eye, and among these, hydrogel seems to provide outstanding

outcome (Yasuda et al. 2006). Hybrid polymeric hydrogel with size range of 10–

70 nm has been investigated for the incorporation of various ophthalmic drugs

(Barbu et al. 2009). The aqueous suspension of hydrogel timolol complex showed

improved controlled release of drug as compared to pure timolol drug suspension in

human against ocular hypertension (Volotinen et al. 2009). Nepafenac encapsulated

hydrogel based on a nanostructured lipid carrier was designed by Yu et al. (2017).

This formulation has achieved enhanced transcorneal penetration and precorneal

retention.

12.3.5 Niosomes

Niosomes are comprised of amphiphilic nonionic surfactants, vesicle-like structure.

Niosomes are special type of liposomes, which can entrap hydrophilic as well as

hydrophobic drugs. Niosomes are biodegradable, biocompatible, chemically more

stable, less toxic due to nonionic nature of surfactant, have ability to improve drug

performance via good bioavailability, easy to handle, nonimmunogenic, and

because of these unique features, niosomes are mostly preferred for ocular drug

delivery system (Abdelbary and El-gendy 2008; Mahale et al. 2012; Abdelkader

et al. 2014).

Brimonidine tartrate encapsulated with niosomes was reported to have improved

drug delivery for the treatment of glaucoma by lowering intraocular pressure (Prabu

et al. 2008). Similarly, niosomes coated with chitosan were developed by Kaur et al.

(2010) for timolol maleate drug delivery for the treatment of glaucoma.

Niosomes-coated chitosan showed sustained delivery of timolol maleate as com-

pared to pure drug with prolonged corneal permeation. Niosomes were also

reported for topical delivery of prednisolone acetate for the treatment of ocular

inflammation in albino rabbits (Gaafar et al. 2014).

12.3.6 Nanoparticles

Nanoparticles are colloidal nanoscale carrier mainly comprised of lipids, proteins,

polymers. Nanocapsules and nanosphere are two main categories of nanoparticles.

The nanoparticulate drug delivery system has many advantages like prolonged drug
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release, high corneal penetration, and long distribution area with bioavailability of

active ingredients as compared to conventional systems (Ideta et al. 2004;

Baranowski et al. 2014; Pescina et al. 2015).

The drug-loaded nanoparticles possess many advantages over a conventional

drug delivery by targeting site-specific action and controlled drug release (Peng

et al. 2014). The nanoparticles involved in the treatment of ocular diseases as a drug

carrier are gold, silver, silica, polylactic-coglycolic acid, cerium oxide, chitosan

nanoparticles, etc. (Hung et al. 2010; Estevanato et al. 2011; Kim et al. 2011; Tang

et al. 2011; Muduli et al. 2014; Wang et al. 2016). Chitosan-based nanoparticles by

binding to negatively charged surface of cornea were reported to enhance residence

time of ketorolac tromethamine drug at targeted site (Fathalla et al. 2016). Chitosan

nanoparticles were also used to deliver naringenin, which is a poor water-soluble

drug to both anterior and posterior segments of the eye (Zhang et al. 2016). Another

study on fluconazole-loaded chitosan nanoparticles for ocular drug delivery was

reported by Santhi et al. (2017). The present study aimed to formulate chitosan

nanoparticles for sustained and controlled delivery of fluconazole drug for the

treatment of ocular infections.

Polylactic-coglycolic acid nanoparticles have attracted more attention in recent

years for topical delivery of different drugs by reducing dose frequency for ocular

disease treatment. The polylactic-coglycolic acid nanoparticles were utilized to

enhance intravitreal delivery of dexamethasone in rabbits (Zhang et al. 2009a, b).

Moreover, polylactic-coglycolic acid nanoparticles were reported for sustained

ocular drug delivery of sparfloxacin (Gupta et al. 2010) and levofloxacin (Gupta

et al. 2011). Hyaluronic acid-based nanoparticles have been formulated for

intravitreal delivery of ocular drugs to posterior segment of the eye (Koo et al.

2012).

Contact lenses are promising drug delivery tool for controlled and sustained

release of drug. ElShaer et al. (2016) developed PLGA (prednisolone-loaded

polylactic-co-glycolic acid) nanoparticles incorporated in contact lens for sustained

delivery of prednisolone for the treatment of ocular infection. Another study on the

assessment of silver nanoparticles-loaded contact lens was carried out by Bazzaz

et al. (2014). In this study, antibacterial effect of silver nanoparticles loaded in

contact lens on Staphylococcus aureus and P. aeruginosa was evaluated. Silver

nanoparticles-loaded contact lens was observed to inhibit the growth of tested

bacteria up to 72 h. Recently, Lachmapure et al. (2017) evaluated antifungal

activity of silver nanoparticles alone and in combination with antimycotic drugs,

ketoconazole, and amphotericin B against the mycotic keratitis causing fungi in

human. The study indicates that silver nanoparticles in combination with antimy-

cotic drugs showed remarkable inhibitory activity against isolated mycotic keratitis

fungi namely Aspergillus flavus, A. fumigatus, A. niger, Curvularia sp., and

Bipolaris sp. Similarly, Xu et al. (2013) also reported the in vitro activity of silver

nanoparticles against ocular pathogenic filamentous fungi.

Lipid nanoparticles are considered to be the most promising approach in ocular

drug delivery. Lipid nanoparticles like nanostructured lipid carrier (NLC) and solid

lipid nanoparticles (SLN) are widely employed for the treatment of ocular disorders
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such as ocular infection or inflammation, glaucoma, diseases related to posterior

segment of the eye (Sanchez-Lopez et al. 2017). NLC and SLN have wide range of

applications in ocular drug delivery. SLN-loaded triamcinolone acetonide and

sodium diclofenac drugs are used in the treatment of ocular inflammation (Attama

et al. 2008; Araujo et al. 2011). SLN-loaded tobramicine (Cavalli et al. 2002),

NLC-encapsulated azithromycin (Wu and Xia 2011), SM-SLN-loaded chloram-

phenicol (Hao et al. 2011) are used for the treatment of ocular bacterial infection.

The nanoemulsions of SLN with pilocarpine have been employed for the treatment

of glaucoma (Lutfi and Müzeyyen 2013); likewise, emulsions of SLN with timolol

and betaxolol hydrochloride have been also used for the treatment of glaucoma

(Attama et al. 2008). NLC-loaded mangiferin was formulated by Liu et al. (2012)

for the treatment of cataract. Mangiferin is most widely useful for cataract treatment

like antibacterial, anti-inflammatory. The combination of NLC and mangiferin

increases efficacy of drug in ocular diseases.

The use of various nanomaterials (Fig. 12.4) in the form of drug delivery system

offers relentless efforts to develop more effective and less destructive strategies for

the treatment of ocular diseases. The delivery of therapeutic agent with help of

nanoparticulate system facilitates bioavailability of drug, which increases thera-

peutic activity, reduces the need of frequent administration, and enhances absorp-

tion of drug across corneal membrane. In all, further studies on

nanomaterial-mediated ocular drug delivery in the field of ophthalmology will

enrich the future of nanomedicine.

Fig. 12.4 Different nanoparticulate systems used for ocular drug delivery
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12.4 Toxicological Issues

From the above-mentioned facts, it is confirmed that nanotechnology can be used as

exciting new platform for interpreting advances in the biomedicine to therapeutics

for eye disease. The unique properties of nanosize materials (nanomaterials) allowed

their applications in ocular drug delivery and gene therapy (Raju et al. 2011). On the

one hand, small size of nanomaterials facilitates their penetration across the various

barriers and highly controllable surface-area-to-volume ratios of nanoparticles per-

mit the sustained drug release. However, on the other hand, nanosize and high

surface-area-to-volume ratio of nanomaterials make them highly active, which

results into their interaction with the cells and subcellular organelles very rapidly and

effectively, which may lead to toxic effects (Mehra et al. 2016). Therefore, toxico-

logical studies on novel and potent nanomaterials involved in ocular drug delivery

are essentially required to perform. Looking toward the research published on tox-

icological issues of nanomaterials applied in ocular drug delivery, it was observed

that this area of research is not much studied as compared to the toxicity of nano-

materials used in other biomedical applications. Most of the studies on the assess-

ment of toxicity of nanomaterials showed no toxic effect. However, there are few

reports which postulated the different toxic effects of nanomaterials.

Although liposomes are biocompatible and biodegradable lipid assemblies

considered as promising drug delivery systems in ocular disease, Bochot and Fattal

(2012) demonstrated the possibilities of aggregation during storage of liposome

when colloidal stability is poor; however, it may cause blurred vision. In addition,

cationic surface charge of liposomes might be responsible for inducing inflamma-

tion. Yin et al. (2010) studied the toxicity of biodegradable and thermosensitive

poly(ethylene glycol)-poly(epsilon-caprolactone)-poly(ethylene glycol) hydrogel as

an in situ sustained ophthalmic drug delivery system, and it was reported that these

hydrogels showed slight corneal endothelial damage. Lu et al. (2013) observed the

generation of reactive oxygen species during the use of multi-walled carbon nan-

otube in ophthalmic application. Dendrimers are also considered as safe nanosys-

tems for the delivery of drug in eye diseases, but it was reported that cationic nature

of amine-terminated dendrimers increases permeability of epithelial membrane, and

the strong interactions with the negatively charged membrane may result in necrosis

and apoptosis (Mehra et al. 2016).

Moreover, Prow (2010) reviewed some toxicological studies of nanomaterials

used in eye diseases, and based on these studies, he has proposed that cellular

toxicity generally occurs through three main mechanisms. The first and most

common is generation of oxidative stress. Iron oxide nanoparticles are being

already used in a clinical setting, and iron favors oxygen radical formation.

Formation of reactive oxygen species affects most of the cellular functions (i.e.,

apoptosis, vacuole formation, bioenergetic disruption, intercellular communication,

etc.). Another mechanism involved the interaction of nanomaterials with cell

membrane leading to its disruption. However, the third mechanism is to cause local

inflammation.
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12.5 Conclusions

Ocular diseases are a major global concern responsible for blindness. Among all

ocular diseases, cataract from anterior segment disease and glaucoma from posterior

segment disease are the major contributors for blindness all over the world. The

delicate and complex anatomy of eye restricts the use of various treatment strategies

yet developed. Moreover, some of the existing therapeutic approaches have severe

adverse effects. Nanotechnology is considered as a path-breaking technology,

which is coming forward with a lot of hopes for many unrevealed things in science

especially in medicine, and it has been also scientifically proved in the last decade.

Recent studies on the role of nanotechnology in ophthalmology confirmed that

nanomaterials can be used for promising drug delivery systems, which will be

efficient, highly specific, and safe for the management of ocular diseases. Both

positive and negative effects of nanomaterials have been reported. Many ocular

conditions are chronic and potentially vision threatening, which demands long-term

treatments and patient’s compliance. Thus, incorporating nanoparticles in the

arsenal of chronic ocular treatment would increase drug efficacy and reduce adverse

reaction improving outcomes and bringing extraordinary advances in ophthalmol-

ogy. Three mechanisms of cellular toxicity are proposed; among these, generation

of reactive oxygen species resulting in oxidative stress is most common.

Considering these facts, various toxicities such as genotoxicity, cytotoxicity, and

neuronal toxicity of nanomaterials involved in ocular drug delivery need to be

extensively studied before routine applications of nanomaterials in treatment

strategies of ocular diseases.
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Chapter 13

Role of Nanoparticles in Treatment

of Human Parasites

M. E. Della Pepa, F. Martora, E. Finamore, M. Vitiello, M. Galdiero

and G. Franci

Abstract Nanobiotechnology is an important field with many new applications.

This opportunity has been greatly embraced by the medical research community in

the continuous search of novel opportunities for improving disease diagnosis, drug

design and delivery. Understanding the mechanisms of disease for the design of new

drugs is not enough, and unfortunately, infectious diseases continue to be a major

health burden worldwide. Since ancient times, metals and especially silver were

known for their antibacterial effects, but these days available methodologies allow the

further exploitation of metal in the form of nanoscale materials. Metal nanoparticles

are attracting much interest because of their potent antibacterial activity, but many

studies have also shown a meaningful activity of metal nanoparticles against viruses,

fungi and parasites. This chapter aims to summarize emerging efforts for the appli-

cation of metallic nanoparticles in the never-ending battle against parasitic diseases.

We have focused on four of the major parasitic diseases that afflict millions of people

worldwide, specifically malaria, leishmaniasis, trypanosomiasis and schistosomiasis.

The failure to respond to the increasing demand for effective antiparasitic drugs made

imperative to explore new avenues; therefore, metal and metal oxide nanoparticles

seem to represent an excellent therapeutic alternative.
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AK Arginine kinase
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AuNPs Gold NPs
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TiO2Ag-NPs Silver-doped titanium dioxide nanoparticles
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13.1 Introduction

Despite the extensive advancement in medical technology, parasitic diseases still

represent a tremendous threat for human health and life. Parasites are among the

earliest organisms existing in nature and are present throughout the world.

Although the most deleterious human diseases provoked by parasites manifest in

developing countries, they represent a thoughtful health risk in many developed

areas. These days increased vulnerability to infectious diseases is a mainstay of our

modern society where several factors have a profound effect. These factors include

a significant increase in international tourism, immigration policies, the interna-

tional trade of food products, the lack of public awareness and knowledge of

parasites, the increasing number of immunosuppressed and ageing people. In spite

of the never-stopping development of scientific knowledge in medical practice,

parasitic diseases are still to be considered a problem with its payload of disability,

death and distress. Parasites belong to two major taxonomic groups: protozoa and

helminths.

Protozoa are microscopic single-celled eukaryotes with size range from 2 to

100 µm. These are constituted by a membrane-bound nucleus and organelles. In

contrast, helminths are multicellular macroscopic organisms, generally worm-like

displaying rather complex tissues differentiation and organs with large diversity in

dimensions, from less than 1 mm to more than 1 m. Pathogenesis of human disease

due to parasites is highly variable and is affected by: (i) route of exposure;

(ii) presence of anatomical barriers; (iii) replication strategies; (iv) host cellular

damage; (v) life-stage of parasite; and (vi) interaction with host defences.

A single parasite has the capability to cause both acute and chronic infections

with incubation time that goes from months to years, or even illness with no

apparent signs or symptoms.

In this scenario, immunosuppressed individuals and those with acquired

immunodeficiency syndrome have higher risks of parasitic disease.

Although human parasites are endemic in the tropical and subtropical areas of

the planet, because of the new epidemiological scenarios due to migrations, climate

change and international travels, these phenomena are increasing even in those

countries considered non-endemic ones (Norman et al. 2010).

The size of global impact of parasitic infections is often underestimated and

under-perceived; however, literature data on the worldwide number of

parasite-associated disabilities and deaths are stunning. Each year there are hun-

dreds of millions of people infected with diseases-causing parasites, particularly in

tropical and subtropical regions of the world, resulting in an estimated one million

deaths (WHO 2013).

Despite the recent technological developments that have taken the discovery of

antiparasitic vaccines a step further towards their realization, pharmacological

treatment is still the only effective and relatively cheap strategy for parasitic
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diseases control. Due to limited research investments in these fields, few

chemotherapeutic agents were discovered and characterized in the last 30 years.

Novel targets are continuously investigated as antiparasitic targets for drug

discovery with the attempt of: (i) reducing toxicity; (ii) developing easier admin-

istration protocols; (iii) allowing long-term storage even in extreme weather con-

ditions; (iv) decreasing resistance development; (v) achieving cheaper

manufacturing procedures; (vi) obtaining broad spectra of action against the various

stages of parasite development; and (vii) promoting a faster effects.

Due to the fact that parasites are eukaryotic organisms, similar to architecture of

human cells, drug selectivity is often limited and thus host toxicity is of paramount

importance when considering safety use of such drugs. In fact, many antiparasitic

agents act on cellular pathways shared between the pathogen and the host. For

instance, many antiprotozoan drugs interfere with nucleic acid synthesis or car-

bohydrate metabolism, and many antihelmintic drugs act on shared neuromuscular

system targets. However, treatment strategy consistently differs in antiprotozoan

and antihelmintic infections. Most antihelmintic drugs target adult organisms in a

non-proliferating phase. On the other hands, many antiprotozoan drugs target an

earlier developmental stage with a higher proliferation rate.

Moreover, parasite-related factors such as multiple parasite developmental stages

and chronic infection, or drug-related factors, such as short half-life, limited dis-

tribution or rapid metabolism, make the chemotherapy treatment of these diseases

particularly complex and insidious.

Nowadays, in the prokaryotic world, chemoresistance is widely spread causing

an emerging health problem as reported by the WHO. In this scenario, we are

observing the same events for the antiparasitic agents with the complication that the

resistance mechanism is still unknown.

For some of them, genetic mutation and selective pressure mediated by drugs on

different species of parasites results in drug uptake decrease. The tip of the iceberg

in antiparasitic resistance is palpable in the case of Plasmodium species, particularly

for P. falciparum. In sub-Saharan Africa, Asia and Latin America, for instance,

resistance-related problems are widely common. Chloroquine resistance, that is

probably the most common form of drug resistance, is associated with a mutation in

a transport molecule of the parasite digestive membrane called P. falciparum

chloroquine resistance transport (PfCRT) that produces a significant reduction of

drug accumulation in Plasmodium digestive vacuoles. Other point mutation

within the parasite genome can similarly result in resistance to sulphadoxine-

pyrimethamine and atovaquone-proguanil (the latter due to mutations in the cyto-

chrome B gene) and reduced susceptibility to mefloquine, quinine and quinidine. In

this scenario, the applications of nanotechnology represent an interesting oppor-

tunity for novel antiparasitic approaches.

Our chapter aims to illustrate the reported antiparasitic activities of metal and

metal oxide nanoparticles for each single parasite.
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13.2 Metal Nanoparticles as Novel Antimicrobial

Weapons

Nanotechnology is an emerging technological field focusing on the controlled

manipulation of matter within a dimensional scale below the micrometre.

Metal-based nanoparticles are considered the most interesting and promising as

novel ‘antimicrobial agents’.

From a structural point of view, metal nanoparticles have at least one dimension

in the range from 1 to 100 nm, but more importantly, as particle size decreases, the

surface area-to-volume ratio greatly increases; therefore, modalities and amount of

the interactions with microbial surfaces are facilitated and resolve in an exponential

increases of their chemical and biological reactivity compared to the bulk material

of origin.

Several types of nanoparticles, including various metal and metal oxides, have

been developed and evaluated for their antimicrobial activity by different research

groups; examples include silver (Ag), gold (Au), Ag oxide (Ag2O), zinc oxide

(ZnO), titanium dioxide (TiO2), calcium oxide (CaO), copper oxide (CuO), mag-

nesium oxide (MgO) and silicon dioxide (SiO2) (Dizaj et al. 2015).

In recent years, scientific literature has highlighted several metal nanoparticles

exhibiting antimicrobial activity against a broad range of micro-organisms (Dizaj

et al. 2014).

Antibacterial activity of nanoparticles against gram-negative and gram-positive

bacteria has been widely documented; as an example, among metal and metal oxide

nanoparticles, silver exhibits a clear antimicrobial activity, and several studies

depict its antimicrobial activity against drug-resistant pathogens such as Klebsiella

pneumoniae, erythromycin-resistant Streptococcus pyogenes, methicillin-resistant

Staphylococcus aureus (MRSA), methicillin-resistant Staphylococcus epidermidis

(MRSE), Proteus vulgaris and Salmonella typhimurium (Rai et al. 2012; Franci

et al. 2015). Silver nanoparticles (AgNPs) have been the principal platform for most

of the studies reported so far; for example, ZnO nanoparticles were found to inhibit

S. aureus, Bacillus subtilis, S. epidermidis and the gram-negative bacteria

Escherichia coli, Serratia marcescens (Ghule et al. 2006; Nair et al. 2009;

Moghaddam et al. 2017). CuO nanoparticles have been deeply investigated and

shown to possess minor antibacterial activity against S. aureus, Enterococcus

faecalis, B. subtilis, Pseudomonas aeruginosa, Shigella sonnei and E. coli (Khan

et al. 2017). On the other hand, a recent study has shown a great potential of

antibacterial efficiency against different non-pathogenic and pathogenic bacteria

(Bacillus subtilis, E. coli, S. aureus and P. aeruginosa) of a porous ceramic device

containing copper (Klein et al. 2013). Also Au nanoparticles have been describes as

antibacterial, but conflicting results have often been reported. Zhang Y et al. 2015a

and Zhang X et al. 2015b recently reviewed the literature and come to the con-

clusion that Au nanoparticles are generally not highly bactericidal. However,

coexisting chemicals not completely removed from Au nanoparticles during
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synthesis could be the reason AuNPs exerts the bactericidal activity. Au nanopar-

ticles can be employed as carriers or delivery vectors for antibiotics or other drugs,

therefore, enhancing the bactericidal effect of the antibiotics. In fact, a common

strategy to improve the efficiencies and reduce the required dose of antibiotics has

become the coating of nanoparticles with different antibiotic drugs on their

stable surface.

Equally relevant is the activity found against bacterial biofilm formation and

maintenance exhibited by some metal and metal oxide nanomaterials, such as Ag,

Au, Bi, ZnO and TiO2 nanoparticles (Kwak et al. 2001; Roe et al. 2008; Lellouche

et al. 2009). Among nanoparticles, silver and titanium dioxide ones also exhibited

significant antifungal activity against human pathogenic fungi, such as Candida

species, Aspergillus spp., Fusarium spp and Penicillium spp, which represent

aetiological agents of fungal infections specially in immunocompromised patients

(Esteban-Tejeda et al. 2009; Jain et al. 2009; Krishnaraj et al. 2012; Gopinath and

Velusamy 2013). Also viruses have been deeply investigated for their susceptibility

to metal nanoparticles, mainly silver and gold nanoparticles (Galdiero et al. 2011;

dos Santos et al. 2014; Rai et al. 2014, 2016).

Most detailed studies have been reported for the activity of metal nanoparticles

against human immunodeficiency virus type-1 (HIV-1) where different resolutions

have been adopted (Au, Ag, Cu, etc.) (Elechiguerra et al. 2005; Sun et al. 2005;

Bowman et al. 2008; Lara et al. 2010a, b; Mastro et al. 2010; Kesarkar et al. 2012;

Vijayakumar and Ganesan 2012).

Furthermore, several studies have shown that metal nanoparticles act as potential

antiviral agents against various viruses including influenza virus (Mehrbod et al.

2009; Xiang et al. 2011). Herpes simplex virus type 1 and type 2 (HSV-1 and

HSV-2) (Baram-Pinto et al. 2009, 2010; Gaikwad et al. 2013; Hu et al. 2014),

cytomegalovirus (DeRussy et al. 2014), coxsackievirus B3 (Salem et al. 2012),

Tacaribe virus (TCRV) (Speshock et al. 2010), vaccinia virus (VACV) (Trefry and

Wooley 2013), human parainfluenza virus type 3 (HPIV-3) (Gaikwad et al. 2013),

hepatitis B virus (HBV) (Lu et al. 2008), monkeypox virus (MPV) (Rogers et al.

2008), adenovirus (Chen et al. 2013) and respiratory syncytial virus (Sun et al.

2008). However, investigation of exact mechanism for the action of these

nanoparticles is very difficult due to variations in their synthesis methods and sizes,

but a consensus plan has become available in recent times pointing out to the

importance of the capping of the nanoparticles for both enhancing the antiviral

activity and reducing the toxicity towards host cells.

While the antibacterial, antifungal, antiviral activities of metal and metal oxide

nanoparticles have been extensively studied, a little effort has been made to

determine interactions of these nanoparticles with human parasites. The failure to

respond to the increasing demand for effective antiparasitic drugs, mainly due to the

resistant strains, has made indispensable to venture into novel research paths aimed

at deepening the molecular biology and biochemistry of the parasites themselves. In

this context, metal and metal oxide nanoparticles seem to represent an excellent

therapeutic alternative, since they show a pronounced selectivity for specific par-

asites’ biomolecules, not shared with human host.
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13.3 Malaria

According to the report of the WHO, there were 212 million new cases of malaria

and 429,000 deaths worldwide only in 2015; 90% of cases and 92% of malaria

deaths are concentrated in sub-Saharan Africa. In this world region, children under

five years of age are particularly vulnerable; indeed, they represent the 70% of all

malaria deaths. Notwithstanding the huge efforts by the international community,

malaria remains an acute public health problem (WHO 2015).

By physician point of view, malaria is an acute feverish disease, spread by a bite

from a female mosquito of the genus Anopheles and caused by a protozoan of the

genus Plasmodium. There are five species of plasmodia that infect humans viz.

Plasmodium falciparum, P. knowlesi, P. vivax, P. ovale and P. malariae. Among

them, P. falciparum is strongly correlated with the highly number of deaths (Daily

2017).

The sexual and asexual cycles of plasmodia reproduction are completed in

different host species. The sexual phase occurs within the gut of mosquitoes. While

feeding on a vertebrate host, mosquitoes transmit the parasite as sporozoites (the

infective forms) into the blood circulation. Within the vertebrate, the plasmodia

reproduce asexually, first in the liver and then in erythrocytes. Asexual replication

progresses through a series of stages (ring, trophozoite, schizont) that culminates in

the rupture of the erythrocyte, releasing merozoites, which initiate another cycle of

replication infecting other erythrocytes. Some merozoites also develop within

erythrocytes into male and female gametocytes. If a mosquito ingests mature male

and female gametocytes during a blood meal, the sexual reproductive cycle of

malaria can be initiated.

The main antimalarial drugs belong to the following classes:

(i) 4-methanolquinoline (quinine, quinidine, mefloquine); (ii) 4-aminoquinoline

(chloroquine); (iii) 8-aminoquinoline (primaquine); (iv) antifolate compounds

(proguanil, pyrimethamine, sulphadoxine, dapsone); and (v) artemisin compounds

(artemisinins, artemether, artesunate).

The complete treatment of malaria requires the destruction of erythrocytic sch-

izonts, hepatic schizonts and erythrocytic gametocytes. The first terminates the

clinical attack, the second prevents relapse, and the third renders the patient

non-infectious to Anopheles and thus breaks the cycle of transmission. In order to

achieve these results, physicians have to use a multi-drug approach because single

drugs are not able to accomplish all the three goals set.

Chloroquine, a 4-aminoquinoline, has been the most commonly used; it acts by

inhibiting haemoglobin degradation. Because chloroquine-resistant strains of

P. falciparum are present in all endemicity areas, alternative schizonticidal agents

should be used. These include quinine/quinidine, antifolate-sulphonamide combi-

nations, mefloquine and the artemisinins.

Unfortunately, resistance to all of these agents is increasing, particularly in

Southeast Asia. For this reason, the most effective way to slow down the further

development of drug-resistant strains of P. falciparum is to use one of the
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artemisinins, which prevent gametocyte development, in combination with

quinine/quinidine, antifolate-sulphonamide combinations, mefloquine. Strains of

P. malariae, P. ovale, P. vivax remain sensitive to chloroquine and may be treated

with this agent, which destroys their gametocytes (Rathore et al. 2005; Gardella

et al. 2008). A new era of antimalarial approach is emerging by the use of

nanoparticles alone and/or in combination with commonly used drugs and may

represent an innovative therapeutic effort for malaria treatment (Benelli 2016; Rai

et al. 2017). Mishra et al. (2013) biologically synthesized AgNPs with the scope of

minimizing cost of synthesis and toxicity of products, using pure enzyme

a-amylase or by using soluble proteins of Neem or Ashoka leaf extracts. Different

size and shape of AgNPs were produced, specifically, the amylase-mediated AgNPs

had a triangular or an hexagonal shape and dimensions between 22 and 44 nm, and

meanwhile Neem and Ashoka leaf extracts produced spherical nanoparticles with a

range of 2–8 and 5–20 nm, respectively.

These nanoparticles revealed to be considerably stable in paragon to nanopar-

ticles prepared through other methods. AgNPs ability to inhibit the growth of

P. falciparum in ex vivo human red blood cell culture was performed to assess their

antiplasmodial activity potential (Mishra et al. 2013). The results were highly

encouraging since growth inhibition was obtained with IC50 values of 3.75 µg/ml

(amylase-produced AgNPs), 8 µg/ml (Ashoka-produced AgNPs) and 30 µg/ml

(Neem-produced AgNPs), whereas plant extracts or amylase alone did not show

any activity up to 40 µg/ml (Mishra et al. 2013). The mechanism behind this

inhibition is still unclear, and further investigations are mandatory. Moreover, the

different characteristic of different AgNPs depends by the fact that plant extract and

their related metabolites could provide a microenvironment that can influence the

physicochemical and biological properties of the NPs formed.

Starting from this study, several plants and other reducing agents have been

recently employed to prepare metal nanoparticles, and many of them showed a

good potential as antiplasmodial effectors, sometimes with potency higher or

comparable to that of chloroquine (CQ)-based drugs. Also Panneerselvam et al.

(2016) have utilized AgNPs to study the in vitro inhibition of P. falciparum and

their mosquitocidal properties against the malaria vector, Anopheles stephensi. In

their study, the reducing and capping agent used for the AgNPs was Pteridium

aquilinum leaf extract, and growth inhibition was measured by fluorescence, where

a higher AgNPs inhibition activity against P. falciparum of the AgNPs when

compared to chloroquine was registered. AgNPs using the P. aquilinum leaf extract

were evaluated against CQ-resistant (CQ-r) and CQ-sensitive (CQ-s) strains of

P. falciparum. IC50 of P. aquilinum extracts were 62.04 lg/ml (CQ-s) and

71.16 lg/ml (CQ-r); P. aquilinum-synthesized AgNP achieved IC50 of 78.12 lg/ml

(CQ-s) and 88.34 lg/ml (CQ-r). Moreover, these AgNPs have shown toxicity

against the young instars of the malaria vector and are able to reduce fecundity and

longevity of mosquito adults.

Even earthworms have been used for providing the reducing enzymes for pro-

ducing AgNPs from the bulk material. In fact, the coelomic fluid of the earthworms

has several properties that have been known in East Asia for thousands of years. In
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this study, AgNPs were synthesized using Eudrilus eugeniae earthworms aqueous

extract as a reducing and stabilizing agent (Jaganathan et al. 2016).

AgNP showed uniformly distributed spherical particles with size ranging from 4

to 10 nm. In in vitro antiplasmodial assays, the nanoparticles gave higher inhibition

rates against P. falciparum than chloroquine.

A further method employed is the exploitation of seaweed-mediated synthesis of

antiplasmodial drugs. Murugan et al. (2015, 2016), in two different papers,

described antiplasmodial activity of a plant-mediated synthesis of AgNPs using a

seaweed extract of Ulva lactula, commonly known as sea lettuce (Murugan et al.

2015) and Codium tomentosum (Murugan et al. 2016). Both extracts (U. Lactuca

and C. tomentosum) were able to elicit antiplasmodial activity comparable with the

one obtained with AgNPs produced by using them as a reducing and capping

agents, and both were effective against CQ-resistant plasmodium strains. Overall,

C. tomentosum and U. lactuca metabolites and green-synthesized AgNP have the

potential to be considered candidates novel and effective tools in the fight against

Plasmodium parasites and their mosquito vectors.

The metabolites deriving from the natural extracts used for generating the

nanoparticles often surround AgNPs with a thin layer of capping organic material,

improving the AgNP stability in solution (Dinesh et al. 2015). The AgNPs pro-

duced in aloe vera extract were evaluated for antimalarial activity against CQ-r and

CQ-s strain of P. falciparum demonstrating an increased ability to inhibit the

growth of both CQ-r and CQ-s strains of P. falciparum.

Rajakumar et al. (2015) switched the focus on in vivo model for the antiplas-

modial activity evaluation of synthesized palladium nanoparticles (PdNPs). PdNPs

were obtained by using Eclipta prostata aqueous leaf extract. The PdNPs were

orally administrated to infected Swiss albino mice of NK65 strain of P. berghei, at a

different dose level from 0 to 4 days. After incubation for 24 h, Giemsa-stained thin

blood films were evaluated, and the percentage of inhibition of parasite growth

was determined under a microscope, highlighting that PdNPs were able to

reduce parasitaemia by 78.13% with an inhibitory concentration IC50 value of

16.44 mg/kg/body weight (Rajakumar et al. 2015).

Finally, since green-synthesized gold NPs (AuNPs) have been recently

employed as a new tool against mosquito vectors of medical application,

Subramaniam et al. (2016) investigated the role of AuNPs biosynthesized using a

flower extract of Couroupita guianensis as reducing and stabilizing agent for testing

them as antimalarial drugs. AuNPs were crystalline with a cubic geometry, and the

mean size was between 29.2 and 43.8 nm. They found a multiple effectiveness of

the AuNPs both against CQ-r strains of P. falciparum and for the control of malaria

vectors (Subramaniam et al. 2016). Previously, Karthik et al. (2013) explored the

antimalarial activity of AuNPs synthesized using a marine actinobacteria

(Streptomyces sp. LK-3). In detail, they evaluated the effects of AuNPs in mice

infected with P. berghei by referring to the histomorphological changes in spleens

and livers. They have shown an enhanced role of the liver in clearing parasites in

asplenic mice. Further studies are mandatory in order to validate these data,

especially to elucidate the underlying mechanism.
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One of the principle drawbacks of antimalarial drugs is the toxicity. In this

scenario, the antimalarial drugs/treatments should have few or absence of side effect

on the human host. This goal could be achieved by the recognition of specific

parasitic target that are not present in human cells. In this vision, Yao et al. (2015)

have assumed that humans cannot synthesize B group vitamins while the malarial

parasite possesses a biosynthetic pathway. For instance, the thiamine metabolizing

enzymes, responsible for the synthesis of this group vitamins, are absent in humans

(Wrenger et al. 2005, 2006; Müller et al. 2010). The interaction of AgNPs with a

specific thiazolekinase, the 5-(2-hydroxyethyl)-4-methylthiazolekinase (PfThzK)

has been investigated as a possible target. AgNPs were incubated with purified

PfThzK at several concentrations and different time points. The resulting data

indicated that PfThzK activity resulted 80% lower after only 10 min of incubation

with 10 µM AgNPs, and a reduction of 90% was reached within 30 min of incu-

bation. Moreover, it was proposed that the main interaction of AgNPs with PfThzK

occurs through two surface sulphur-bearing amino acids (Met1 and Cys206), which

are in positions freely available for interaction with AgNPs and at a certain distance

from the active site of the enzyme, supporting the non-competitive inhibition by the

AgNPs.

Finally, very recently, magnetic nanoparticles (MNPs) produced by

Magnetospirillum gryphiswaldense, a magnetotactic bacteria, have been tested on

CQ-r and CQ-s P. falciparum, dengue virus (DEN-2) and two of their main vectors,

Anopheles stephensi and Aedes aegypti, respectively (Suresh et al. 2015; Murugan

et al. 2017).

13.4 Leishmaniasis

Leishmaniasis is a deadly vector-borne disease caused by the genus Leishmania, a

protozoa which is transmitted by a phlebotomine sandfly. The disease occurs in

three major forms: cutaneous (CL), muco-cutaneous (ML) and visceral leishma-

niasis (VL), also called kala-azar. It is estimated that leishmaniasis threatens

350 million people all over the world (den Boer et al. 2011), and VL is strongly

associated with HIV infection (Monge-Maillo et al. 2014). In the midgut of the

vector, Leishmania parasite exists in the form of promastigotes. Subsequently,

when the sandfly bites the mammalian host during blood meal, the parasite pro-

mastigote is internalized by macrophages and transforms into amastigotes, which

survive and multiply within them, infecting several organs especially spleen, liver

and bone marrow (Freitas-Junior et al. 2012). Therefore, amastigotes living inside

the macrophages constitute one of the principle targets in antileishmania treatment,

but also a difficult target to reach for the antileishmania drugs (Gutiérrez et al.

2016).

For several decades, the pentavalent antimonial compounds have been consid-

ered the first-line drug against leishmaniasis. These drugs showed several flaws

including toxicity, the need of multiple parenteral administrations and the onset of
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parasitic resistance. In a second time, amphotericin B (AmB), complexed with

deoxycholate salt, has been prescribed as an alternative, unfortunately showing

renal toxicity and requiring long courses of parenteral administration (Tiuman et al.

2011). Paromomycin presents poor oral absorption and so has been employed as

parental or topical formulations for VL and CL; meanwhile, miltefosine is the only

orally available drug for the treatment of VL. However, long treatment periods are

required, and resistance and teratogen toxicity have been reported in many clinical

studies (Sindermann and Engel 2006; Sundar and Olliaro 2007). Up to now, the

liposomal formulation of AmB is the only drug delivery system approved by the

Food and Drugs Administration (FDA) and commercially available as AmBisome

for the treatment of VL, resulting more effective than AmB (WHO 2010; McGwire

and Satoskar 2014; Sundar and Chakravarty 2015).

Treatment failure rates and limitations are high, and this treatment regimen must

be improved by developing new more efficient drugs. Use of nanotechnology has

shown promising results, thanks to the greater efficiency of particles to be active on

different molecular targets. Among these targets, the trypanothione metabolism

enzymes, primary involved in survival of the Leishmania parasite, have been

studied as possible targets for metallic compounds and metal oxide nanoparticles

(Navarro et al. 2010). Baiocco et al. (2010) demonstrated the potential application

of AgNPs encapsulated by ferritin molecules in inducing an antiproliferative effect

on L. infantum since ferritins are phagocytized by the infected macrophages

(Uchida et al. 2008), and silver is an effective trypanothione inhibitor. Few years

later, AgNPs have been thoroughly studied by Allahverdiyev et al. (2011). It was

hypothesized that since AgNPs induce the release of reactive oxygen species

(ROS), could be used as an alternative agents in the inhibition of Leishmania

parasites, since they are sensitive to ROS. In fact, these parasites are able to inhibit

the enzymatic mechanism of producing ROS mediated by macrophages, in which

they can survive, while they may not be able to inhibit ROS produced by AgNPs.

Moreover, since silver ions together with UV have shown to act in synergy against

several micro-organisms (Butkus et al. 2004; Kim et al. 2008), different concen-

tration of AgNPs have also been tested in in vitro assays to investigate their effects

on growth, metabolic activity and infectivity on Leishmania tropica parasites, both

in the presence and in absence of UV light (Allahverdiyev et al. 2011). The authors

demonstrated that AgNPs show antileishmanial effects, which are increased under

UV light. This increment may be derived from the fact that the released silver ions

may complex with enzymes through cysteine groups and with parasitic proteins,

which under the UV irradiation could generate monosulphur radicals causing fur-

ther damage within parasites to be added to that produced by silver ions alone

(Allahverdiyev et al. 2011). Furthermore, they highlighted a loss of infectivity of L.

tropica promastigotes when exposed to both AgNPs and UV light. Following this

line, the same group of researchers published a second study based on the use of

silver-doped titanium dioxide nanoparticles (TiO2Ag-NPs) on L. tropica and L.

infantum in different conditions (dark and visible light) (Allahverdiyev et al. 2013).

Results showed that TiO2Ag-NPs are able to inhibit the biological properties of the

parasites of the two species in a dose-dependent manner, resulting in a decrease of
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viability of L. infantum and L. tropica promastigotes of about 3- and 10-folds,

respectively, in the dark. The exposure under visible light increased this effect up to

20-fold for each species. However, the concentrations of TiO2Ag-NPs resulting

effective against Leishmania promastigotes were also toxic for host macrophagic

cells and only partially active on Leishmania amastigotes. The authors reputed that

the inhibitory effects of TiO2Ag-NPs may be related to a greater production of ROS

during light exposure. The fact that non-visible light-exposed TiO2Ag-NPs also

possess an antileishmanial activity and can be useful in the treatment of VL, while

visible light-exposed TiO2Ag-NPs can be more promising to treat CL. In order to

decrease toxicity linked to the effective concentrations of TiO2Ag-NPs on

Leishmania parasites, in a successive paper Abamor and Allahverdiyev (2016)

proposed the use of TiO2Ag-NPs in combination with Nigella sativa essential oil.

To date, essential oils of N. sativa have been showed to possess considerable

antimicrobial properties (Mahmoud et al. 2002; Hannan et al. 2008) and also

inhibitory activity against L. tropica and L. infantum parasites (Mahmoudvand et al.

2015). Non-toxic concentrations of both agents were determined by a tetrazolium

salt colorimetric assay (MTT) and, afterwards, tested in combination on pro-

mastigote and amastigote–macrophage culture systems of L. tropica. The addition

of N. sativa oil to the metal nanoparticle enhanced the drug efficiency leading to a

complete inhibition of amastigote survival within macrophages and, moreover,

reduced the overall toxicity of both compounds. The obtained results point out to a

synergistic effects and increased efficacies of non-toxic concentrations of

TiO2Ag-NPs and N. sativa oil. One of the mechanisms of action that can be

hypothesized is that N. sativa oil can induce the disruption of cell membranes of

Leishmania parasites and consequently increase the amounts of TiO2Ag-NPs

uptake within the parasite, and so they may exert a combination antileishmanial

action.

Zahir et al. (2015), in another study, investigated the antileishmanial properties

of silver and titanium dioxide nanoparticles produced by green synthesis using an

aqueous leaf extract of Euphorbia prostrata. Several experiments were performed

against L. donovani: (1) Alamar Blue and propidium iodide uptake assays to

analyse antileishmanial activity against promastigotes, (2) Giemsa staining was

instead used against intracellular amastigotes, (3) DNA fragmentation and cell cycle

progression assays were finally used to confirm the antileishmanial effects of both

nanoparticles. The results showed that AgNPs were more active against Leishmania

parasites in comparison with the controls and TiO2NPs. The nanoparticles, both

synthesized using extracts of E. prostata, were spherical with an average size of

about 12.82 nm in the case of AgNPs, and circular and irregular in shape and

mostly aggregated with a medium size of 83.22 nm in the case of TiO2NPs. The

fact that TiO2NPs tend to form aggregates, probably bring forth nanoparticles

unable to be transported through the cellular bilayer of the parasites, reducing their

effectiveness. Overall, the proposed mechanism of action of these green-

synthesized AgNPs is induction of cell death in L. donovani by promastigote

proliferation inhibition and induction of caspase-independent cell death, which is

largely due to necrosis.
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In vivo topical effects of different concentrations of AgNPs in the treatment of

lesions from leishmaniasis were tested in an animal model of Balb/c mice infected

with viable stationary-phase L. major promastigotes in the base of tail. The study

showed a significant decrease in splenic parasite load, but not in mean lesion

diameter (Nilforoushzadeh et al. 2012)

Other metals and metalloids besides silver and titanium have been investigated

as putative compounds against Leishmania. AuNPs of average size of 15.07 nm

were synthesized through a one-pot method using polyphenolic quercetin (Das et al.

2013). The obtained quercetin conjugated AuNPs were evaluated against leish-

manial macrophage infections and showed to be highly efficacious against

wild-type L. donovani (IC50 15 ± 3 lM), but still of interest against sodium

antimony gluconate-resistant (IC50 40 ± 8 lM) and paramomycin-resistant (IC50

30 ± 6 lM) strains.

Commercial nanoparticles including AgNPs, AuNPs, TiO2NPs, ZnONPs and

MgONPs were tested in a single laboratory at concentrations of 200, 20 and 2 lg/

mL against L. major cultured promastigotes (Jebali and Kazemi 2013). The infec-

tivity of L. major was used to determine the percentage of infected macrophage

following the treatment with nanoparticles and irradiation. All nanoparticles

decreased infectivity, and the combination of UV light together with nanoparticles

led to a further lowering of infectivity than darkness. The highest antileishmanial

activity was detected for AgNPs followed by AuNPs. In the case of metal oxide

nanoparticles, TiO2NPs represented the principal inhibitor while MgONPs had the

lowest property. The fact that metal nanoparticles in comparison with metal oxide

nanoparticles possess a stronger antileishmanial activity may be derived by the

oxidation ability of the metal nanoparticles able to lead to increased damages to

parasitic membranes, enzymes and DNA. MgONPs, especially when coated with

glucose, have also been shown to silence the expression of important genes (Cpb

and GP63, both surface molecules necessary for the parasite cell integrity) of

L. major at sub-toxic concentrations (Bafghi et al. 2015). Different ZnO biocom-

patible nanoparticles doped with different concentrations of Cu have been tested for

their in vitro efficacy against Leishmania parasite (Nadhman et al. 2015). A dose and

time-dependent in vitro antileishmanial activity against promastigote cells and in

different light conditions (cells were exposed with nanoparticles to direct sunlight,

tungsten light and dark for 15 min) was observed with no considerable toxicity to

normal cells. The parasite-killing ability was only in the presence of visible light by

the production of more abundant ROS directly correlated with higher oxidative

stress, membrane permeability and induced programmed death of the leishmania

cells. Further, the nanoparticles were capped with PEG-400 in order to stabilize

them and to limit the eventual interactions of the OH groups of ZnONPs with the

surrounding environment and also to obtain a better penetration of nanoparticles into

leishmania cells (Nadhman et al. 2016). Using nanoparticles at 10 lg/mL concen-

tration and 15-min exposure to direct sunlight, leishmanicidal activity reached 100%

after 3 h. Lipid peroxidation is probably the main reason of disturbance of the

biophysical properties of membranes that modify its characteristics, mainly affecting
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membrane fluidity with the result of upsetting the membrane ability to function as a

barrier, therefore, leading to leishmania cell death.

The role of biogenic selenium nanoparticles (SeNPs) was investigated, by

Beheshti et al. (2013) alone and in combination with meglumine antimoniate

(Glucantime, MA) by Mahmoudvand et al. (2014). The authors first examined the

effects of these nanoparticles primarily on the proliferation of promastigote and

amastigote forms of L. major by an in vitro assay, and subsequently, they also

determined the preventive and therapeutic effects in BALB/c mice presenting CL. It

was noticed that promastigote proliferation decreased in a time-dependent manner,

with high toxicity after 72 h of exposure, because of parasite’s DNA fragmentation.

The in vivo studies in mice showed a significant reduction in the development of

lesions if preventive administration of sub-toxic doses of SeNPs was effectuated or

had a better healing effect when administered after the development of CL.

Subsequently, Mahmoudvand et al. (2014) corroborated the inhibition data obtained

by Beheshti et al. (2013) on L. tropica and assessed that SeNPs in combination with

MA significantly reduced the proliferation rate of amastigotes as compared with

controls.

Therefore, combination of nanoparticles with existing drugs has proved to be

effective in increasing the antileishmanial activity and reducing dosage and toxicity

of drugs, and this strategy proved to be promising also with AgNPs synthesized by

using Anethum graveolens L. (dill) leaf extract as reducing agent in combination

with miltefosine (50 lM AgNPs plus 12.5 lM miltefosine) (Kalangi et al. 2016),

and with amphotericin B adsorbed on the surface of AgNPs produced using

aqueous extract of Isatis tinctoria as a reducing and capping agent (Ahmad et al.

2016).

Finally, since thermotherapy is one of the physical modalities proposed for the

treatment of CL (Asilian and Davami 2006), the combination of metallic NPs with

thermotherapy using microwave (MW) radiation was also proposed. In particular

Sazgarnia et al. (2013) experienced the efficacy of treatment of CL in the presence

of AuNPs and MW irradiation on promastigote and amastigote forms of L. major.

The results confirmed the hypothesis that the antileishmanial effect of MW irra-

diation was intensified in the presence of AuNPs, increasing promastigotes death

and reducing amastigotes proliferation, representing a new promising approach to

treat leishmaniasis in future.

13.5 Trypanosomiasis

Trypanosomes are responsible of severe human diseases which can be distinguished

in two major forms of trypanosomiasis: the African and the American ones. Human

African trypanosomiasis or sleeping sickness occurs in sub-Saharan African

countries where the tsetse fly vector is endemic and transmits the disease (WHO

2017). The aetiological agent is the haemoflagellate parasite of the species

Trypanosoma brucei, and in particular, the single Trypanosoma brucei gambiense
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accounts for more than 98% of reported cases. Sleeping sickness affects millions of

people and is often fatal if untreated, being a serious public health problem. African

forms of trypanosomiasis present a simple biological cycle with trypomastigote (the

infective stage) that reproduce in the host blood, lymph and spinal fluid and the

epimastigote form present in the salivary gland of the fly vector, where it continues

reproduction to the infective forms. It is responsible for chronic disease by

involvement of central nervous system (CNS) after a prolonged disease duration.

The American trypanosomiasis, commonly known as ‘Chagas disease’, is

caused by Trypanosoma cruzi and represents the most important parasitic disease in

the Americas. Human disease is found mostly among children in Central and South

America, and about 40% of infected patients develop the chronic disease that

involved several organs, especially heart, brain and liver. Here the peculiar intra-

cellular amastigote forms multiply by binary fission and can destroy the tissue and

cause irreversible damages, leading to death.

The actual treatment of African trypanosomiasis is based on several drugs

including suramin, pentamidine, melarsoprol and a combination of eflornithine and

nifurtimox (Murthy et al. 2013); on the other hand, the treatment of Chagas disease

is limited to two agents, benznidazole, a nitromidazole derivate and nifurtimox, a

nitroheterocyclic compound, which have proven activity against the acute phase of

the disease, but appears to be ineffective in chronic Chagas disease. Both treatments

suffer from several limitations: a significant adverse effects; an elevated toxicity due

to the fact that high drug doses are required to work in different body organs; and

the difficulties in reaching the disseminated intracellular parasites resulting often

ineffective in chronic infections.

The limitations, related to ineffective antitrypanosomal therapies together with

unsuccessful efforts in developing vaccine, encouraged researchers in identified

new specific molecular targets. Adeyemi and Whiteley (2013) in their work

focused, for the first time, on the study of the interaction of silver and gold

nanoparticles with the enzyme arginine kinase (AK). AK is a critical enzyme to the

survival of trypanosomes and is not present in humans (Miranda et al. 2006),

representing an ideal putative drug target. The authors assessed the inhibitory

potential of these metal nanoparticles on the activity of Trypanosoma brucei AK

(TbAK). AgNPs and AuNPs led to a decrement in enzymatic activity of 75 and

62%, respectively, in a non-competitive manner. Fluorescence energy transfer

(FRET) studies have been employed to investigate the putative mechanism of

action. FRET analyses demonstrated that AgNPs are able to bind to AK with a

greater affinity than AuNPs, interacting with tryptophan residues of surface mole-

cules. The binding pocket is close to the arginine substrate; therefore, when NPs

interact with the thiolate group of cysteine, a decreasing overall phosphoryl transfer

between ADP and ATP was observed (Adeyemi and Whiteley 2014).

Silver and gold NPs have also been studied for in vitro growth inhibition of T.

brucei gabiense by Rahul et al. (2015). In particular, phytosynthesized Ag and Au

NPs have been used as nanocarriers for prodigiosin and violacein, two bacterial

pigments with demonstrated antimicrobial and antiparasitic activity and produced

by Serratia spp. and Chromobacterium violaceum, respectively (Lopes et al. 2009;

13 Role of Nanoparticles in Treatment of Human Parasites 321



Durán et al. 2010; Genes et al. 2011). Microbial pigment prodigiosin in combi-

nation with metal NPs showed to be more effective than violacein: it has been

recorded a significant decrease in the IC50 values of about 3.6-folds without

increase of cytotoxicity towards mammalian cells. The authors supposed a syner-

gistic effect probably due to a particular adherence of prodigiosin to the NPs with a

better release of the microbial pigment to the bloodstream parasite forms.

13.6 Schistosomiasis

Schistosomiasis, also known as ‘bilharziasis’ or ‘snail fever’, infects 240 million

people worldwide. It is endemic in many tropical and subtropical countries without

or scarce sanitation (Steinmann et al. 2006). In terms of impact, this disease is

second only to malaria (King et al. 2005). Schistosomiasis represents a helminthic

infection caused by different species of blood fluke, principally Schistosoma

mansoni, S. haematobium and S. japonicum, which are associated with two major

human schistosomiasis, the intestinal and urogenital forms. The parasites live in

freshwater snails and the cercariae, the infectious forms of the parasite, break out

from the snail and contaminate water. Once in the host body, the larvae develop

into adult schistosomes which live in the blood vessels, where the females release

eggs. Some of the eggs are passed out of the body in the faeces or urine to continue

the parasite’s lifecycle. Others become trapped in body tissues, causing immune

reactions and progressive damage to organs. Schistosomiasis can induce hep-

atosplenomegaly, liver fibrosis and cirrhosis and can involve also kidney and brain.

The standard treatment for schistosomiasis relies almost exclusively on prazi-

quantel (PZQ), and the alternative is oxamniquine (Utzinger and Keiser 2004;

Doenhoff et al. 2008). To date, PZQ has also been widely used for preventive mass

drug administrations, increasing the concern on the enlarged possibilities of resis-

tance development. Alternative new effective drugs are needed, in order to prevent

and control the spread of the disease.

The current literature concerning the use of metallic nanoparticles in the treat-

ment of schistosomiasis is primarily directed to the study of the healing effects of

such nanoparticles on liver, brain and kidney. Dkhil et al. (2015a), in their studies,

analysed the effect of three doses of AuNPs (0.25, 0.5 and 1.0 mg/kg body weight)

on the neurotoxicity induced by S. mansoni in the brain of infected mice. AuNPs

were prepared by a chemical reduction method using sodium citrate, and the

obtained AuNps were spherical with an average diameter of 20 ± 5 nm. The

neurological implications can occur during primary infections causing important

alteration in the amount of brain neurotransmitters and with marked histological

injuries, such as neuronal loss, vacuolated cytoplasm. From the comparison with

control mice, emerged that the treatment of infected mice with AuNPs induced an

increase of norepinephrine (NE), dopamine (DA), nitric oxide (NO) and malondi-

aldehyde (MDA) accompanied by the reduction in brain glutathione (GSH) level

and the alleviation of the brain histological impairments. Similarly, in a subsequent

322 M. E. Della Pepa et al.



study, they employed AuNPs in the treatment of the hepatic injury induced by

schistosomiasis in experimentally infected mice (Dkhil et al. 2015b). AuNPs pre-

sented several beneficial effects, ranging from the hepatic worms count reduction by

32, 49 and 64%, respectively, according to the three different doses, to egg density

reduction in liver tissue. Moreover, a decrease in inflammatory cellular infiltration

and a reduction in the granuloma diameter were also recorded. Similar results have

been obtained also by using SeNPs (Dkhil et al. 2016a). The healing effect of

AuNPs has also been investigated on the kidney of schistosome-infected mice,

resulting in a regeneration in the renal tissue morphology, in a reduction of nitrite/

nitrate and MDA levels, with a better effectiveness than PZQ control (Dkhil et al.

2016b). In conclusion, all these studies collectively supported the hypothesis that

the treatment with metal nanoparticles reduced the extent of the histological dis-

turbance in brain, liver and kidney, with substantial ameliorative effects on

schistosomiasis-promoted oxidative stress that may be due to AuNPs and SeNPs

capability in scavenge free radicals.

The direct effects of AgNPs on S. japonicum cercariae have been investigated by

Cheng et al. (2013). The results showed an immediate dose-dependent response

inducing cercarial tail-shedding and a decrease in cercarial secretion, while longer

treatments led to the death of cercariae. Surprisingly, cercariae treated for 30 min

with AgNPs at low concentrations were still able to infect hosts regardless of the

damage to the tails. High concentrations (above 125 lg/ml) were necessary to

totally eliminate cercarial infectivity.

Surely further studies are still needed to assess the mechanism of modulatory

effects of these metal nanoparticles and their potential therapeutic effects.

13.7 Mechanism of Action

The mechanisms of antiparasitic effect of metal nanoparticles are not well known,

but catalytic oxidation, binding to parasite’s protein and cellular constituents and

ion release are the principal proposed modes of action. In particular, photocatalytic

production of ROS damages parasitic components as well as disturbs energy

transduction pathways.

When eukaryotic cells are infected by intracellular pathogens like viruses or

fungi or parasites, a higher production of ROS levels is induced as a defence

mechanism to kill the invading microbes (Lodge and Descoteaux 2006). For

example, Leishmania parasites are able to survive into macrophages by inhibiting

ROS production activating enzymatic pathways (Mehta and Shaha 2006). Since

metal nanoparticles are themselves able to induce further ROS production, the

inhibition of ROS by Leishmania parasites is overwhelmed and the antiparasitic

action ensues. Many metal nanoparticles have been proved to produce ROS under

UV light or generate heat under IR light, and both ROS and heat induce cellular

damages that lead to cell death. In general, metal nanoparticles show a stronger

antiparasitic activity compared with metal oxide nanoparticles, and this effect is
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probably due to an extra damage to membranes and other cellular structures fol-

lowing oxidation. Proteins and DNA serve as targets for metal nanoparticles which

bind to sulphur or phosphorus and lead to deterioration of cell membrane, enzymes

and DNA. Additionally, antiparasitic metal nanoparticles can impair parasites

surface molecules which are involved in the infectious mechanism of parasites

(Arvizo et al. 2010). Finally, ions release from metal nanoparticles interact with

cysteine-containing proteins, thereby inhibiting protein functions (Song et al. 2006).

Mechanisms of action known are summarized in Table 13.1.

Table 13.1 Details of metal and metal oxide nanoparticles and their mechanisms of action on

parasites

Parasite Metal NP composition

Size/shape

Synthesis Mechanism

of action

References

Plasmodium

falciparum

AgNPs

22–44 nm;

triangular/hexagonal

Amylase enzyme N/A Mishra et al.

(2013)

AgNPs

2–8 nm; spherical

Neem plant extract N/A Mishra et al.

(2013)

AgNPs

5–20 nm; spherical

Ashoka plant

extract

N/A Mishra et al.

(2013)

AgNPs

35–65 nm; spherical

Pteridium

aquilinum leaf

extract

N/A Panneerselvam

et al. (2016)

AuNPs

29.2–43.8 nm; spherical

and oval

Couroupita

guianensis flower

extract

N/A Subramaniam

et al. (2016)

AgNPs

5 nm

Tannic acid PfThzK

inhibitor

Yao et al.

(2015)

AgNPs

20–35 nm; cubical

Ulva lactula

seaweed extract

N/A Murugan et al.

(2015)

AgNPs

20–40 nm

Codium

tomentosum

seaweed extract

N/A Murugan et al.

(2016)

Plasmodium

berghei

PdNPs

30–110 nm; mostly

spherical

Eclipta prostrata

leaf extract

N/A Rajakumar

et al. (2015)

AuNPs

5–50 nm; polygonal

Marine

actinobacteria

N/A Karthik et al.

(2013)

DQ-nanoparticles

<400 nm

Chemical Enhanced

efficacy of

DQ

Wang et al.

(2014)

Leishmania

tropica

AgNps

10–40 nm; round-shaped

Chemical ROS

production

Allahverdiyev

et al. (2011)

(continued)
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13.8 Conclusion and Future Perspectives

The coming of the nanotechnology era, that could be considered the most important

discovery platform of our days, has completely revised the field of medical treat-

ments with a constant interest for novel nanotechnology-derived products. Metal

nanoparticles and their oxides are one proposed tool for creating a new class of

broad-spectrum antimicrobial agents. Metals have been extensively used for many

centuries as antimicrobial agents in agriculture, health care and industry in view of

their ability to exert toxic activity against micro-organisms, especially bacteria.

Nanotechnology applied to metals has opened the path for the development of new

nanomaterials and the modification of the already present biocidal characteristics by

modifying their properties through the fine tuning of particle size, shape and dis-

tribution. In the last years, novel impetus has been registered towards the use of

metal nanoparticles as antimicrobials, and this has been followed by the analysis of

their effect also against parasites.

Collectively, from the examples related to the parasites described in the present

chapter, it can be concluded that AgNPs and AuNPs have been more frequently

Table 13.1 (continued)

Parasite Metal NP composition

Size/shape

Synthesis Mechanism

of action

References

Leishmania

tropica/infantum

TiO2Ag NPs

90 nm; spherical

(AgNPs)/rectangular

(TiO2)

Chemical ROS

production

Allahverdiyev

et al. (2013)

Leishmania

donovani

AgNPs 12.82 nm;

spherical

TiO2 NPs 83.22 nm;

circular and irregular

shape

Euphorbia

prostrata

TR inhibitor Zahir et al.

(2015)

Leishmania

major

SeNPs

80–220 nm; spherical

Bacillus sp. MSh-1 DNA

fragmentation

Beheshti

et al. (2013)

AuNPs

40 nm

Chemical ROS

production

Sazgarnia et al.

(2013)

Trypanosoma

brucei

Ag NPs

4–9 nm; spherical

Chemical TbAK

inhibitor

Adeyemi and

Whiteley

(2013)

AuNPs 7–22 nm;

spherical

Chemical TbAK

inhibitor

Adeyemi and

Whiteley

(2013)

Schistosoma

mansoni

AuNPs

10–15 nm; spherical

Chemical Scavenge

free radical

Dkhil et al.

(2015a, b/

2016b)

SeNPs Chemical Scavenge

free radical

Dkhil et al.

(2016a)
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analysed, and this is not surprising since the largest amount of data available in

literature describes antimicrobial activity of AgNPs against several class of

microbes, namely bacteria, viruses and fungi. The second aspect is that a capping

agent is usually very effective in increasing the microbicidal effect of metal

nanoparticles. A further point that needs to be considered is the fact that parasites

are generally multicellular individuals, much more complex than, for example

bacteria, therefore cultivation methods are less available for the systematic appli-

cation of in vitro antiparasitic drug discovery technologies. As consequence, studies

are often preliminary and do not provide sufficient insights on the mechanism of

action. Furthermore, parasites can present in different forms during their develop-

mental stage, which hamper the possibility of a compound to be efficient in each of

these stages. Nevertheless, it is clear that metal nanoparticles exert a certain degree

of toxicity on parasites.

Metal nanoparticles definitely alter many biological conditions, including par-

asitic cell viability, proliferation and infectivity, but their use in clinical settings for

topical or systemic administration is still inadequate because of their potential toxic

effect on normal host cells such as macrophages, skin cells, blood cells and other

cell types. Therefore, metal nanoparticles need to be conjugated with biological

compounds to improve their binding to parasites or need to be capped with agents

that limit their toxicity. It is imperative to understand the impact that novel metal

nanoparticles may have on biological organisms and the environment to minimize

any harmful effect on humans. Nowadays, many research studies are also giving

special attention towards the study of toxicological aspects of the nanomaterials

prior to their application. Some parameters are of interest for the toxicological point

of view, and the concentrations of nanoparticles needed to kill parasites should not

exceed concentrations that would seriously endanger physiological functions of

eukaryotic cells. Therefore, a better understanding of their biodistribution/

accumulation in living systems is needed, but there are still very few studies on

possible adverse effects and toxicity in vivo. To have a better description of the

in vitro and in vivo toxicological aspects of metal nanoparticles, see references (Ge

et al. 2014; Taylor et al. 2014; Golbamaki et al. 2015; Hadrup et al. 2015; Zhang Y

et al. 2015a; Zhang X et al. 2015b; Bahadar et al. 2016). Further research is

required to provide the necessary warranties to allow a safe exploitation of the

interesting in vitro antiparasitic properties of metal nanoparticles and their transfer

to the clinical setting. The biological activity of metal nanoparticles is strictly

related to their surface chemistry, size, size distribution, shape, particle morphol-

ogy, particle composition, coating/capping, agglomeration and dissolution rate,

particle reactivity in solution, efficiency of ion release; therefore, the type of

reducing agents adopted for driving the synthesis of nanoparticles is a crucial

element for the overall cytotoxicity of each nanoparticle. Furthermore, the

physicochemical properties of metal nanoparticles augment the bioavailability of

the antiparasitic agents in both the systemic and local route controlling

tissue distribution, cellular uptake and penetration through biological barriers

(Jo et al. 2015).
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Chapter 14

Patents Survey: Treatment of Alzheimer’s

Disease Through Nanotechnology-Based

Drug Delivery System

Rashmin B. Patel, Shivam D. Thakore and Mrunali R. Patel

Abstract Alzheimer’s disease (AD) is severe disabling disorder related to cogni-

tive impairment and loss of cholinergic activity. It is a sort of progressive disorder,

which has very limited treatment options. The treatment of AD is accompanied by

several limitations, including suboptimal concentrations of drug, their gastroin-

testinal and peripheral cholinergic side effects, and conventional formulation’s

related issues. Due to multiple problems, conventional therapies are found to be

providing improper treatment for AD. Therefore, nanotechnology-based drug

delivery was explored with the motive of improving the drug delivery of available

AD agents. The extent of advantages of drug delivery through

nanotechnology-based systems really provides the superior outcomes as compared

to the conventional therapies. This chapter focuses on the patents granted or pub-

lished for the treatment of AD using different types of nanotechnology-based drug

delivery systems. The number of patents granted or published in this area really

provides the reason for shifting of paradigm from drug discovery to improvising

drug delivery using nanotechnology-based systems.
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Nomenclature

AD Alzheimer’s disease

NMDA N-methyl-D-aspartate

ChAT Choline acetyl transferase

AChE Acetyl cholinesterase

ACh Acetylcholine

bA b amyloid

NFT Neurofibrillary tangles

USFDA United States Food and Drug Administration

BBB Blood brain barrier

EGb 761 Gingko biloba extract

NDDS Novel drug delivery system

CSF Cerebrospinal fluid

CNS Central nervous system

NPs Nanoparticles

RES Reticuloendothelial system

µm Micrometers

hr Hours

wt% Weight percent

MRI Magnetic resonance imaging

SP Senile plaques

PET Positron emission tomography

BDNF Brain-derived neurotrophic factor

PEG Polyethylene glycol

nm Nanometers

NE Nano-emulsion

ME Microemulsion

GMG Glycyl-2-methylprolyl-glutamate

RMM Reverse micelle microemulsion

% Percentage

g Gram

L Liposomes

CVS Cardio-vascular system

PIT Phase inversion temperature

NSAIDS Nonsteroidal anti-inflammatory drugs

esp Especially

Apo E Apolipoprotein E

DOPS 1,2-dioleoyl-sn-glycero-3-[phosphor-L-serine]

DOPE 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine

SLN Solid lipid nanoparticles

COX-2 Cyclooxygenase inhibitors-2

GA Glatiramer acetate
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14.1 Introduction

Alzheimer’s disease (AD) is severe disabling disorder of central nervous system

(CNS) leading to the loss of neurons in brain areas, which are responsible for

memory. It is considered as the most common form of dementia in elderly patients.

It is the leading cause of death in majority of population beyond 60 years. Loss of

cholinergic function, presence of protein deposits in brain areas, neuroinflamma-

tion, and increased reactive oxygen species are prime reasons for neuronal death.

Such loss of brain function is degenerative, which makes the AD as non-curable

disease (Kumar and Singh 2015). Research from the last 30 years clearly demon-

strates that there are no frontline pharmaceutical agents, which can completely or

partially prevent the AD. Till date only five therapeutic agents have been proven

successful in prevention of AD to some extent, with no market approvals after

memantine (2003 AD) (Cazarim et al. 2016). Adding to the woes of treatment

options, the current therapeutic agents are minimally available in CNS due to their

inability to cross the blood brain barrier (BBB). The conventional treatment options

for AD make it difficult for drug to transport across BBB. The conventional

treatment for AD is marketed formulation of tablets and capsules for various

approved AD agents. These AD agents have very limited pharmacokinetics after

oral administration, and additionally, use of conventional dosage forms viz. tablets

or capsules makes it worse for the AD agents to penetrate the brain and accumulate

there.

Nanotechnology-based drug delivery can serve as a defined alternative for the

treatment of AD. With nanoscale droplets/particles of these systems, it offers more

fast and efficient delivery of pharmaceutical agents especially when the neurolog-

ical disease is concerned Fig. 14.1. There are number of nanotechnology-based

systems like multi-particulate system, nanoparticles, emulsion-based system

(nano-emulsion and microemulsion), liposomes, and solid lipid nanoparticles,

which can be explored for its varied benefits in making the treatment for AD more

efficient and safe. Each nanotechnology-based system has its own advantages and

disadvantages, which should be taken into account while developing the suitable

formulation of AD agents. Its advantages like nano-size, targeting potential, larger

surface area, higher solubility for drugs, improved stability, which overcomes the

limitations of conventional delivery systems, aim at improving the treatment effi-

ciency for neurological disease (Mirza and Siddiqui 2014). The treatment of AD

and several other neurological diseases is critically important by

nanotechnology-based system which is reflected in the research activities under-

going for the AD using this nanotechnology systems. From the start of twenty-first

century, nanotechnology systems were in eyes of global scientific community to use

it for improvisation in pharmaceutical sector. Gradually, as formulation scientist

learnt about the surprising advantages of these systems, they were lured to work on

it to make it fruitful for pharmaceutical applications. Several pharmaceutical
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industries started to research in nanotechnology-based system for improvising the

therapeutic efficiency in various ailments. Their global success in developing the

product could be seen with the dramatic rise in the intellectual property fillings of

their research. Patents involving the nanotechnology-based systems, which were

drastically increased in twenty-first century, are explained in this chapter, reflecting

the high rate of the success in this area.

Above-mentioned advantages of nanotechnology-based systems will ensure that

the prerequisites for AD treatment will be satisfactorily complied leading to

improved therapy in AD. AD can be treated efficiently with the use of

nanotechnology-based drug delivery systems by enhancing the concentration of

drug in brain areas by facilitating BBB transport. Following sections in this chapter

will address the readers about AD, its symptoms, limitations of conventional AD

treatment with use of nanotechnology-based drug delivery systems as future

alternative, and patent database of nanotechnology-based drug delivery systems for

AD treatment (Patel et al. 2016e).

Fig. 14.1 Nanotechnology-based novel formulations help in optimizing brain exposure to drug

molecules in brain disorders
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14.2 Alzheimer’s Disease

Alzheimer’s disease (AD) is the neurodegenerating progressive disorder, which

leads to loss of memory and severe cognitive impairments. It is characterized by

gradual loss of cholinergic activity and increase in oxidative stress leading to neu-

roinflammation in the brain. Pathologically, it is characterized by versatile presence

of protein deposits (amyloid plaques and neurofibrillary tangles) in brain which

interrupts the normal communication activity between nerve cells in brain areas

(Banks 2012; Kumar and Singh 2015). AD is considered as the most common form

of dementia worldwide. Approximately, 34 million people worldwide are suffering

from this epidemic, including those 5 million Americans who highlight the fact of

global presence of this disorder (Minati et al. 2009; Banks 2012; Vinters 2015).

The term AD was coined in the famous book entitled “Psychiatrie” by Dr. Emil

Kraepelin, a senior German psychiatrist in respect of its originator, Dr Alois

Alzheimer, a young German psychiatrist of that time. The histological finding of

amyloid plaques and neurofibrillary tangles was identified by Dr. Alois Alzheimer

in his female patient, Auguste D at Frankfurt hospital in 1906 A.D. (Hippius and

Neundorfer 2003; Zilka and Novak 2006). This case study of patients of Dr. Alois

Alzheimer’s was published in the German language whose English translation was

released in 1995 A.D. by Stelzma et al. Then, the scientist worldwide did explore

the brain for identifying the pathology, progression, and treatment options of AD.

The early symptoms of AD patient are initial loss of short-term memory while

advancing it leads to cognitive impairments. The later stages’ disease is charac-

terized by loss of normal routine function and impaired ability to recognize the

social members. During this advancement of AD, their behavior may get violent;

there may be depression and delirium, and patient might avoid of being involved in

society and social relations. The deposit of amyloids and loss of cholinergic activity

forms the main cause of AD. Lesion of cholinergic nuclei reduces the cholinergic

transmission leading to cholinergic cell death. Protein misfolding in brain areas

related to memory leads to interrupted neurotransmission within neurons. This

ultimately leads to death of neurons (Standridge 2004). There is bias in the treat-

ment of AD with respect to its clinical outcome and the experimental preclinical

testing. Clinical findings suggest that AD begins years prior to onset of symptoms,

and to cope with irreplaceable neuronal loss, AD drug must be started as early as

possible. Hence, early diagnosis would be a prerequisite for starting the treatment of

AD. While the preclinical testing reveals the fact that even with the advances stages

of AD, the histological findings and cognitive impairments can be reversed with

suitable therapy. This bias in the treatment of AD has proven worth and is always

the base to the research for newer pharmacologic agents for the AD (Banks 2012).

Currently, there is not so wide option for the treatment of AD. Drugs related to

cholinergic pathway and N-methyl-D-aspartate (NMDA) receptor antagonist are the

only agents approved by FDA for treatment of AD as shown in Table 14.1.

However, gingko biloba extract, EGb 761 which is used as dietary supplement has

been approved for AD in national formularies of Germany and France (Schneider
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2012). To state the fact, cholinergic deficits are forming the mainstay of neuro-

logical changes in AD patients which forces scientist to work on developing the

new pharmacological agents acting in cholinergic crisis (Sood et al. 2014). In AD,

there is decreased activity of choline acetyl transferase (ChAT) enzyme and

increased functioning of acetyl cholinesterase (AChE) enzyme. These enzymes are

responsible for maintaining the balance of acetylcholine (ACh) in the brain.

Malfunctioning of this enzymes, severe cholinergic neuronal loss, and interrupted

neuronal communication due to b-amyloid (bA) and neurofibrillary tangles

(NFT) deposits altogether leads to cognitive impairment and ultimately AD (van

Marum 2008; Galimberti and Scarpini 2011; Yiannopoulou and Papageorgiou

2013). Till date acetylcholinesterase (AChE) inhibitors are first-line agents to be

approved by United States Food and Drug Administration (USFDA) for treatment

of various stages of AD including tacrine (1993), donepezil (1996), rivastigmine

(2000), and galantamine (2001). AChE inhibitors play a crucial role in elevating the

levels of ACh in the brain areas by inhibiting the enzyme, AChE, leading to

decreased metabolism of ACh. Apart from this, many AChE inhibitors fail in some

or other stages of clinical trials and were left out. Above stated AChE inhibitors are

marketed in form of conventional or modified release tablets and transdermal patch

(Schneider 2013). As far as the limitation of the AChE inhibitors is concerned,

crossing the blood brain barrier (BBB) is the rate-limiting step. A prerequisite to

successful treatment of neurological diseases is building up of therapeutic con-

centrations of drug in brain areas, which are too low in case of conventional

Table 14.1 Medications for treatment of Alzheimer’s disease (Burns 2003; Schneider 2012)

Sr.

no.

Drug Dosage form

and route of

delivery

Approval

date

Major problem Alternatives

1 Tacrinea Oral tablets 1993 Hepatotoxicity Nanotechnology-based

drug delivery system2 Donepezil Conventional

tablets and

extended

release

formulation

1996 Gastrointestinal

adverse effects,

limited

absorption in

central nervous

system (CNS)3 Rivastigmine Oral

formulations

and

transdermal

patch

2000

4 Galantamine Oral

conventional

and extended

release

formulations

2001

5 Memantine Oral

film-coated

tablets

2003

a Banned by US Food and Drug Administration
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therapy. Moreover, all the approved AChE inhibitors were having common adverse

gastrointestinal, and hepatotoxicity effect, which leads to patient noncompliance

and therapy discontinuation (Yiannopoulou and Papageorgiou 2013; Sood et al.

2014). Simultaneously, the only agent of another class, memantine was approved

by USFDA in 2003 and which is the last pharmacological substance approved for

AD, ever. One of the neurotransmitter, glutamate is also believed to play prominent

role in pathophysiology of AD. Elevated glutamate levels within the brain are

indicative of an increase in oxidative stress associated with bA. Excessive stimu-

lation of NMDA receptor by elevated levels of glutamate leads to the influx of a

high amount of calcium in neurons. Damaged neurons are supposed to release

excess glutamate in the brain leading to excessive activation of NMDA receptor,

and higher influx of calcium in neurons eventually leads to neuronal cell death.

Physiological activation of NMDA receptors is required for normal functioning of

cognition (Standridge 2004). Memantine is a noncompetitive antagonist of NMDA

receptor, which inhibits the neurological damage linked with an excessive gluta-

mate release without affecting physiological NMDA activation (Burns 2003; Beier

2007; Sood et al. 2014). Further, ginkgo biloba leaves and extract are used as food

supplements in some countries especially Germany, France, and USA as over the

counter preparations. They contain flavonoids and are considered as neuroprotec-

tive. Preclinical studies have shown a significant effect of the ginkgolides as neu-

rogenesis promoter and inhibit the bA-induced neuronal damage. However, the

trials of EGb 761 have unsuccessful results on humans and have put its potential in

doubt as AD agent.

14.3 Treatments Challenges for Alzheimer’s Disease:

Conventional Versus Nanotechnology-Based Drug

Delivery System

The treatment options depicted above are very limited for prevention of AD. All the

five medications are marketed under tablets for oral route delivery with a trans-

dermal patch of rivastigmine as an exception. The current approved formulations

for AD are shown in Table 14.1. For successful treatment of AD or any neuro-

logical diseases, drug concentration in CNS should achieve highest levels.

Homeostasis of a brain is maintained by the almost impermeable and highly specific

barrier called as the BBB. Research shows that it restricts 100% of large molecules

and even 98% of small molecules either endogenous or exogenous (Chen and Liu

2012; Pardridge 2012). These medications are confronted with tight epithelial

junction of the BBB while transiting from periphery to central nervous system. This

restrictive action of the BBB leaves the drug with no other option except sub-

therapeutic concentrations that are achieved in the cerebrospinal fluid (CSF). This is

major hurdle for the conventional therapy in being the effective treatment for AD.

Over and above this, physicochemical properties of drug molecules like lower
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solubility and high molecular weight add to the woes of suboptimal treatment. This

will additionally inhibit the transport of drug molecules across the BBB. This

limitation of conventional therapy makes them unsuitable for AD treatment creating

the need for some alternative, which can serve the purpose of AD drug for its

efficient treatment.

With no future molecules of AD have given positive results in phase 3 clinical

trials in last 15 years (Rafii and Aisen 2009; Schneider 2012; Cazarim et al. 2016),

there is high time to identify some other alternative approaches, which can upgrade

the treatment options for AD. Scientists are left with no other option but to deliver

the best from currently available options. With no new breakthrough drug in last

15 years, they are forced to find ways to improve the efficacy of already approved

drugs. Nanotechnology is one of the ways which has revolutionized various sectors,

including chemical, engineering, agriculture, and healthcare. Nanotechnology is the

concept that deals with the materials within nanoscale. Their nanoscale dimensions

are the most important aspect, which alters or imparts fantastic properties beneficial

to the areas in which it is used. In pharmaceutical sector, drug delivery is the

prominent area, having infinite applications of nanotechnology.

Nanotechnology-based drug delivery system, which is a part of novel drug delivery

system, has played a significant role for treatment of variety of disease, including

neurological disease, cardiovascular disease, and cancer, in improvising the drug

delivery. There are number of tailor-made approaches for delivering the drug

molecules to human with the help of science of nanotechnology.

The limitations of AD therapy with orthodox formulations (tablets and oral

solutions) could be minimized by the use of nanotechnology in pharmaceutical drug

delivery. There are the number of advantages of nanotechnology, which are not

limited to targeting to specific areas, site-specific controlled release, improved

solubility, and surfaces area (Mirza and Siddiqui 2014). Apart from this, other

benefits of having nano-drug delivery systems are rapid absorption into cells; they

are not easily identified by reticuloendothelial system (RES) and so longer duration

of action and biocompatibility when biodegradable materials are used (Suri et al.

2007). The conventional formulations can be shifted to nanotechnology-based

formulations that can lead to improved solubility and dissolution, better absorption

potential, and enhanced bioavailability. Liquid nano-carriers have faster penetration

of drug molecules owing to the solubilized state of drug and liquidity of carriers.

This will in turn enhance the bioavailability as they are ready to absorb and will

improve the concentrations of drug across BBB for treatment of the neurological

disorders. Detailed advantages of nanotechnology in drug delivery are highlighted

in Table 14.2.

Owing to the number of potential benefits of nanotechnology-based drug

delivery, this has become a prerequisite for improving the suboptimal therapy for

conventional drug delivery systems. Some excellent reviews have been in public

domain that highlights the significance of nanotechnology-based drug delivery for

central nervous system (CNS) disorders (Lun et al. 2012; Biddlestone-thorpe et al.

2012; Fonseca-santos et al. 2015). Fonseca-santos et al. (2015) have reviewed the

various nanotechnology-based drug deliveries for treatment of Alzheimer’s disease.
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The authors have covered various nano-formulations viz. polymeric nanoparticles,

solid lipid carriers, liposomes, and surfactant-based systems (Fig. 14.2), its

advantages in drug delivery and possible outcomes in treatment of AD. It has also

reviewed various researches conducted on AD agents using nanotechnology-based

formulations, irrespective of its success. More and more research is being focused

of development of nanotechnology-based drug delivery with ultimate aim of

improving the therapeutic concentrations of drug in brain areas (Chambers 2012;

Lun et al. 2012; Fonseca-santos et al. 2015).

14.4 Patenting in Drug Delivery Systems for Treating

Alzheimer’s Disease

The suboptimal treatment for AD with the conventional therapies is a prominent

headache for the scientist worldwide. The cause and consequences of the same had

already been discussed in the previous section. This is the peak time for the sci-

entists from all around the world to improvise the already available options of AD

treatment by their efforts. If done not now, then there are many chances that the

number of patients suffering from this deadly neurological disease can rise by leaps

and bound, and within no time, it will reach to the stage which will be out of control

from caretakers. Industry and academia have understood the serious consequence of

this outbreak and have already started working in improvising current therapy for

Table 14.2 Potential advantages of nanotechnology-based drug delivery (Suri et al. 2007; Lun

et al. 2012; Mirza and Siddiqui 2014)

Sr.

no.

Potential advantages of nanotechnology-based drug delivery

1 They possess particles in nanoscale which leads to improved solubility and absorption

across human mucosa (especially BBB) as compared to the macromolecules.

Moreover, they have improved stability because of such small sizes

2 Nanoscale particles will have larger surface area i.e., contact area, thereby enhancing

the absorption for trans-mucosal drug delivery systems and making it faster

3 They have prolonged duration of effect as nanoscale particles are not easily identified

by natural defense mechanism of human body i.e., RES, pinocytosis etc.

4 Targeting to particular site or site-specific release of drug is possible in this type of

drug delivery system which minimizes the risk associated with the unwanted

distribution

5 Surface modification is possible for tailor-made applications

6 It is possible to use biodegradable material in these systems which will minimize their

toxicity as they are highly biocompatible

7 For neurological disorders, targeting via nose directly to brain is the prominent route

of delivering neurological agents. For nose to brain applications,

nanotechnology-based drug delivery systems are most suitable due to their wide range

of properties including nanoscale sizes, larger surface area, and targeting potential
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AD with nanotechnology-based drug delivery systems. Patents granted or published

for treatment of AD using nanotechnology-based drug delivery systems are

reviewed here. Several efforts have been made by the scientists to improvise the

therapy for AD, and some successful improvisation has been protected by patents.

Nanotechnology-based drug delivery systems are being the most researched area

for effective delivery of the AD therapeutic agents. Several patents have been

granted/published in this area with basis of nanotechnology systems, including

multi-particulate system, nanoparticles (NPs), nano-emulsion (NE), liposomes (L),

solid lipid nanoparticles (SLN), and multiple dosage forms, which are briefed in

Table 14.3.

Further, those patents are explained to understand the invention, which ulti-

mately focuses on improving the therapy for AD and improves the life expectancy

of a patient.

Fig. 14.2 Various nanotechnology-based novel formulations in the treatment of Alzheimer’s

disease
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14.4.1 Multi-particulate System

This dosage form for the drug delivery consists of several nano- or micro-size

particles, which may be solid or liquid. Vandse (2011) has disclosed the invention

comprising of controlled-release formulations of cholinesterase inhibitor drug,

galantamine. The patent describes the multi-particulate formulations viz. particles,

pellets, granules, spheres with or without topcoat for immediate release for AD drug

with particle size ranging from 100 to 2500 µm. Owing to the half-life of 5–7 h, the

dosing of galantamine conventional formulation (Film-coated tablets) is too fre-

quent. This patent claims to provide the controlled release of galantamine by for-

mulating it into the controlled-release multi-particulate system. Multi-particulate

system will ensure the initial burst of the drug required for onset of action, and

controlled release property due to the polymeric system will ensure the prolong

prevalence of drug in the blood pool. This will make the patient free from mem-

orizing the dosing frequency for AD which has long-term therapy. This disclosed

system may provide the improved pharmacokinetics and dissolution profile of

galantamine. The system comprises of one aspect, which has controlled-release

formulations consisting of galantamine with core substrate and with water-insoluble

ingredient. Further, the core is coated with release rate controlling membrane.

Second aspect consists of additional top coat of immediate release with galantamine

and polymer mixtures. The core consists of water-insoluble layer in 5–50 wt%

(cellulosic polymer, plastic resin, and silica) and 0.1–25 wt% of plasticizer based

on weight of water-insoluble layer. The release rate controlling membrane is 30–

90 wt% (ethyl cellulose and polyvinyl pyrollidone K 30). Additionally, it also

contained pore-forming excipient in the ratio of 20:1 and 1:10 with release rate

retarding polymer. The disclosed formulations have benefits over conventional

formulation, including minimized dosing frequency, and effective plasma concen-

tration of galantamine over an extended time period. They can maintain the slow

steady-state plasma levels of drug thereby preventing the acute cholinergic side

effects of galantamine.

14.4.2 Nanoparticles

Nanoparticles (NPs) are one of the most frequently studied dosage form from

nanotechnology-based systems. Patent by Corot (2013) discloses the use of metal

NPs for diagnosing the AD by magnetic resonance imaging (MRI). The NPs

concept is used to prepare the metal-based composition for conductance of MRI in

AD patient. In AD, numerous deposits of several senile plaques (SP) and neu-

rofibrillary tangles (NFT) are found in the brain areas, which are insoluble, and

hence they are toxic. The prior art describes the compounds, which are vectorized

comprising of single entity and bio-vector agent for specific molecular targeting of

an over expressed marker in AD. As a diagnostic tool, MRI is highly preferred in
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this invention as it provides superior resolution and nonirradiating nature as com-

pared to nuclear methods. This invention has brought the metal NPs which are

effective in MRI and are not vectorized by specific bio-vector. The disclosed

invention is advantageous as it requires simple synthesis to make nonvectorized

products and hence cheaper than vectorized products. They also improve their

uptake by macrophage and are efficient in crossing BBB as compared to vectorized

products for MRI in AD. The metallic particles consist of metallic core protected by

non-polymeric layer, which may be from phosphate, phosphonate, hydroxamate,

silane, siloxane, and carboxylate. The invention is not limited to the diagnostic

purpose; it may consist of therapeutic agent, and/or transfer vector which improves

the targeting of metal nanoparticles to the brain, and it may combine other methods

of imaging including optical imaging, positron electron transmission (PET), and

X-ray scanning.

Further, Cimini et al. (2014) have invented the composition of

nanotechnology-based cerium oxide, which is coated with hydrophilic polymer and

embedded with antibody specific for amyloid-beta antigen associated with AD.

Cerium oxide is an antioxidant, which may have neuroprotective effects in AD

progression. Specifically designed nanoceria-based targeted formulation for AD

treatment has number of benefits than simple administration of antioxidants. The

disclosed invention may regulate the expression of the brain-derived neurotrophic

factor (BDNF) signal transduction pathway. Cerium nanoparticles have improved

antioxidant properties due to the highly excited states of lanthanide series element,

cerium. The valency of +3 of cerium makes it responsible for unique antioxidant

property. The disclosed formulation is active in only low dosages with single

administration, and it regulates the signaling pathway involved in neuroprotection.

The disclosed cerium NPs are initially amine functionalized, which promotes the

coating with polyethylene glycol (PEG). They are 3–5 nm (nm) in size prior to

coating. Later on, they are embedding with anti-amyloid-b antibody specific to the

amyloid plaques antigen which makes them selective in targeting and will increase

the chance of improved neuronal activity and survival. This invention has better

targeting potential to amyloid b and can provide the efficient neuroprotective

activity in AD therapy.

14.4.3 Nano-emulsion

Nano-emulsion (NE) is highly acceptable dosage form in context to liquid-based

formulations. They have many advantages than conventional formulations includ-

ing nano-sized droplets, improved solubility and absorption, better targeting

potential, and simple manufacturing process (Patel et al. 2017). Mazed and Mazed

(2009) disclosed the nutritional supplement or liquid mixture, which can improve

the status of a patient in case of cardiovascular (CVS) disease, Alzheimer’s disease

(AD), and diabetes type 2. The patent also discloses the ingredients for natural

preservatives, sugar replacements, and methods for nano-dispersion,
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nano-encapsulation, and time bound delivery. Overall this composition (which may

be in form of food, drink, supplement, drug, cosmetic, and hygiene product) is

having synergistic effects for benefits in above-mentioned disorders. There may be

infinite ratios for mixture of super nutrients, antioxidants, and anti-degenerative

elements, with other essential micro-nutrients to get the balanced state of compo-

sition. Ingredients from above category may be treated with inert food grade gas to

reduce microbial contamination and degradation. Ingredients from the above cat-

egory can be processed with short/medium-chain triglyceride, emulsifier, and

aqueous phase in microfluidizers. With the mechanism of collision of various

micro-channel of mixture in the reaction chamber under tremendous velocity,

microfluidizers could be able to produce nano-emulsion with size range from 25 to

100 nm. Some of the ingredients may be encapsulated into the biocompatible

nano-sphere (dendrimers or cyclodextrins) from which drug may diffuse slowly.

Molecular diffusion or enzymatic degradation forms the basis of drug diffusion.

This disclosed invention may improve the person’s well being, with potential

implications of lowering risk associated with cardiovascular disease, Alzheimer’s

disease, and diabetes type 2.

Elbayoumi et al. (2011) disclosed the NE formulations for direct delivery of

therapeutic agents of all categories. The NE-based system comprised of single or

blended surfactant for stabilization of single or blended oils in vitamin E-based

aqueous component. It relates to the administration of poorly water-soluble agents

using microporous devices for controlled intra-luminal delivery. Conventional

emulsions are having a limitation of larger droplet size giving it a milky appearance.

Due to their coarser size, they are susceptible to gravitational sedimentation, which

makes them thermodynamically unstable. Moreover, due to coarser size, their flow

is impeded from micropores in catheters which hinder the delivery of formulation.

NEs are having profound benefits than conventional emulsion in terms of droplets

size, and stability. The disclosed NE is prepared by modified phase inversion

technique (PIT) containing a minimum amount of surfactant making it free of

mucosal toxicity. The present invention can be delivered to the specific body cavity

of subject using medical or surgical devices having microporous portion to release

NE into the cavity. The scope of the use of disclosed invention is not limited to

specific therapeutic agents but comprises of nephrotoxic agents, cardio-toxic agents,

anti-inflammatory agents, antineoplastic agents, anti-hyperlipidemic agents, agents

to treat neurological disease, including anti-Alzheimer agents, nonsteroidal

anti-inflammatory agents (NSAIDS), and antihypertensive agents. The

pre-concentrate in the disclosed invention consists of therapeutic agent (<5 wt% of

NE) loaded oil phase (10–15 wt% of NE) from one or more fatty acid (particularly,

medium-chain triglyceride). Emulsifier (5–15 wt% of NE) consists of one or more

surfactants not limited to vitamin E, lecithin, castor oil derivatives, and polysorbate

80. The aqueous phase (75–85 wt% of NE) may consist of glycol furol, ethyl

acetate, propylene glycol, ethanol, lower alkanol, or mixture thereof. The disclosed

invention has droplet size in 30–200 nm.
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14.4.4 Microemulsion

Microemulsion (ME) is similar to NE in context to particles size, composition but

vary to some extent in their applications (Patel et al. 2016b, f). ME is easy to

manufacture, while its thermodynamic stability and robustness against dilution

make them the most-favored nanotechnology-based drug delivery system for par-

enteral route or any other route which dilutes the administered formulations namely

ophthalmic or oral (Patel et al. 2013a, b). They are one of the most explored

colloidal nanotechnology-based systems, which are used mainly for targeting the

lipophilic molecules having compromised solubility (Patel et al. 2016a, c, d). Wen

et al. (2013) invented nonaqueous formulation of glycyl-2-methylprolyl-glutamate

(GMG) which is used for neuroprotection in neurodegenerative disorders.

Conventional aqueous-based formulations for oral delivery are having compro-

mised bioavailability of GMG giving suboptimal treatment for neurological dis-

orders. However, the present invention discloses the nonaqueous encapsulated

formulations particularly microemulsions and microparticles, which enhance the

neuroprotective effect of GMG due to its increased bioavailability. The ME, dis-

closed in the invention may comprise of lipid from carboxylic acid or tartaric acid,

surfactant may be alcohol from hydroxyl form of carboxylic acid, polysorbates,

sorbitan long chain carboxylic esters, and pluronic groups; additionally, it may

contain peptide conjugating agent for better targeting potential. The aqueous phase

primarily consists of water and GMG in solubilize form. Such lipidic formulations

can interact with lipid content of human body and improve the partition of for-

mulations thereby facilitating the absorption of drugs, which will enhance their

bioavailability.

Wang (2014) disclosed the compound preparation for treatment of AD and the

composition. The invention is about compound made from bulk agents namely

huperzine A and tetra-methyl pyrazine phosphate, its transdermal ME-based for-

mulation, which improves the treatment efficiency in AD. It is more efficient in

neuroprotection which is beneficial in AD therapy. Tetra-methyl pyrazine phos-

phate is not suitable for oral administration due to higher hepatic first-pass effect.

Hence, nanotechnology-based formulation for transdermal delivery is a suitable

alternative altogether with huperzine which may give synergistic effect with

tetra-methyl pyrazine phosphate. The said ME formulations comprise of huperzine

A (0.001–0.005%), tetra-methyl pyrazine phosphate (0.05–0.2%), oil phase (0.5–

2%), surfactant (10–15%), cosurfactant (2–6%), penetration enhancer (0.5–2%),

polyvinyl pyrrolidone (20–25%), polyethylene glycol (20–25%), polyvinyl alcohol

(30–35%), and sorbitol (3–5%). The oil phase is selected from oleic acid, isopropyl

myristate, or medium-chain triglycerides. The surfactant is selected from hydro-

genated castor oil derivatives, poloxamers, or lecithin 80, while cosurfactant is

selected from alcohols. The ME-based formulation was prepared by well-known

method by aqueous titration of water (containing tetra-methyl pyrazine phosphate)

in oil phase (containing huperzine A). Further, on adding polymer aqueous solution

to the above mixture and subsequent drying, it will give the disclosed transdermal
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preparation. The disclosed invention has benefits in enhancing bioavailability of

tetra-methyl pyrazine phosphate, while it will improve the life of AD patient due to

synergism of both drugs.

Maurel (2015) has been granted patent for inventing reverse micelle

microemulsion (RMM) consisting of metal ions and forms of lipids for efficient

transport of RMM across biological membranes, which may prove beneficial in

case of AD therapy. The disclosed invention is claimed to have faster absorption

across mucosal surface and is able to vectorize metal cations to any tissue or

organism. The present invention has claimed to have water in oil micelles sur-

rounding the aqueous core with diameter less than 10 nm. The RMM consists of

one metal ion, oil (sterol), at least two surfactants (acyl glycerol and phospholipid

or sphingolipid), cosurfactant (alcohol), and water. In disclosed invention, the

phospholipid is phosphatidyl choline; acyl glycerol is olein or oleoyl acetyl glyc-

erol, while sterol is selected from citosterol or cholesterol. The metal ion is selected

from lithium, zinc, niobium, vanadium, selenium, and chromium. However, lithium

is exceptionally used for treatment related to the CNS or neurological disease. The

lipid content in disclosed invention is between 1 g to 30 g of 100 g composition,

while acyl glycerol content is 50 g to 90 g of 100 g of compositions. The sterols

content in disclosed invention is 0.825 g to 4.5 g of 100 g composition, while

alcohol is 5 g to 12 g of 100 g composition and water content is between 5 g to

15 g of 100 g composition. The diseases which are used to treat using disclosed

invention are generally neurological or CNS disease. They are administered through

mucosal route of administration. The invention may consist of several other addi-

tives, which may be required for stable formulations. The disclosed invention has

improved transport across the mucosal surface even across BBB, which helps in

higher vectorization of metal ions and enhancing bioavailability for treatment of

AD and other neurological or CNS disease.

14.4.5 Liposomes (L)

Liposomes are pure lipid-based nano-formulations (vesicles) comprising of bilayer

of phospholipids (or any amphiphilic lipids) having hydrophilic head and lipophilic

tail which forms cavity to encapsulate the therapeutic agents which may be

hydrophilic or lipophilic. Masserini et al. (2015) have disclosed the modified

liposomes which are active in vivo on neurodegenerative disease (AD). Latest AD

therapy and target includes the reduction of bA deposits in brain. Current research

has very few such known compounds which are still under investigation for their

efficacy to reduce bA in AD. The disclosed invention composition of modified

liposomes is said to reduce the bA plaques in vivo. The disclosed lipids (effective at

1–15 mmoles of total lipids) have an ability to reduce the bA in vivo in brain.

Moreover, these are having strong therapeutic response in vivo in moderate doses

and are having low toxicity risk. The disclosed liposomes consist of phosphatidic

acid or cardiolipin (1–20%), apolipoprotein E (Apo E) (1–5%) in addition to
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standard liposomal lipids including phingo myelin, phosphatidyl choline, phos-

phatidyl ethanolamine, and cholesterol. The method to prepare such modified

liposomes is same as known in literature for liposomes viz. extrusion, lipid

hydration, solvent spherule method, sonication, French press cell, solvent injection,

freeze drying. The disclosed invention can be formulated with additional thera-

peutic agent for synergistic benefit if required and can be administered via various

routes of administration preferably with parenteral route. The disclosed invention of

modified liposome can provide effective reduction on amyloid b at moderate dosage

levels with minimum side effects as compared to other therapies.

Another patent describing the liposomes capable for effectively binding the

amyloid b-peptide is granted to Masserini et al. (2009).The disclosed invention

describes the liposomal formulation capable of being effective as an anti-amyloid

agent due to its specific lipidic contents in addition to conventional lipids, which is

beneficial in treatment of AD. The invention claims to possess very high binding

capacity when additional lipids are combined together with conventional lipids. The

conventional lipids are selected from cholesterol and sphingomyelin. The additional

lipids are selected from cardiolipin, L-b,c-dimyristoyl phosphatidic acid, dipalmi-

toyl L-a-phosphatidyl-DL-glycerol and may be present within 5–40%. The said

liposome may be prepared by any of method known to manufacture liposomes, but

extrusion is the most preferred method. The disclosed invention may comprise of

several useful additives (like liposome stabilizer) for making the composition robust

and additionally may comprise of therapeutic agent of AD for synergism in treat-

ment of AD. The disclosed invention acts synergistically for reducing the amyloid b

in brain areas and also acts as a carrier for AD drugs to provide supportive therapy

for effectively managing AD. Apart from treatment of AD, the disclosed invention

provides the diagnosis of AD using incubation of biological sample of AD patient

with liposomes and subsequent quantification of amyloid b.

Allon et al. (2014) disclosed the invention comprising of liposome-based for-

mulation for in vivo delivery. The novel composition comprises of liposomes to

which peptide is conjugated. The peptide at least comprises of at least one spacer

amino acid, which is followed by suitable amino acid sequence. The amino acid

sequence may be selected from various sequences disclosed in the description

(RERMS or LRKLRKRLLR or ALRKLRKRLLR or ARERMS or AHRERMS).

Further, the disclosed composition encapsulates the therapeutic agent and diag-

nostic agent for AD which may be hydrophilic or lipophilic leading to the

improvement in AD therapy. The disclosed liposome-based compositions consist of

lipids selected from cholesterol or 1,2-dioleoyl-sn-glycero-3-[phosphor-L-serine]

(DOPS) or 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE) within weight

ratio of 1:1:1. The invented liposomes are having particles size between 10 and

200 nm. They are used to treat number brain disease not limited to chronic brain

damage, metabolic brain disease, cerebrovascular disorder, cerebellar disease, and

any form of dementia, including AD. The disclosed invention is administered by

parenteral route of administration. The disclosed invention leads to improved

therapeutic treatment of AD thereby improving the life expectancy of AD patient.
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Another patent granted to Mezei et al. (2001) depicts liposomal compositions

containing selegilin. This disclosed invention relates preparations and pharmaceu-

tical compositions of selegilin for their therapeutic use in neurological disease. The

said invention comprised of selegilin (0.1–40%), lipids (2–40 wt%), cholesterol (0–

10 wt%), alcohol (0–20 wt%), glycerol (0–25 wt%), cyclodextrin or its derivative

(0–50 wt%), and several other additives for stable composition. The disclosed

invention may be uni-lamellar or multilamellar. The lipid in the disclosed invention

may be a phospholipid, which is selected from phosphatidyl choline, lysophos-

phatidyl choline, phosphatidyl serine, and phosphatidyl ethanolamine. Further, the

alcohol may be from ethanol or isopropanol, and glycol may be selected from

propylene glycol or polyethelyne glycol. The cyclodextrin is selected from a- or b-

or c-cyclodextrin, water-soluble dextrin polymer, and methylated or hydroxy

propylated or succinyl methylated cyclodextrin. The disclosed invention can be

administered by oral or parenteral or transdermal route for the treatment of several

neurological disease, including AD, Parkinson’s disease, depression, and stroke.

This said invention is prepared by solvent evaporation method. Due to adminis-

tration of composition by non-oral route, the active agent is not faced with hepatic

metabolism, leading to increased levels of selegilin in target area. This will increase

the monoamine oxidase A inhibition, and required therapeutic levels are obtained.

Even in transdermal route, skin stores the concentration of an active ingredient for

continuous release. Hence, there are no chances of removal of composition system

from skin in dementia. This disclosed invention may help in improved treatment of

neurological disorders by targeting active agent to brain areas with the help of

liposomal formulations.

14.4.6 Solid Lipid Nanoparticles (SLN)

SLN is modified form of NPs which differ from NPs in context to composition.

SLN consists of solid lipid in the matrix of a sphere. Solid lipid has an ability to

dissolve the therapeutic agent into the matrix, forming SLN and release them on

melting of the solid lipid at body temperature on SLN administration. Frautschy and

Gregory (2015) disclosed the invention related to curcuminoid, an active agent from

curcumin for treating AD and other disorder related to aging. It discloses the

compositions of curcuminoid that can enhance the bioavailability in treating the

age-related disease including AD. The composition comprises of curcuminoid or its

metabolites or derivatives, antioxidant which protects the curcuminoid from

hydrolysis; water-solubilizing carrier with phosphatidyl choline selected from ME

or lipid micelles or microencapsulated oils and glucuronidation inhibitor. Ratio of

antioxidant and curcuminoid is 1:10 or greater for better protective activity. The

composition may be selected from microemulsion, SLN, microencapsulated oil, and

gel. Particularly discussing about SLN, in the present invention SLN comprises of

solid lipid, surfactants, and additionally cosurfactants. SLN is prepared by hot

homogenization method and is stable over pH7.0. The solid lipid in SLN is selected
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from triacyl glycerols, tricaprin, trilaurin, fatty acids, cetyl palmitate, and

para-acyl-calix-arenes. Surfactants may be selected from phospholipids, lecithins,

ethylene oxide–propylene oxide copolymers, poloxamines, tweens and spans, while

cosurfactants are selected from sodium cholate, sodium taurocholate, and sodium

glycocholate. This disclosed invention has ultimately better protection of curcum-

inoid at basic pH, and hence, it may increase the absorption of curcumin with this

state of art composition.

14.4.7 Multiple Dosage Forms

This category will identify the patents which cover multiple dosage forms for said

invention irrespective of nanotechnology-based or from other novel drug delivery

systems. A patent by Ieni and Pratt (2006) has disclosed the methods and com-

positions for cholinesterase inhibitors. This disclosed invention is used for treating

several brain diseases including AD and ophthalmic disorders, while the disclosed

compositions (nasal and ophthalmic) can be administered through eyes, nose, skin,

and oral cavity of a patient. The nasal composition of as claimed in disclosed

invention may comprise of cholinesterase inhibitor, glycol derivative, sugar alco-

hol, glycerin, ascorbic acid, sodium meta-bisulfite, and aqueous phase. The trans-

dermal patch as claimed in disclosed invention may comprise of the cholinesterase

inhibitor, backing layer, penetration enhancer, adhesive layer, rate controlling

membrane, polymeric matrix, emulsifier, and other formulation additives as and

when needed. The composition may contain pharmaceutical combination of cho-

linesterase inhibitor and statin. The preferred cholinesterase inhibitor may be

donepezil but is not limited to phenserine, tolserine, physiostigmine, tacrine, and

rivastigmine. The treatment with disclosed invention is suitable for any neurolog-

ical disorders, psychiatric disorders, or any other disorders, which lead to cognitive

impairment or any other form of dementia. The disclosed invention will provide

improved transport of cholinesterase inhibitors in brain areas which will improve

the life expectancy of patient.

Wong (2014) has invented the intranasal formulations of drug for treatment of

neurological disease. The invented composition comprises of pharmaceutical active

agent-transport moiety complex and pharmaceutically acceptable carrier suitable for

intranasal route. The intranasal route provides the advantage of giving improved

bioavailability by targeting the therapeutic agents directly to CNS minimizing the

exposure to the periphery and subsequent side effects. Additionally, the transport

moiety used will promote the transport of pharmaceutical active agent to CNS.

Further, the disclosed invention comprises of biocompatible adhesive (5–25%)

which provides the suitable adhesion of formulation with the nasal mucosal surface

giving prolonged contact time and hence higher absorption. The invention com-

prises of pharmaceutical active agent from neurotransmitter or its analogue

(gabapentin, pregabalin or dopamine), and anti-hyperglycemic agent (metformin,

orphenformin or buformin or its analogue). The transport moiety disclosed consists
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of fatty acid, which may be from caprylic acid, lauric acid, oleic acid, and linoleic

acid. The active agent-transport moiety complex can be prepared by solvent

evaporation method, which will be used to load into the formulations. The disclosed

formulations which contains biocompatible adhesive are selected from several

novel drug deliveries like cream, liquid, spray, powder, and suppository which are

administered through intranasal route and are prepared by simpler method which

are known since past. Various neurological diseases from AD, Parkinson’s disease,

epilepsy, neuropathic pain, and fibromyalgia can be treated with above stated

formulations by administering through intranasal route.

Lehrer (2015) has been granted patent for inventing the method for treatment

and prevention of AD through nonsteroidal anti-inflammatory drugs (NSAIDS).

The invention consists of NSAIDS (at least diclofenac with combination of other

NSAIDS) for the treatment and prevention of AD altogether with pharmaceutically

acceptable carrier. This NSAIDS when administered orally have very low

bioavailability to treat neuroinflammation associated with AD. Hence, when they

are administered via nasal route can bypass the BBB and will reach directly to brain

areas. The NSAID may be preferred from ibuprofen, naproxen, diclofenac, flur-

biprofen but also may be from derivatives of propionic acid, acetic acid, enolic acid,

fenamic acid, cyclooxygenase inhibitors (COX-2), and sulphonanilides and are

delivered via pharmaceutical acceptable carrier like liposomes, microspheres,

nano-emulsion, and nanoparticles. The processes for manufacturing the pharma-

ceutically acceptable carriers are same as known from the past. Further, the

NSAIDS composition may also be combined with other anti-inflammatory or other

AD drugs like anti-amyloid agents (etanercept, bexarotene) or antidiabetic agents

(insulin) for effective treatment of severe type of AD. Moreover, the nasal for-

mulation stated above may be administered via suitable nasal delivery devices like

pump sprays, pump atomizers, droppers, squeeze bottles, pressurized sprays, neb-

ulizers, and inhalers. These nasal delivery devices ensure the targeted release and

effective delivery of preferred therapeutic agents leading to improve treatment of

AD.

Frenkel et al. (2011) has disclosed the compositions and methods for treating the

neurological disorders through glatiramer acetate (GA). GA is an immune modu-

lator drug which is neuroprotective in case of multiple sclerosis. This effect of GA

is quite useful in AD wherein the neuroinflammation is severely damaging the

nerve cells. The disclosed invention consists of the submicron emulsion,

nano-emulsion, and proteosome-based composition of GA (0.5–50 mg) for treat-

ment of neurological disease or disease comprising deleterious protein misfolding.

Such neurological disease or disease comprising deleterious protein misfolding

consists of AD, serum amyloid, amyloidosis, prion disease, and Icelandic syn-

drome. The disclosed invention may be administered by any routes of adminis-

tration preferably nasal route. They may be administered by suitable nasal delivery

devices including aerosol spray or nebulizer. They may also be administered by

parenteral route using bolus injection or continuous infusion. They may also be

used for prophylactic or therapeutic treatment of disease. This disclosed invention
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has improved immune modulatory and neuroprotective effects in multiple sclerosis

and neurological disease especially AD by formulating GA in novel compositions.

14.5 Conclusion

This chapter illustrates the significance of nanotechnology-based drug delivery

systems. The treatment of AD has serious limitations with currently available

formulations of conventional agents. The limitations (especially BBB imperme-

ability) with currently marketed agents for AD and their conventional formulations

are restricting their accumulation in brain areas, which is in fact the perquisite for

successful treatment of CNS diseases such as AD. Nanotechnology-based drug

delivery system has brought a variety of delivery options for those currently

available agents for AD which ensures the maximum concentration in brain areas.

The comparative information regarding nanotechnology-based drug delivery sys-

tem and conventional therapy showed the improved outcomes using novel drug

delivery system. The protection of intellectual property in nanotechnology-based

drug delivery system shows that the research has been now shifted to improve the

current therapy rather than drug discovery, especially in AD. The patents related to

this area show that there is a vast potential for improving the drug therapy of AD.

However, this fruitful research must be followed by human trials, if possible, and

should focus on the perquisites for commercial launching of products.
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Nanomaterials: Properties, Toxicity,
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Abstract The nanotechnology field has considerably increased in recent years,

playing an important role in the pharmaceutical industry. However, this emerging

science presents uncertainties and shortcomings regarding toxicological effects in

human and ecological systems. It was possible to achieve a range of drugs and

cosmetics that have specific properties using nanotechnology. In drug delivery

systems, nanotechnology has demonstrated great potential because of its ability to

induce desired pharmacological responses. The nanocomposites used in the pro-

duction of sunscreens provide effective protection against damages caused by

exposure to ultraviolet radiation. However, recent studies have shown the toxicity

of some UV filters to health and the environment. These studies demonstrated that

the compounds of sunscreens are capable of reaching the marine environment after

released from human skin during the bath through water treatment plants. It is

important to know the physical characteristics and chemical composition of the

working nanomaterial before starting a research because that information will be

relevant keys to a better understanding about the risks evaluation of the study
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object. The comparisons of biological/toxicological data between nanomaterials

should be evaluated by a detailed physical characterization of each material in order

to demonstrate similarities and differences between all substances. Factors such as

size, aggregation/agglomeration state, aggregates/clusters, surface area and shape of

the nanomaterials should be considered for the risk assessments they may cause to

humans and the environment.

Keywords Pharmaceutical industry � Nanomaterials � Toxicity

Safety � Drug Delivery

15.1 Introduction

Nanotechnology became a revolutionary science in the biology and medicine fields.

Among the various approaches to the use of nanotechnology in medicine, we have

nanoparticles (NPs), which offer some peculiar advantages, such as sensors, image

enhancers, and drug delivery. Several nanoparticle varieties with biomedical rele-

vance are already available in the market, including polymer nanoparticles, metal

NPs, liposomes, micelles, quantum dots, dendrimers, and nanoassemblies (Daraee

et al. 2014).

Due to its enormous potential in new product development, new applications

with higher performance, and new functionalities, the field of nanotechnology has

increased considerably in recent years. However, this emerging science still pre-

sents uncertainties and shortcomings regarding toxicological effects in humans and

the environment (Pini et al. 2016).

Studies on assessment of hazards of nanotechnology focus on the unconven-

tional behavior of nanomaterials leading to unexpected mechanisms of transport

and toxicity in human and ecological systems, due the peculiar size and func-

tionality of those materials (Gavankar et al. 2012).

Some metal oxide compounds such as cerium (CeO2), zinc (ZnO), and titanium

(TiO2) have extensive industrial and commercial applications and can be applied in

the fields of biofuels, construction, pharmaceutical, as catalyst agents, etc. These

compounds found on high demand products, especially in sunscreen form, are at

great risk of releasing into the environment, which is followed by increasing

humans exposure, creating impacts on human health and ecosystems that should be

more investigated (Sendra et al. 2017; Forest et al. 2017).

Sunscreen production has increased significantly in recent years, entering the

best-selling cosmetic category in the skin care industry. UV filters, incorporated

into the sunscreen formulations, are classified in organic and/or inorganic, and

metal oxides NPs are part of the latter category. Recent studies have proven the

toxicity of these filters (Sendra et al. 2017).

Current researches showed that components of sunscreens are capable of

reaching the marine environment after the release from human skin during skin

washing. In wastewater treatment plants, high concentrations of these compounds
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were observed (Sendra et al. 2017). These NPs have lipophilic properties, persis-

tence, and stability against biodegradation, which allows food chain accumulation

(Santos et al. 2012; Sendra et al. 2017). Bioaccumulation can cause hormonal

effects and genotoxicity in marine creatures as presented by Fent et al. (2008) and

Sendra et al. (2017).

Carbon nanotubes (CNTs) and carbon nanofibers (CNFs) are some of the most

promising materials from the field of nanotechnology. The introduction of these

materials and its products has considerably grown in the last decade. However,

safety and health, especially during manipulation, also raised concerns.

Manipulators are the first people in society to be exposed to these products, and

there is great need for safety and knowledge about these nanomaterials in order to

build a sustainable developing enterprise (NIOSH 2013).

A rigorous study should be made about the nature of these materials, such as the

physicochemical properties among other analyzes that may define the mechanisms

of inhalation toxicity. Thus, all types of CNT and CNF should be considered a

respiratory risk, and exposures should be controlled in a reduced manner according

to the Risk Assessment and Recommended Exposure Limit (REL) (NIOSH 2013).

Nanomaterials from noble metals have attracted considerable attention from

researchers due to their specific mechanical, electrical, optical, and catalytic

properties when compared to their bulk materials. Silver nanoparticles (AgNPs), for

example, have been widely applied in consumer products including textiles, dis-

infection of medical devices, and household appliances, as well as their potential

water treatment capacity. Thus, with the significant increase in AgNPs production,

application, and market demand, it is inevitable that release of AgNPs into the

environment at high concentrations may affect normal wastewater behavior.

According to the World Health Organization, the maximum permissible concen-

tration of silver in drinking water is set at 0.1 mg/L (Huang et al. 2017).

Nanoparticles mediated drug delivery systems have demonstrated great potential

because of their ability to induce desired pharmacological responses. Solid lipid

nanoparticles (SLNs), nanostructured lipid carriers (NLCs), and lipid drug conju-

gates (LDCs) are the modified versions of nanoparticle delivery systems, which are

based on a solid lipid matrix (Jain et al. 2014).

Although nanomaterials are being studied to be used as drug delivery devices,

for example in cancer treatment. There is also a great potential for combining

diagnostic and therapeutic capabilities in one device (Cattaneo et al. 2010; Hull

et al. 2014). Although great effort is being made in the development of nanodevices

for medicine, much information is still needed to determine the effects of long-term

nanomaterials on human health (Hull et al. 2014).

In this chapter, we have discussed the possible hazards of nanomaterials in

human health and in the environment.
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15.2 Health and Environmental Impact

of Nanotechnology

Over the past 10 years, the field of environmental nanotechnology has witnessed a

remarkable development in the diversity of materials designed for pollution man-

agement as well as the myriad applications of nanotechnology in many subfields of

environmental science and engineering. However, nanotechnology has raised

public concerns about the widespread use of these nanomaterials that have been

manufactured in a wide range of consumer products. These nanomaterials can cause

ecological and health influences due to their excessive release into the environment

(Lien et al. 2016).

15.2.1 Risk Associated with Toxicity of NPs

Risk assessment is related to everything that can go wrong, how it is likely to

happen, and the consequences of this event. As a regulatory platform, risk

assessment is the guiding principle for assessing environmental and product risks,

including nano-activated technologies. Regarding chemicals and nanomaterials,

risk assessment has historically been based on empirical data detailed by exposure

and risk, such as dose-response models, which describe the change in effect in a

system caused by different levels of exposure of a stressor over a given exposure

time (Fadel et al. 2014).

NPs may be unsafe for the biological system. Some research on the toxicity of

these nanomaterials indicates that some of these products can enter the human

body, becoming toxic at cellular level in tissues and organs. The materials com-

posing these particles may or may not be carcinogenic or allergenic, and even inert

NPs have harmful effects due to some toxic species absorbed or the formation of

toxic agents that are the products of reactions with body fluids. Some NPs have

catalytic properties that are highly reactive with oxygen and can cause tissue

damage including inflammation and other toxic effects, which can cause asthma and

atherosclerotic heart disease (Vishwakarma et al. 2010).

According to Hull et al. (2014), the potential effects of nanomaterials on human

health will depend on key factors such as:

1. The likelihood of exposure of humans to nanomaterials, as well as bioavail-

ability and associated doses (occupational exposure versus environmental

exposure) (Hull et al. 2014; Magdolenova et al. 2014).

2. The physical and chemical characteristics of nanomaterials at the time of

exposure (after environmental processing) (Lowry et al. 2012; Magdolenova

et al. 2014).
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3. The exposure pathway or point of entry into the body (dermal and ocular

contact, inhalation, ingestion or digestion) (Abbott and Maynard 2010; Quadros

et al. 2013).

The NPs can more easily be transported in the human body crossing many

biological barriers, thus reaching the most sensitive organs. Some scientists have

proposed that NPs with size smaller than 10 nm act in a gas-like fashion and can

easily penetrate human tissues, disrupting the cell’s usual biochemical environment.

Human and animal test studies have shown that after inhalation and through oral

exposure, NPs can be delivered to the liver, heart, spleen, brain, lungs, and gas-

trointestinal tract (Bahadar et al. 2015).

It is believed that the toxicity screening plan for nanomaterials should have three

key elements—physical and chemical characterization, evaluation of cellular tis-

sues, and animal testing and studies (Vishwakarma et al. 2010).

The respiratory tract and the skin present two main possibilities for contami-

nation by nanomaterials, since the NPs have a very small size and can easily

penetrate the tissues. Due to inhalation exposure, these NPs can be easily airborne

into the respiratory tract. In addition, agglomeration of NPs may occur in longer

chains, which may change behavior both in the external and in the internal envi-

ronment. The toxicity can be influenced by the nanostructure, which has a high

surface area, unusual morphology, very small diameter, and alteration due to seg-

regation that may occur after deposition (Ray et al. 2009). Stahlhofen et al. (1989)

reported that deposition of 20 nm particles is 2.7 times greater than 100 nm par-

ticles, and 4.3 times greater than 200 nm particles.

The skin may be exposed to solid particles at the nanoscale through intentional

or unintentional means. Intentional dermal exposure to nanoscale materials may

include the application of lotions, creams, dressings for wounds, and detergents

containing silver nanomaterials. Nano-TiO2 and nano-ZnO materials are compo-

nents of sunscreens or fibrous materials coated with nanoscale substances for water

or stain repellent properties. Human skin contact with these oxides occurs through

the use of these products. Unintentional exposure involves dermal contact with

anthropomorphic substances generated during the manufacture or combustion of

nanomaterials. The mechanism for this process is still unclear (Ray et al. 2009).

15.2.2 Relation of Nanomaterials Effect Between the Plants

and Animals Food Chain

There is a close link between the components of the plant–animal/human system,

through food contamination. The NPs manufactured through plant and/or herbal

products have become a major challenge for life and environmental scientists. This

situation is made even more difficult by the lack of discussion and misunder-

standing in interaction mechanisms of the manipulated nanoparticle with the plant–
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animal/human system, which can be better observed in Fig. 15.1. (Anjum et al.

2016).

The plants interact very strongly with their surrounding environment, which

sometimes presents considerable contamination by dangerous substances, among

them the NPs are of prime importance. Metal-based NPs have numerous applica-

tions because of their peculiar physicochemical properties. The human and animal

system may be at great risk through nanoparticle-laden plants or herbal food

products. The literature for this subject is still scarce mainly in the interaction of

NPs with plants, and also the phenomena of nanoparticle transport in plants still

need to be better studied. Figure 15.2a shows a schematic representation of the

processes and mechanisms underlying the uptake/accumulation of NPs and the

Fig. 15.1 Release of nanoparticles into the environment (Modified by Anjum et al. 2016). With

permission from Environmental Research
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transport of NPs in the leaves and parts of edible plants (Anjum et al. 2016). And

Fig. 15.2b shows how it can behave in human system.

At the cellular level of the roots, the NPs have to interact first with the plant’s

cell wall, before entering into the cells and performing the intracellular transport as

shown in Fig. 15.2a. The plants have the microfibrils of cellulose, hemicelluloses

and also present molecules of lignin and pectin in their structure, this ends up

forming a porous network that restricts the entry of large aggregates or agglom-

erates of NPs. However, small aggregates or individual particles may enter the

apoplastic and/or symplastic flow after the diffusion of these particles through the

Fig. 15.2 Scheme of the relationship between the transport of nanoparticles in plant a and human

b systems (Anjum et al. 2016). With permission from Environmental Research
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pores. The interaction of NPs with transport proteins, aquaporins, ion channels, and

organic chemicals can facilitate their entry into plant cells through the symplastic

route, an important and highly regulated route for the transport of NPs in large

cultures (Rico et al. 2013).

The food chain (animal/human) can easily be contaminated by NPs, which leads

to bioaccumulation. Thus, more studies are needed to gather information about NPs

of the metallic components accumulation in edible tissues of plants and seeds, in

order to better understand the potential toxic effects evaluation of these nanoma-

terials (Rico et al. 2013. Anjum et al. 2015; Anjum et al. 2016).

15.2.3 Exposure of Animals to NPs

Eom et al. (2016) performed tests on 40 rabbits, exposing their ocular surface to

TiO2 nanoparticles, these authors observed that after a period, the eyes of animals

suffered damage. The authors further observed that although the Mucin 5AC

(MUC5AC) (mucosal glycoprotein responsible to produce viscosity) increased the

level of tear production to protect an ocular area after a single exposure to TiO2,

decreased to normal levels after repeated exposures. The area of conjunctival

PAS-positive goblet cells decreased significantly after single and repeated expo-

sures. The TiO2 nanoparticles exposure in rabbits appears to induce the escape of

goblet cells, resulting in reduced ocular protection provided by MUC5AC due to

this exposure.

Grassian et al. (2007) reported a study with inhalation exposure using TiO2

nanoparticles of approximately 2–5 nm. They showed that nanoparticles aggregate

to form aerosol in the exposure chamber with geometric mean of the mobility

diameter between 120 and 130 nm. Analysis of lung responses in rats after subacute

exposures to these clusters showed a significant inflammatory response among

animals necropsied at 0, 1, or 2 weeks (Ray et al. 2009).

Chupani et al. (2017) have studied the effect of dietary intake of carp (Cyprinus

carpio L.) on ZnO nanoparticles. The authors have shown that this exposure

affected the immune system in the carp. To a certain extent, fish homeostasis was

affected after a six-week exposure of ZnO nanoparticles. The proteins and regulated

pathways that were related to immunological and coagulation systems could be a

response to homeostasis disturbance in fish treated with ZnO nanoparticles. These

authors provided interesting results that have paved the way for biological beings to

be affected by these NPs.

Asharani et al. (2008a, b) performed tests on zebra fish (Danio rerio). These

authors used starch and bovine serum albumin (BSA) as leveling agents, synthe-

sizing silver nanoparticles (AgNPs) to study their deleterious effects and the dis-

tribution pattern in the embryos of this species of fish. The transmission electron

microscopy (TEM) analyses of the embryos demonstrated that the NPs were dis-

tributed in the brain, heart, yolk, and blood of embryos. Their results indicate that

AgNPs induce dose-dependent toxicity in embryos, which hampers normal
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development. Microscopic images could confirm this behavior. AgNPs can be toxic

because they release silver ions, which are well known for their antibacterial and

destructive behaviors.

15.2.4 Effect of Nanoparticles Used in Sunscreens

The production of sunscreens has increased significantly in recent years. It is the

best-selling cosmetic category in the skin care industry. However, recent studies

have proven the toxicity of these filters to humans. Metal oxide nanoparticles are

commonly used as inorganic UV filters (Sendra et al. 2017). Cerium belongs to the

elements of the lanthanides also known as metals. Cerium oxide nanoparticles

(CeO2), also known as nanoceria, are widely used as a component of UV filter

manufacturing (Forest et al. 2017).

Because of this large use, the risk of release of CeO2 nanoparticles into the

environment and their exposure to humans is potentially increasing, while its

impact on human health and ecosystems is not yet fully understood. This obser-

vation led the Organization for Economic Cooperation and Development (OECD)

to classify these nanoparticles as priority materials for toxicological evaluation

since 2010 (Forest et al. 2017).

The human skin is generally strongly exposed to solid nanoparticles by the

application of lotions or creams containing TiO2 or ZnO nanoparticles as sunscreen

components or lotions with repellent properties. Since the manufacture and use of

nanoparticles are increasing, humans are more likely to be exposed to these

nanomaterials (Ray et al. 2009).

Although in the form of larger particles, these compounds protect the skin

against UV radiation, in the form of nanoparticles, absorbing the UV radiation,

carrying out the photocatalysis, and as a result releases reactive oxygen species,

which have great capacity to cause changes in the DNA. Some studies suggest that

this photocatalytic process may not be significant. In contrast, other recent studies

assume that nanoparticles may, in certain circumstances, violate this barrier.

However, these studies are carried out on the scale of laboratory animals, not yet

being tested in humans (Tran and Salmon 2011).

15.2.5 Drug Delivery and Nanoparticles

According to Farokhzad and Langer (2009), nanotechnology products are able to

play a very important role in the therapeutic area that is important for pharma-

ceutical companies. Using this technology, it is possible to:
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(a) Achieving a better supply of poorly water-soluble drugs;

(b) Targeted delivery of drugs in a manner specific to cells or tissues;

(c) The transcytosis of drugs through tight epithelial and endothelial barriers;

(d) Delivery of large macromolecule drugs to intracellular sites of action;

(e) Co-supplying two or more drugs or therapeutic modality for combination

therapy;

(f) Visualizing drug delivery sites by combining therapeutic agents with imaging

modalities;

(g) Real-time reading of the in vivo efficacy of a therapeutic agent. In addition, the

complexity of manufacturing nanotechnology therapeutics may also create a

significant obstacle effect for generic drug companies to readily develop

equivalent therapeutics. These are just some of the many compelling reasons

that nanotechnology holds huge promise for drug delivery.

In the treatment of the disease, nanomaterials are currently being explored to

serve as drug delivery devices, for example, on cancer treatment. There is also great

potential for combining diagnostic and therapeutic capabilities in a device, thus

the newly invented term “theranostics,” (Cattaneo et al. 2010; Hull et al. 2014).

Although great effort is being made in medicine nanodevices development, much

information is still needed to determine the effects of long-term nanomaterials on

human health (Hull et al. 2014).

According to Farokhzad and Langer (2009), there are a number of very

important parameters to develop a successful mechanism for the manufacture of

drug delivery vehicles, among them we can mention:

(a) The use of biocompatible materials with robust simple processes for the

assembly of biomaterials, conjugation chemistry, and purification steps;

(b) Ability to optimize in parallel the myriad of biophysical and chemical

parameters of the delivery vehicles of drugs which have pharmaco-kinetic

properties and possible cell uptake;

(c) Development of scalable operations of large-scale units of specific drug

delivery systems that are necessary for better clinical translation.

It has been demonstrated that targeted drug development vehicles by

self-assembling of pre-functionalized biomaterials simplified optimization and

potential systems. The biophysical–chemical properties of the carrier, such as size,

charge, surface hydrophilicity, binders nature, and density on its surface, may affect

the circulating half-life of the particles as well as their biodistribution (Farokhzad

and Langer 2009).

The surface properties of non-targeted drug delivery vehicles, such as ordered

splines of functional groups, as well as their shape and size have also been shown to

cause increase in particle collection as shown in Fig. 15.3 (Farokhzad and Langer

2009).
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15.3 Mechanisms of Nanoparticles in Contact with Cells

The peculiar size of nanoparticles is directly related to its ability to penetrate cells.

However, the mechanisms involved are still not well understood. The influx of

nanoparticles occurs primarily by endocytosis; the particles are inserted and dif-

fused through the lipid bilayer of the cell membrane. It is also found that these

nanoparticles are able to enter the cells even after binding with proteins (antibodies)

(Doubrovsky et al. 2011).

Several researchers (Renwick et al. 2004; Fang et al. 2006; Unfried et al. 2007)

have demonstrated the importance of physicochemical properties of NPs in the

toxic and functional effects on macrophages (phagocytosis, release of inflammatory

mediators, release of calcium, cytoskeleton function). However, kinetics and

specific uptake pathways have not been addressed in most of these studies (Unfried

et al. 2007).

Copper oxide (CuO) nanoparticles have been widely used in several applica-

tions: as antimicrobial agents, photocatalysts and gas sensors. The expansion of

production and widespread use of CuO NPs may pose risks to individual organisms

and ecosystems (Hou et al. 2016).

The comprehensive understanding of the adverse effects induced by CuO NPs

and their underlying mechanism are of great importance in assessing the environ-

mental risk of these nanoparticles so that their use can be safely expanded.

However, the toxic effects of CuO NPs on individual organisms and their

Fig. 15.3 Efficiency of nanoparticles as delivery vehicles is highly dependent on size and shape.

The first affects their movement from inside and outside the vasculature; the second affects the

marginalization of the particles to the vessel wall due to their shape. With permission from

ACSNANO
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mechanism of action are still poor and have some ambiguities. To ensure the safe

use of CuO NPs, more attention should be paid to the chronic and long-term effects

of CuO NPs in low concentration (Hou et al. 2016).

According to Hou et al. (2016), the toxic mechanisms of CuO NPs are presented

in two ways: (1) the oxidative stress induced by intracellular CuO NPs and (2) by

the dissolution of CuO NPs. Extracellular CuO and Cu2 + NPs pass through the

cell membrane, and they enter the cytoplasm via endocytosis and through the

copper transport proteins, respectively. The schematic synthesis of cellular toxicity

induced by CuO NPs can be seen in Fig. 15.4.

Gold nanoparticles of 20 nm were conjugated to various targeting peptides to

provide functional nanoparticles that penetrate the biological membrane and target

the nucleus. Several nanoparticles have also been applied as targeted biomarkers

and drug delivery agents for cancer diagnosis and medical treatment (Daraee et al.

2014).

Physicochemical properties of the nanoparticles, especially size determine their

toxicity; therefore, they should be extensively evaluated in the definition of the

regulatory guidelines. Accumulation of evidence shows that the toxicity of

nanoparticles manufactured from oxides can be influenced by its oxidation state

(Park et al. 2016).

Fig. 15.4 Schematic overview of cellular toxicity induced by CuO nanoparticles (Hou et al.

2016). With permission from Environmental Pollution
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Nanoparticles differ in their reactivity and solubility and may interact with

various endogenous proteins, lipids, polysaccharides, and cells. Based on the tox-

icological inhalation experiments, several tests were proposed to evaluate the

toxicity of nanoparticles used in drug delivery systems.

Gold nanoparticles (GNPs) can easily enter into cells, and it has been demon-

strated that the amine and thiol groups bind strongly to these nanoparticles enabled

their surface modification with amino acids and proteins for biomedical applications

(Abdelhalim 2011).

Therefore, Abdelhalim (2011) conducted studies in 40 healthy male rats, who

received infusions of 50 ll of 10, 20, and 50 nm of GNPs for 3 or 7 days. The

animals were randomly divided into groups: six groups of mice treated with gold

nanoparticles and a control group that did not receive this treatment. Groups 1, 2,

and 3 were infused with 50 ll of nanoparticles of 10 nm size for 3 or 7 days, 20 nm

for 3 or 7 days, and 50 nm for 3 or 7 days, respectively. Exposure to doses of

GNPs has been shown to produce heart muscle disorder with some dispersed

chronic inflammatory cells infiltrated by small lymphocytes, outbreaks of hemor-

rhage with extravasation of red blood cells, some dispersed cytoplasmic vac-

uolization, and blood vessels congested and dilated. None of the above changes

were seen in the heart muscle of any member of the control group. Changes induced

by the intraperitoneal administration of GNPs were size dependent, being the

smallest inducers of major affections and also related to the temporal exposure to

GNPs. These changes may indicate dispersed cytoplasmic vacuolization, which

may induce the effect of toxicity by the inability to cope with the accumulated waste

resulting from metabolic and structural disturbances caused by these NPs. These

histological changes were more prominent with particles of size 10 nm than with

larger ones. The interaction of GNPs with proteins and various cell types was

considered as part of the toxicological evaluation.

15.4 Evaluation of Lipid Nanoparticles for Drug Delivery

Lipid nanoparticles are colloidal dispersions that have been used as an alternative to

other colloidal carriers, including liposomes, nanoemulsions, and polymer

nanoparticles (Wen et al. 2016). Depending on the composition, lipid nanoparticles

may exhibit low toxicity while retaining the same advantages as other carriers, such

as controlled drug release, drug targeting, protection against degradation, and the

ability to increase production (Rostami et al. 2014; Wen et al. 2016).

Lipid nanoparticles will span two generations. The first refers to solid lipid

nanoparticles (SLNs) which are composed of a lipid core that remains solid both in

the body and at room temperature. The second generation refers to nanostructured

lipid carriers (NLCs) corresponding to a mixture of solid and liquid lipids that

overcome some of the limitations of SLNs, including poor drug loading capacity

and poor long-term stability caused by polymorphic transitions from lipids to more

stable forms. The main disadvantage is that the incorporation of drugs into SLNs
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and NLCs is strongly governed by the lipophilic character of the drugs, the lipid

type, the surfactants used, and the production technique (Wen et al. 2016).

Studies on the use of lipid NPs for the delivery of Alzheimer’s disease

(AD) drugs have been conducted. Bondi et al. (2009) studied the intravenous

administration of SLNs and NLCs prepared by the hot O/W microemulsion method.

By encapsulating ferulic acid and leading to a greater protective activity against

oxidative stress induced in neurons, suggesting the efficiency of these systems in

increasing bioavailability. Lipid nanoparticles have been reported to outgrow the

blood–brain barrier (BBB) through the endocytotic mechanism and accumulate in

diseases of the central nervous system (CNS), aided by their lipophilic nature. In

addition, because of their small size, lipid nanoparticles could be injected intra-

venously avoiding the uptake of macrophages from the mononuclear phagocytic

system (Wen et al. 2016).

Lipid drug conjugates (LDCs) are those especially developed for hydrophilic

drug molecules, where in a volume of insoluble drug–lipid conjugate is prepared

synthetically either by formation of salt (with a fatty acid) or by covalent attachment

(esters or ethers). Mass LDC is then homogenized in the presence of a water

stabilizer using high-pressure homogenization (Joshi and Müller 2009).

Some studies already made with lipid nanoparticles and their different types,

such as SLN, NLC and LDC, are summarized in Table 15.1, according to the

review by Joshi and Müller (2009).

15.5 Safety of Nanotechnology/Safe Handling of

Nanomaterials

Nowadays, knowledge of the effects of nanotechnology on human health is com-

plex. Nanomaterials are thought to bring substantial contributions to medical field.

In diagnostic medicine, nanoparticles can be used as nanoscale devices, such as

nanocantilevers and nanoporous chips, which offer great potential in disease

screening (Hu et al. 2011; Hull et al. 2014).

Vanadium has received special and long-term attention in the pharmacological

domain, including the regulation of extracellular signaling, as an essential enzyme

agent in energy metabolism, or as an analytical therapeutic agent for the treatment

of diabetes mellitus, and a preventive chemotherapeutic approach on treatment of a

single biological disease (Basu et al. 2014). Vanadium pentoxide (V2O5) has also

been used for the production of insulin and for the production of sulfuric acid due to

its high oxidation (Park et al. 2016). On the other hand, many researchers have

suggested that vanadium is not suitable for application in the pharmaceutical market

because of the strong biological effects they may have on human health. Some

symptoms such as hyperglycemia, hyperphagia, and polydipsia are significantly

improved by vanadium treatment, but there are controversies in the use of this

compound since side effects such as tissue accumulation, weight gain, and death
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Table 15.1 Overview of various actives incorporated in injectable lipid nanoparticles. With

permission from European Journal of Pharmaceutics and Biopharmaceutics

Drug Disease Type of lipid

nanoparticle

Route of

administration

3’,5’-

Dioctanoyl-5-fluoro-2’-

deoxyuridine

Cancer SLN IV

3-Azido-3-deoxythymidine

palmitate/azidothymidine

AntiHIV SLN IV

5-FU Cancer SLN IV

99mTc/188Re Imaging agent Nanocapsules IV

Actarit Rheumatoid

Arthritis

SLN IV

All trans retinoic acid Cancer SLN IV

Beta-element Cancer SLN IV

Bromocriptine Anti-parkinsonism SLN IP

Camptothecin Cancer SLN IV

CdSEe/ZnS Imaging agent QDs

encapsulated in

SLN

IV

Clozapine Antipsychotic SLN ID

Dexamethasone acetate Pulmonary

disease

SLN IV

Diminazene Antitrypanosomal LDC –

DNA Cancer catinoic SLN –

Doxorubicin Cancer Stealth and

non-stealth

SLN, SLN

IV

Etoposide Cancer SLN IV/SC/IP

Idarubicin Cancer SLN IV or ID

Iron oxide Imaging agent SLN –

Magnetite Imaging agent SLN –

Methotrexate Cancer LMBVs IV

Mitoxantrone Cancer SLN Local injection in

breast Cancer

tissue

Nitrendipine Antihypertensive SLN IV or ID

Oxymatrine Antihepatitis SLN IV

Paclitaxel Cancer SLN/Wax

NP/sterically

stabilized SLN

IV

Paclitaxel and doxorubicin Cancer SLN –

Paclitaxel and doxorubicin

and cholesteryl butyrate

Cancer SLN –

Quinine dihydrochloride Malaria Transferring

conjugated SLN

IV

(continued)
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occurred in all mice treated with vanadium (Park et al. 2016). In addition, it has

been shown that inhalation of V2O5 can impair the immune functions of cells

leading to increased risk of cancer development (Park et al. 2016).

When new technologies emerge for human use on the market, there is a great

need for attention in relation to assessment of health risk. One must follow a

regulation and correct form. Among the most comprehensive regulations in this

area is the REACH program (Registration, Evaluation, Authorization and

Restriction of Chemical Substances of the European Union). In this program, risk

assessment strategies were proposed based on categories of nanomaterials, taking

into account their physicochemical properties and modes of action. These cate-

gories are carbon (fullerenes and carbon nanotubes), metal-based (quantum dots,

nanogold, nanosilver, and metal oxides), dendrimers, and composites (Gulumian

et al. 2012).

We must consider health when nanomaterials are used as they cause side effects

(Feder 2004). Therefore, the importance of using good laboratory safety practices

must be rigorous, such as Personal Protective Equipment (PPE) (gloves to labo-

ratories, safety goggles, face shields, closed shoes, etc.). Skin contact with these

nanoparticles should also be avoided. If it is necessary to handle powders of

nanoparticles, an exhaust and a laminar flow hood should be used (Vishwakarma

et al. 2010).

Workers must at all costs wear appropriate respiratory protection masks. The use

of exhaust fans is important to expel smoke from tubular ovens and chemical

reactors. Laboratory workers should have periodical and proper training and should

be aware of workplace hazards, Material Safety Data Sheets (MSDS), labeling,

signage, etc. Proper disposal of nanoparticle wastes should also be considered for

the best environmental safety. It must be within the guidelines of hazardous

chemical residues (Vishwakarma et al. 2010).

Table 15.1 (continued)

Drug Disease Type of lipid

nanoparticle

Route of

administration

Tamoxifen Cancer SLN IV

Tashione II A Vasodialator SLN IV

Tamoxifen citrate Cancer SLN IV

Temozolomide Cancer SLN IV

Testosterone 125 I

radiolabelled

Imaging agent SLN IV

Tobramycin Antibiotic SLN IV or ID

Vinorelbine bitartrate Cancer PEG-modified

SLN

–

IV intravenous; ID intrdeodenum; IP intraperitoneum; SC subcutaneous. Adaptated by Joshi and

Müller (2009)
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Nano-fibrous materials deserve special attention since these materials can affect

the respiratory system in a similar way to asbestos fibers. Both single-walled carbon

nanotubes (SWCNT) and multi-walled carbon nanotubes (MWCNTs) are bioper-

sistent in the lungs and cause cell toxicity (Hull et al. 2014). The National Institute

for Occupational Safety and Health (NIOSH 2013) estimated a lifetime exposure of

0.2–2 lg/m3 of MWCNT to be associated with an excessive risk of 10% effects

(Hull et al. 2014).

15.6 Conclusion

Nanotechnology is a science that has come to improve several issues: agricultural

systems, food systems, use of medicines, in construction systems, etc. However, as

with any new technology, there is need for ethical responsibility to apply this

science wisely, recognizing that there are potential unanticipated risks that can

come along with its tremendous positive potential. People must be educated

through media such as television, Internet, and point-of-sale newsletters, explaining

the benefits and application of nanotechnology and its consequences.

In this context, there is a greater need for discussion in the context of conver-

gence, integration, synergy with biotechnology, information technology, and

technology knowledge where interdisciplinary collaboration is essential for synergy

generation and promising advances in the area.
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