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Preface

The drug delivery system (DDS) translates drug discovery and pharmacological research in-
to clinical practice. The treatment of acute diseases or chronic illness is accomplished by de-
livery of drugs to patients using various pharmaceutical dosage forms. The conventional
dosage forms, which provide a prompt release of a drug, are the major pharmaceutical
products in the markets. The use of conventional dosage forms results in significant fluctua-
tions in plasma drug levels and therefore, multiple dosing has been suggested to maintain
plasma drug concentration for effective treatment.

To achieve as well as to maintain the drug concentration within the therapeutically effective
range and prevent fluctuations in plasma drug levels, new DDS has emerged. The science
and technology responsible for the development of new DDS have been the focus of a great
deal of attention in both industrial and academic laboratories. Because novel DDS can con-
trol the rate of drug release, sustain the duration of therapeutic activity, and/or target the
drug to a tissue, they are expected to revolutionize the method of medication with a number
of potential therapeutic benefits including patient compliance and reduced side effects.

The current focus in delivery system design is shifting to a ‘smart drug’ paradigm, in which
increased efficacy, stability against biochemical degradation and decreased toxicity are the
motivating factors. This could be achieved with targeted nanoparticles, where repertoires of
targets and a series of drugs could yield new generations of highly specific therapeutic
agents. The ultimate goal of nanodrug delivery systems is to develop clinically useful for-
mulations for treating diseases. In cases where remote organs or cells (such as cells within
solid tumors) are the targets, there is still a need to find ways to navigate nanoparticles
through the labyrinth to the target site while avoiding clearance. Toward that goal, there
have been reports of using hydrophilic coatings to achieve enhanced circulation time. Even
with breakthroughs in the engineering of long-circulating nanoparticles, there is still the ad-
ditional challenge of understanding and achieving the dosing that delivers consistent phar-
macokinetics. In order to transform nanotechnologies from basic research into clinical
products, it is important to understand how the biodistribution of NPs, which is primarily
governed by their ability to negotiate biological barriers, affects the body’s complex biologi-
cal network, as well as mass transport across compartmental boundaries in the body. Ex-
perts from different disciplines are putting their efforts together to translate novel
laboratory innovation into commercially viable medical products. Optimizing the integra-
tion of nanomaterials into drug delivery systems may result in a better understanding of the
interactions of nanomaterials with biological systems, which will facilitate better engineer-
ing of their properties specific to biomedical applications. The development of such drug
carriers will require a greater understanding of both the surface chemistry of nanomaterials
and the interaction chemistry of these nanomaterials with biological systems. Understand-
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ing both the benefits and the risks of these new nanotechnology applications will be essen-
tial to good decision-making for drug developers, regulators and ultimately the consumers
and patients who will be the beneficiaries of new drug delivery technologies. Advances in
this area have allowed some nanomedicines in the market to achieve desirable pharmacoki-
netic properties, reduce toxicity and improve patient compliance, as well as clinical out-
comes. In addition, several other experimental drug delivery systems have shown exciting
signs of promise, including those composed of biodegradable polymers. It is not possible to
cover all the innovative ideas in this book. This book is designed to fulfill a perceived need
to provide a comprehensive picture of some novel drug delivery systems. To accomplish
this task, we have organized the book in the following manner. The book starts with an in-
troductory chapter to gain preliminary understanding on the topics and explain significance
of the content covered in this book. In recent days, nanotechnology represents a powerful
tool in the field of medicine to combat a plethora of diseases. Thus, the nanoscale structures
(< 1000 nm) enable targeted delivery to the site of action resulting in higher therapeutic effi-
cacy and are therefore extensively used as therapeutic carriers. Gene therapy is a medical
intervention that uses genes for the treatment or prevention of disease. The biocompatible
nanoparticles have been investigated for gene therapy to overcome the disadvantages en-
countered with the traditional methods used for genetic material delivery. The application
of nanoparticles in gene delivery is illustrated in Chapter 2. Compared to polymeric nano-
particles, lipid-based nanoparticles have long been perceived as the more ideal drug deliv-
ery vehicles because of their superior biocompatibility. In Chapter 3, lipid-based nano drug
delivery systems that are currently being investigated are discussed along with optimization
and in vitro characterization procedures. To address the limitations of polymeric nanoparti-
cles and lipid nanocarriers, a new generation delivery vehicle of therapeutics, termed hybrid
nanoparticles, has drawn the attention of researchers. Therefore, the drug delivery applica-
tions of hybrid nanocarriers have been included in Chapter 4. This is followed by Chapter 5
that discloses the potential of mucosal route for improving olfactory drug delivery. Chapter
6 illustrates plasma drug delivery in order to enhance percutaneous absorption of drugs, an
approach different from the use of conventional skin permeation enhancers. Till now, the
safe and efficient delivery of therapeutic genes to the diseased cells has been a major chal-
lenge. Although viral vectors display good transduction properties, the safety issues are still
to be solved. Meanwhile, considerable progress has been noticed in developing biopolymer-
based non-viral expression vectors. Hence, Chapter 7 has been devoted to a discussion on
potential application of biomaterial as non-viral vectors for gene delivery. The assistance of
nuclear medicine in identifying drug delivery system in the body and its biodistribution
characteristics is deeply appreciated in Chapter 8.

Hopefully, these topics will enrich readers with better understanding, broad perspectives,
and an insight into the current state and future promises. This book would serve as a useful
resource for pharmacy students, teaching professionals, medical and biomedical research-
ers, and those working in the field of polymer and biological sciences.

The book is aimed at those who are interested in understanding the fundamentals and prog-
ress of drug delivery technology. We would be happy if the content of this book creates in-
terest among pharmaceutical scientists and augment the drug delivery research in bringing
novel formulations for the benefit of humanity.

We would like to express our sincere gratitude to all the authors for their contribution to
accomplish this book project. The various sources of information related to the content of
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our book are cited in each chapter and are gratefully acknowledged. We are also thankful to
our family members who motivated us for the successful completion of this book project.
We are thankful to InTech publisher for their keen interest and expert assistance in the pub-
lication of the book.

Dr. Sabyasachi Maiti

Professor,
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Gupta College of Technological Sciences, Asansol,
West Bengal, India

Dr. Kalyan Kumar Sen
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Chapter 1

Introductory Chapter: Drug Delivery Concepts

Sabyasachi Maiti and Kalyan Kumar Sen
Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/65245

1. Introduction

Drug delivery systems (DDSs) are pharmaceutical formulations or devices that help in achiev-
ing targeted delivery and/or controlled release (CR) of therapeutic agents in our body [1].
Following administration, the DDSs liberate the active ingredients, and subsequently, the bio-
active molecules are transported across various biological barriers to reach the site of action.
The scientists have contributed substantially to understand the role of different physiological
barriers in efficient transport of drugs in the circulatory system and drug movement through
cells and tissues. In addition, their significant contribution to the development of a number
of new modes of drug delivery has entered clinical practice. Despite a significant advance-
ment in the process of new drug design and discovery, many drugs have unacceptable side
effects due to interaction of the drug with parts of the body that are not the target for the
drug. Sometimes, side effects occur depending on the medication, the mode of delivery, and
response from our body. The buildup of high blood plasma drug concentration due to accu-
mulation of drug from repeated administration of conventional DDS may lead to untoward
side effects. Hence, the attempts must be made to afford better patient compliance effect from
the reduction in the number and frequency of doses needed to maintain the desired therapeu-
tic responses. These side effects can vary greatly from person to person in type and severity.
The method by which the drug is delivered can have a significant impact on its efficacy.

It is necessary to develop suitable DDS for all drugs to allow their effective and safe applica-
tion to the patient. Indeed, DDSs control the drug release rate and drug absorption and ulti-
mately the therapeutic effects along with side effects of the drug. Ideal DDSs ensure that the
active drug is available at the site of action according to the need of patient for an intended
duration. The drug concentration at the appropriate site should remain in the therapeutic

I m EC H © 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
open science | open minds distribution, and reproduction in any medium, provided the original work is properly cited. [{cc) ExgIEN
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MTC
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Time

Figure 1. The drug plasma levels after single oral administration of a drug from (a) IR dosage form, (b) SR dosage form,
and (c) CR dosage form.

window, that is, between minimal effective concentration (MEC) and minimal toxic concen-
tration (MTC). This concept is illustrated in Figure 1.

The maintenance of drug concentration in therapeutic range depends on the frequency of
dosing, the drug clearance rates, the route of administration, and the DDS employed. Some
drugs have an optimum concentration range within which maximum benefit is derived, and
concentrations above or below this range can be toxic or produce no therapeutic benefit at all.
DDS can be classified according to their physical state, site/route of administration, and the rate
of drug release. The dosage form may be gaseous (e.g., anesthetics), liquid (e.g., solutions, emul-
sions, and suspensions), semisolid (e.g., creams, ointments, and gels), and solid dosage (e.g.,
tablets and capsules) [2]. Drugs can be administered directly into the body through injection
or infusion termed parenteral drug delivery. Depending on the site of administration, one can
differentiate among intravenous, intramuscular, subcutaneous, intradermal, and intraperito-
neal administration. Mostly semisolid dosage forms including creams, ointments, and gels are
applied onto the skin to enter into the body. However, the liquid dosage forms, such as emul-
sions, or solid dosage forms, such as transdermal patches, can also be used. Dosage forms can
be classified into immediate release (IR) and modified release (MR). IR dosage forms allow the
drug to dissolve in the gastrointestinal contents, without delaying or prolonging the dissolution
or absorption of the drug. In MR dosage forms, the time course and/or location of drug release
is chosen to accomplish therapeutic or convenience objectives not offered by conventional dos-
age forms. MR dosage forms include both delayed and extended release drug products.
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Delayed release dosage forms release the active ingredient at a time other than immedi-
ately after administration, for example, enteric-coated dosage forms or colon-specific dos-
age forms. These systems delay the release of drug until the dosage form reaches the small
intestine. In this way, they can protect the drug from degradation in the low-pH environ-
ment of the stomach or protect the stomach from irritation by the drug. The dosage form is
coated with polymer that dissolves and releases the drug at higher pH during its travel from
low-pH environment of the stomach to the high-pH environment of the small intestine. Once
this occurs, the release is again immediate, and the resulting plasma concentration versus
time curve is similar to the one for IR dosage forms. Extended release products (sustained
release (SR) and controlled release systems) are formulated to make the drug available over
an extended period after ingestion. This allows a reduction in dosing frequency compared to
the drug presented as a conventional dosage form. IR dosage forms are designed to achieve
quicker onset of drug action than that achieved by delayed or extended release dosage forms,
which are often desirable to increase the stability, safety, and efficacy of the drug, to improve
the therapeutic outcome of the drug treatment, and/or to increase patient compliance and
convenience of administration.

The extended release DDS can be of either sustained release (SR) or controlled release (CR)
dosage forms. The polymer-based matrix or reservoir sustained release systems maintain the
rate of drug release over a longer period and reduce the frequency of dosing. Conversely, CR
DDSs are designed to predict constant plasma drug concentrations regardless of the biological
environment of the application site. Therefore, CR systems actually control the drug concentra-
tion in the body, whereas SR systems just regulate the release of the drug from the dosage form
[3, 4]. Further, SR systems are basically restricted to oral formulations, while CR systems can be
administered through various routes, including transdermal, oral, and vaginal administration.

Ideally, the release rate from the dosage form should be the rate-determining step for drug
absorption and in fact for the drug concentration in the plasma and target site. The result-
ing plasma concentration versus time curves become increasingly flatter from IR to extended
release dosage forms, indicating the prolonged maintenance of drug in the therapeutic range
after a single administration of the dosage form. Controlled DDSs have been introduced to
overwhelm the drawback of fluctuating drug levels associated with conventional dosage
forms [5]. Controlled drug release and subsequent biodegradation are important for develop-
ing successful formulations. The release mechanisms involve desorption of surface-bound/
adsorbed drugs; diffusion through the carrier matrix or polymer membrane surrounding
drug core; matrix erosion; combination of erosion/diffusion process; and responsiveness to
stimuli such as light, changes in pH, or temperature.

The formulation scientist must optimize the bioavailability of the drug. To achieve this goal,
the delivery systems should allow the drug to reach the systemic circulation, more importantly
to the target site in the body to avoid side effects by preventing the exposure of drug to the
nontarget sites. In addition, the drug must be physically and chemically compatible with
the formulation excipients in the dosage forms and stable microbiologically. The delivery
systems should be designed in such a way that it can improve the patient compliance. One
can design an oral dosage form instead of parenteral formulations for the drug, which can

3
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allow self-administration of the dosage forms. Moreover, the pharmaceutical quality of the
delivery systems must be ensured in accordance with the regulatory specifications to facilitate
reproducible drug release from the system and minimize the influence of the body such as
food effects on drug release. It is also necessary to investigate the feasibility of the developed
DDS to be scaled up from the laboratory to the production scale.

However, controlled release systems do not exclusively deliver the drug to the target organ.
For this reason, the target-specific drug delivery systems must be designed in order to control
biodistribution of the drug. Consequently, various novel concepts have been emerged to meet
the specific needs of an ideal drug delivery system. This chapter introduces a brief description
of targeted drug delivery mechanism along with some of the novel-targeted drug delivery
options.

2. Targeted drug delivery

Very few drugs bind selectively to the desired therapeutic target, and hence, some target-
ing approaches are required to destine the drug in desired tissue or organ to reduce efficacy
and dose-related toxicity. The concept of targeted drugs is not new, but dates back to 1960
when Paul Ehrlich first postulated the concept of “magic bullet,” and this continues to be a
challenge to implement in the clinic. The challenges include the selection of proper target
for a particular disease, drug for effective treatment and stable, biodegradable drug carriers
while avoiding the immunogenic and nonspecific interactions that efficiently clear foreign
material from the body. Moreover, the preparation of the delivery system should be easy
or reasonably simple, reproductive, and cost-effective. Nanoparticles (NPs) are potentially
useful as carriers of active drugs and, when coupled with targeting ligands, may fulfill many
attributes of a “magic bullet.” Furthermore, the NPs offer several potential advantages includ-
ing increased efficacy and therapeutic index, improved pharmacokinetic effect, reproducible
sizes with opportunity for surface functionalization, ability to entrap both hydrophilic and
lipophilic drug, increasing stability of drug from enzymatic degradation, thereby delivering
entrapped drug intact to various tissue and cells for site-specific and targeted delivery and
thus decreasing drug toxicity. The size and other characteristics can be manipulated depend-
ing on the drug and intended use of the product [6]. The drug targeting strategies must meet
two basic requirements to achieve effective drug delivery. The drugs should reach the desired
sites after administration, with minimal loss of the dose and activity in blood circulation.
Second, the drugs should act only on target cells without harmful effects to healthy tissue
[7]. Two strategies have been adopted for drug targeting: passive targeting and active targeting.

2.1. Passive targeting

Passive targeting exploits natural conditions of the target organ or tissue to direct the drug to
the target site. For example, passive targeting takes advantage of the unique pathophysiologi-
cal characteristics of tumor vessels, that is, leaky vasculature with 100-800 nm pores enabling
nanodrugs to accumulate in tumor tissues. Typically, tumor vessels are highly disorganized
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and dilated with a high number of pores, resulting in enlarged gap junctions between endo-
thelial cells and compromised lymphatic drainage. The leaky vascularization, coupled with
poor lymphatic drainage, serves to enhance the permeation and retention of NPs within the
tumor region. This is often called enhanced permeability and retention (EPR) effect [8]. The
drug-loaded NPs are preferentially accumulated in tumor tissue than normal cells, solely
due to their small particle size rather than binding. The NPs cannot readily cross the blood
capillaries of normal tissues because they are held up with tight junctions. Therefore, passive
targeting approach can assist in depositing a higher amount of drug in solid tumors than that
of free drug.

In addition to the EPR effect, the passive targeting is supported by microenvironment sur-
rounding tumor tissue that is different from that of healthy cells. The fast-growing tumor cells
require more oxygen and nutrients to maintain high metabolic rate. Consequently, glycolysis
is stimulated to acquire more energy and creates an acidic environment [9]. This advantage
can be exploited to target chemotherapeutic agents to the tumor cells. The pH-sensitive NPs
have been prepared that remain stable at physiological pH 7.4 but degrade at the acidic pH
of the tumor and liberate the drug molecules. In case of cancer treatment, the size and surface
properties of drug delivery NPs must be controlled specifically to avoid uptake by the reticu-
loendothelial system (RES) to maximize circulation times and targeting ability [10].

2.2. Active targeting

One way to overcome the limitations of passive targeting is to attach ligands such as antibod-
ies, peptides, vitamins, aptamers, or small molecules by a variety of conjugation chemistries to
the surface of the nanocarriers that only bind to specific receptors on the cell surface [11]. For
high specificity, however, the receptors need to be highly expressed on tumor cells rather than
on normal cells. The targeting conjugates are internalized by receptor-mediated endocytosis
mechanism. The targeting ligands bind with the receptors first, followed by endosome forma-
tion with the enclosure of the ligand-receptor complex by plasma membrane. The endosome
is then transferred to specific organelles, and drugs are released by acidic pH or enzymes.

3. Novel delivery modalities

To prevent chemical degradation, harmful side effects, and improve drug bioavailability
and accumulation in the desired site, various drug delivery and drug targeting systems
are currently under development. The delivery carriers can be made slowly degradable,
stimuli-responsive (e.g., pH, ionic strength, temperature, ultrasound, light, electricity,
enzymes), and even targeted (e.g., by conjugating them with specific ligands). Over last two
decades, nanotechnology has shown potential benefits in improving drug delivery and tar-
geting properties and therefore opens up new markets for pharmaceutical and drug delivery
companies. The drug delivery systems are also designed to overcome some physical barriers,
such as the blood-brain barrier (BBB) for better location and effectiveness of the drug at the
target site. Due to their small size, the NPs can pass through certain biological barriers.

5
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Polymeric NPs are colloidal particles with a size range of 10-1000 nm, which are fabricated
using biodegradable synthetic polymers, such as poly (lactide-co-glycolide), polyacrylates,
and polycaprolactones; nonbiodegradable synthetic polymers, such as poly (methyl methac-
rylate), polyacrylamide, poly (vinyl alcohol), and poly (ethylene glycol); or natural polymers,
such as albumin, gelatin, alginate, gellan gum, and chitosan [12]. Sometimes, blends or graft
copolymers of natural and synthetic polymers are also used. In recent years, biodegradable
polymeric NPs have attracted considerable attention in the fabrication of potential drug deliv-
ery devices due to easy removal of degraded fragments from the body via normal metabolic
pathways.

Various methods, such as solvent evaporation, spontaneous emulsification, solvent diffusion,
salting out/emulsification-diffusion, and polymerization, have been used to prepare the NPs
[13]. Depending upon the method of preparation of NPs, the drug is confined to a cavity sur-
rounded by a polymer membrane (nanocapsules) or dispersed physically and uniformly in
the polymer matrix (nanospheres). The drug is loaded via hydrophobic interactions between
drugs and nanocarriers. The drug can also be conjugated to polymeric carriers via covalent
chemistry.

An important feature of targeted particle delivery system is the ability to simultaneously
carry a high amount of drug while displaying ligands on the surface of particles. The overall
binding strength of NPs to target is a function of both the affinity of the ligand-target interac-
tion and the number of targeting ligands present on the particle surface [14].

The drug-loaded particles are internalized into cells in determining their biological activity. The
particles of aslarge as 500 nm size can be internalized by nonphagocytic cells viaenergy-dependent
process. The particles with <200 nm diameter are internalized via clathrin-coated pits, but larger
ones are taken up by cells via caveolae membrane invaginations [15]. However, the internal-
ization of particles can be mediated independent of both clathrin and caveolae pathways. To
facilitate efficient internalization, NPs have been targeted against internalizing receptors, and an
increased therapeutic activity has been observed in some tumor models [16, 17].

Targeting ligands include any molecule that recognizes and binds to target antigen or receptors
overexpressed or selectively expressed by particular cells or tissue components. The antibodies
or their fragments, peptides, glycoproteins, vitamins, or carbohydrates are the common class of
ligands. The NPs are made long circulating by making their surface hydrophilic after coupling
or coating poly(ethylene glycol) (PEG). Functionality could also be introduced by incorporat-
ing PEG with functional end groups for coupling to target ligands.

There has been a considerable progress in the field of gene delivery using polymeric NPs. For
gene delivery, the plasmid DNA is introduced into the target cells, and the genetic informa-
tion is ultimately translated into the corresponding protein [18]. To achieve this, an efficient
vector that possesses high transfection efficiency, biodegradability, targeting ability, DNA
protecting ability, stimuli sensitivity, and low cytotoxicity for delivering a target gene to spe-
cific tissues or cells must be selected to cure both the genetic and acquired diseases of human
[19]. Despite more gene transfection efficiency, viral vectors may pose a significant risk to
patients, while nonviral carriers are inherently safer than viral carriers [20]. Furthermore,
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the nonviral carriers are expected to be less immunogenic with a possible versatile surface
modification [21]. The nonviral vectors are usually made of lipids or polymers with/without
using other inorganic materials. The NPs can protect genes against nuclease degradation and
improve their stability [22]. Furthermore, they can be used for targeted delivery purpose.
Because the biopolymers are non-toxic, biodegradable, and biocompatible, the biopolymer-
based non-viral vectors are also being tested for safe and efficient gene delivery.

The liposomes are the most clinically established nanosystems for drug delivery. They are
self-assembled spherical vesicles of bilayer structures of phospholipids and cholesterol sur-
rounding an aqueous core, and their size can be controlled as small as 50-100 nm. The vesicles
are biocompatible and biodegradable and confer the ability to entrap both hydrophilic and
hydrophobic drugs. The variation in composition of lipid membrane and surface chemistry, the
liposome properties, such as size, surface charge, and functionality can be easily manipulated.
The incorporation of polyethylene glycol (PEG) prevents interactions with plasma proteins,
retards recognition by the RES [23], and thus enhances the liposome circulation lifetime, that
is, stealth liposomes. Liposomes can also be conjugated with active-targeting ligands, such as
antibodies or folate for target-specific drug delivery. Their efficacy has been demonstrated in
reducing systemic effects and toxicity, as well as in attenuating drug clearance [24]. Despite
potential advantages, the liposomes as targeted drug delivery carriers are associated with some
major drawbacks like poor control over drug release rate, leakage of drug into the blood, low
encapsulation efficiency, industrial scale-up, and poor storage stability [25, 26].

Recently, extensive work and experiments with solid lipids resulted in the invention of
lipid-based solid particles in the submicron range (10-1000 nm). These NPs are made up of bio-
compatible and biodegradable lipids with potential application in drug delivery. They possess
a solid lipid core matrix that can solubilize lipophilic molecules for enhancing bioavailability.
The physiologically similar lipid core of triglycerides or fatty acids or waxes is stabilized by
surfactants (emulsifiers). All classes of emulsifiers (with respect to charge and molecular weight)
can be used to stabilize the lipid dispersion. It has been found that an emulsifier combination
may prevent particle agglomeration more efficiently [27]. The lipid NPs combine the advantages
of lipid emulsion and polymeric NPs while overcoming the temporal and in vivo stability issues
that trouble the conventional and nanoscale delivery approaches [28]. A variety of materials can
be used to engineer solid NPs for targeting tissues by either passive or active targeting.

Lipid-polymer hybrid NPs are core-shell structures comprising polymer cores and lipid
shells, which exhibit complementary characteristics of both polymeric NPs and liposomes,
particularly in terms of their physical stability, biocompatibility, and in vivo cellular delivery
efficacy [29]. In core-shell-type lipid-polymer hybrid NPs, a biodegradable polymeric core is
surrounded by a shell composed of phospholipid layers. The hybrid architecture can provide
advantages such as controllable particle size, surface functionality, high loading of multiple
drugs, tunable drug release profile, and good serum stability [30].

Several drugs do not have adequate physiochemical characteristics such as high lipid solubility,
low molecular size, and positive charge, to traverse blood-brain barrier and deliver drug into
the brain [31]. Therefore, the delivery of drugs to central nervous system (CNS) is a challenge

7
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for treating neurological disorders. The drugs may be administered directly into the CNS or
administered systematically for targeted action in the CNS. The osmotic and chemical open-
ing of the blood-brain barrier as well as the transport/carrier systems constitutes some of the
widely reported strategies to promote the permeation of blood-brain barrier (BBB) and delivery
of drugs in brain. In conjunction with the net delivery of drug, the access to the intended target
site within the CNS is also important. To serve this purpose, the drugs may be conjugated
with various nanostructures such as liposomes and NPs and a suitable route of administration
can be sought. It has been postulated that nanoscale drug carriers possess a great potential for
improving the delivery of drugs through nasal routes to deliver drugs to the brain. Among
other mucosal sites, nasal delivery is especially attractive for brain-targeted drug delivery, as
the nasal epithelium is characterized by its relatively high permeability, vuscularized mucosa,
and low enzymatic activity. If a nasal drug formulation is delivered deep and high enough into
the nasal cavity, the olfactory mucosa may be reached and drug transport into the brain and/or
cerebrospinal fluid (CSF) via the olfactory receptor neurons may occur [32].

Transdermal systems in the form of patches deliver the drugs across the skin barrier for
systemic effects at a predetermined and controlled rate. Due to concentration gradient
between the transdermal patch and blood, the drug will continue diffusing into the blood
for prolonged period of time and maintain constant drug concentration in the blood flow.
Transdermal drug delivery avoids problems such as gastrointestinal irritation, metabolism,
pH-dependent variation in delivery rate, and interference with gastric emptying due to pres-
ence of food. However, slow penetration rates, lack of dosage flexibility and/or precision, and
a restriction to relatively low dosage drugs are the major limitations. The stratum corneum of
the skin forms a formidable barrier against uptake, and thus transdermal delivery is difficult
to achieve. The substances having molecular weight greater than 500 Da [33] and hydrophilic
characteristics encounter the difficulty in absorption through skin. Penetration enhancers
often have to be added to the delivery system to improve delivery into or through the skin.
Recently, it has been demonstrated that atmospheric-pressure argon microplasma irradiation
(AAMI) can improve skin permeability of drugs without the need of injection needles and
skin damages [34]. AAMI can be a promising alternative to promote drug delivery through
the skin and simultaneously minimize the pain from other manipulations related to skin
penetration enhancement. However, the feasibility of atmospheric microplasma irradiation is
still under investigation for enhancing percutaneous absorption of drugs.

The delivery of drug to a specific target in the body is comparable to the magic bullet principle
applied in nuclear medicine. Nuclear medicine may advance drug development by visual-
izing biodistribution and site of action [35]. The biodistribution and release kinetics of drug
from the novel formulations can be quantified by radiolabeling with y-emitting radionuclide.
Many nuclear medicine departments have participated in the assessment of drug perfor-
mance and toxicity in contributing data to clinical trials. The application of nuclear medicine
techniques to the evaluation of pharmaceutical formulations has been an interesting area of
work. Scintigraphy can be used to determine the position of drug release and assess site-spe-
cific absorption of orally administered drugs, for example, the evaluation of controlled release
formulation designed to release the drug specifically in colon [36]. Hence, the importance of
nuclear medicine in drug delivery application has been described in detail in this book.
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4. Future considerations

The new delivery methods could enhance the performance of drugs by increasing
effectiveness, safety, and patient compliance and ultimately reduce healthcare costs.
Nanotechnology could be strategically implemented in developing new drug delivery
systems that can expand drug markets. Nanomaterials are poised to take advantage of
existing cellular machinery to facilitate the delivery of drugs. However, clinical develop-
ment of drugs is halted because of poor biopharmaceutical and undesirable pharmacoki-
netic properties. Novel delivery technologies are being tested for overcoming the barriers
toward safe delivery of drugs. An in-depth understanding of novel strategies constitutes
the primary focus and subsequent demonstration of easy scale-up of the formulations with
favorable pharmacokinetics and toxicity profiles could augment the translation of research
findings into practical therapeutics. A collaborative effort among scientists in various dis-
ciplines, including medicine, materials science, engineering, physics, and biotechnology
could potentiate the translation of novel laboratory innovation into commercially viable
medical products.

Author details

Sabyasachi Maiti* and Kalyan Kumar Sen
*Address all correspondence to: sabya245@rediffmail.com

Department of Pharmaceutics, Gupta College of Technological Sciences, Asansol, West
Bengal, India

References

[1] Jain KK. Drug delivery systems — an overview. Methods Mol. Biol. 2008; 437:1-50. doi:10.
1007/978-1-59745-210-6_1.

[2] Perrie Y, Rades T. FASTtrack Pharmaceutics: Drug Delivery and Targeting. 2nd ed.
London: Pharmaceutical Press; 2012. p. 1-24.

[3] Ballard BE. An overview of prolonged action drug dosage forms. In: Robinson JR, edi-
tor. Sustained and Controlled Release Drug Delivery Systems. 1st ed. New York: Marcel
Dekker, Inc.; 1978. p. 3-8.

[4] Chien YW. 1992. Novel drug delivery systems. In: Swarbrick ], editor. Drugs and the
Pharmaceutical Sciences. 2nd ed. New York: Marcel Dekker, Inc.; 1992. p. 1-2.

[5] Vyas SP, Khar RK. Controlled Drug Delivery: Concepts and Advances. 1st ed. New
Delhi: Vallabh Prakashan; 2006. p. 1-53.

9



10 Advanced Technology for Delivering Therapeutics

6]

[7]

[10]

(11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

Vyas SP, Khar RK. Targeted and Controlled Drug Delivery. 1st ed. New Delhi: CBS
Publishers and Distributors; 2008. p. 42—46.

Cho K, Wang X, Nie S, Chen Z, Shin DM. Therapeutic nanoparticles for drug delivery in
cancer. Clin. Cancer Res. 2008; 14:1310-1316. d0i:10.1158/1078-0432.CCR-07-1441.

Sledge GW Jr, Miller KD. Exploiting the hallmarks of cancer: the future conquest of
breast cancer. Eur. J. Cancer. 2003; 39:1668-1675. doi:10.1016/S0959-8049(03)00273-9.

Pelicano H, Martin DS, Xu RH, Huang P. Glycolysis inhibition for anticancer treatment.
Oncogene. 2006; 25:4633-4646. doi:10.1038/sj.onc.1209597.

Gref R, Minamitake Y, Peracchia MT, Trubetskoy V, Torchilin V, Langer R. Biodegrad-
able long-circulating polymeric nanospheres. Science. 1994; 263:1600-1603. doi:10.1126/
science.8128245.

Bamrungsap S, Zhao Z, Chen T, Wang L, Li C, Fu T, Tan W. Nanotechnology in thera-
peutics — a focus on nanoparticles as a drug delivery system. Nanomedicine. 2012;
7:1253-1271. doi:10.2217/nnm.12.87.

Panyam ], Labhasetwar V. Biodegradable nanoparticles for drug and gene delivery to
cells and tissue. Adv. Drug Deliv. Rev. 2003; 55:329-347. do0i:10.1016/50169-409X(02)
00228-4.

Soppimath KS, Aminabhavi TM, Kulkarni AR, Rudzinski WE. Biodegradable polymeric
nanoparticles as drug delivery devices. J. Control. Release. 2001; 70:1-20. doi:10.1016/
50168-3659(00)00339-4.

Adams GP, Schier R, Marshall K, Wolf EJ, McCall AM, Marks JD, Weiner LM. Increased
affinity leads to improved selective tumor delivery of single-chain Fv antibodies. Cancer
Res. 1998; 58:485-490. PMID: 9458094.

Koval M, Preiter K, Adles C, Stahl PD, Steinberg TH. Size of IgG-opsonized particles
determines macrophage response during internalization. Exp. Cell Res. 1998; 242:265—
273. doi:10.1006/excr.1998.4110.

Sugano M, Egilmez NK, Yokota SJ, Chen FA, Harding ], Huang SK, Bankert RB. Anti-
body targeting of doxorubicin-loaded liposomes suppresses the growth and metastatic
spread of established human lung tumor xenografts in severe combined immunodefi-
cient mice. Cancer Res. 2000; 60:6942-6949. PubMed 11156394.

Park JW, Hong K, Kirpotin DB, Colbern G, Shalaby R, Baselga ], Shao Y, Nielsen UB,
Marks JD, Moore D, Papahadjopoulos D, Benz CC. Anti-HER2 immunoliposomes:
enhanced efficacy attributable to targeted delivery. Clin. Cancer Res. 2002; 8:1172-1181.
PubMed 11948130.

Tian H, Chen J, Chen X. Nanoparticles for gene delivery. Small. 2013; 9:2034—2044. doi:10.
1002/smll.201202485.



[19]

[20]

[21]

[22]

(23]

[24]

[25]

[26]

[27]

(28]

[29]

(30]

[31]

[32]

Introductory Chapter: Drug Delivery Concepts
http://dx.doi.org/10.5772/65245

Dizaj SM, Jafari S, Khosroushahi AY. A sight on the current nanoparticle-based gene
delivery vectors. Nanoscale Res. Lett. 2014; 9:252-260. doi:10.1186/1556-276X-9-252.

Mastrobattista E, van der Aa MA, Hennink WE, Crommelin DJ. Artificial viruses: a
nanotechnological approach to gene delivery. Nat. Rev. Drug Discov. 2006; 5:115-121.
doi:10.1038/nrd1960.

Philippi C, Loretz B, Schaefer UF, Lehr CM. Telomerase as an emerging target to
fight cancer-opportunities and challenges for nanomedicine. J. Control. Release. 2010;
146:228-240. doi:10.1016/j.jconrel.2010.03.025.

Morachis JM, Mahmoud EA, Sankaranarayanan J, Almutairi A. Triggered rapid deg-
radation of nanoparticles for gene delivery. J. Drug Deliv. 2012; 2012:1-7. d0i:10.1155/
2012/291219.

Gabizon A, Shmeeda H, Barenholz Y. Pharmacokinetics of pegylated liposomal doxo-
rubicin: review of animal and human studies. Clin. Pharmacokinet. 2003; 42:419-436.
doi:10.2165/00003088-200342050-00002.

Torchilin VP. Recent advances with liposomes as pharmaceutical carriers. Nat. Rev.
Drug Discov. 2005; 4:145-160. d0i:10.1038/nrd1632.

Soppimath KS, Aminabhavi TM, Kulkarni AR, Rudzinski WE. Biodegradable polymeric
nanoparticles as drug delivery devices. J. Control. Release. 2001; 70:1-20. doi:10.1016/
50168-3659(00)00339-4.

Hans ML, Lowman AM. Biodegradable nanoparticles for drug delivery and targeting.
Curr. Opin. Solid State Mater. Sci. 2002; 6:319-327. d0i:10.1016/51359-0286(02)00117-1.

Mashaghi S, Jadidi T, Koenderink G, Mashaghi A. Lipid nanotechnology. Int. J. Mol. Sci.
2013; 14:4242-4282. d0i:10.3390/ijms14024242.

Mehnert W, Méader K. Solid lipid nanoparticles: production, characterization and appli-
cations. Adv. Drug Deliv. Rev. 2001; 47:165-196. d0i:10.1016/S0169-409X(01)00105-3.

Hadinoto K, Sundaresan A, Cheow WS. Lipid-polymer hybrid nanoparticles as a new
generation therapeutic delivery platform: a review. Eur. ]J. Pharm. Biopharm. 2013;
85:427-443. doi:10.1016/j.ejpb.2013.07.002.

Mandal B, Bhattacharjee H, Mittal N, Sah H, Balabathula P, Thoma LA, Wood GC.
Core-shell-type lipid-polymer hybrid nanoparticles as a drug delivery platform.
Nanomedicine. 2013; 9:474-491. doi:10.1016/j.nano.2012.11.010.

Banerjee G, Nandi G, Mahato SB, Pakrashi A, Basu MK. Drug delivery system: tar-
geting of pentamidines to specific sites using sugar grafted liposomes. J. Antimicrob.
Chemother. 1996; 38:145-150. doi:10.1093/jac/38.1.145.

Sharma D, Chelvi TP, Kaur ], Chakravorty K, De TK, Maitra A, Ralhan R. Novel taxol
formulation: polyvinylpyrrolidone nanoparticles encapsulated taxol for drug delivery
in cancer therapy. Oncol. Res. 1996; 8:281-286. PMID: 8938791.



12 Advanced Technology for Delivering Therapeutics

[33]

[34]

[35]

[36]

Prausnitz MR, Langer R. Transdermal drug delivery. Nat. Biotechnol. 2008; 26:1261-
1268. d0i:10.1038/nbt.1504.

Shimizu K, Hayashida K, Blajan M. Novel method to improve transdermal drug
delivery by atmospheric microplasma irradiation. Biointerphases 2015; 10:029517.
doi:10.1116/1.4919708.

Leitha T. Nuclear medicine: proof of principle for targeted drugs in diagnosis and ther-
apy. Curr. Pharm. Des. 2009; 15:173-187.

Perkins A, Frier M. Nuclear medicine imaging and drug delivery. Nucl. Med. Commun.
2000; 21:415-416. PMID: 10874696.



Chapter 2

Medicated Nanoparticle for Gene Delivery

Sakthivel Lakshmana Prabu,
Timmadonu Narasimman Kuppusami Suriyaprakash and

Rathinasabapathy Thirumurugan
Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/65709

Abstract

Delivering the drug to the target site with a desired concentration to provide
therapeutic effect is a major problem in the drug delivery system. Effectiveness, poor
distribution and lack of selectivity are the drawbacks of the conventional dosage form.
Recently Nanotechnology has been given much attention in various fields specifically
in the biomedical application. Material includes organic, inorganic, polymeric and
lipid-based nanobiomaterials after surface modification; it has been utilized for drug
and gene delivery systems. Viral and non-viral vectors are the two types in gene
delivery utilizing genetic materials like DNA plasmids, RNA and siRNA. Cellular and
extracellular barriers are the two main barriers in gene delivery. The basic mechanism
involved in the gene delivery is an introduction of a gene encoding a functional protein
altering the expression of an endogenous gene or owning the capacity to cure or
prevent the progression of a disease. Nanoparticle surface features like particle shape
and surface charge are having major roles in the gene delivery. To provide the site-
specific delivery various properties like nature of polymer, particle size, solubility,
biocompatibility, biodegradability and nanoparticle surface features are need to be
considered. Gene delivery has been utilized for various disease treatments such as
cancer, AIDS, and cardiovascular diseases.
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1. Introduction

Drug and gene delivery system include organic, inorganic, polymeric and lipid-based
nanobiomaterials. Binding of the nanobiomaterials to the receptors to target cells/tissues can
be improved by surface modification. This surface modification may increase solubility,
immune compatibility, and cellular uptake.

Various nano drug delivery systems include nanoparticles, nanocapsules, nanotubes, nano-
gels, and dendrimers. They can be used to deliver both small molecule drugs and various
classes of biomacromolecules, such as peptides, proteins, plasmid DNA, and synthetic
oligodeoxynucleotides. Antisense oligonucleotide (AS-ODN) and small interfering RNA
(siRNA) are shown as promise one in gene delivery and good therapeutic agents, but it can be
used directly due to their limitations such as sequence size, length, charge, half-life, or stability
in solutions [1].

Various diseases are occurred in human beings due to mutations or deletions in genes lead to
metabolic pathway disorder, regulation of cell cycle, protein function and its structure,
function of receptor, and cell skeleton [2]. This can be treated effectively through gene delivery
system. Gene delivery is a term used when referring to the delivery of genetic material such
as DNA plasmids, RNA, and siRNA into target cells either encapsulated inside or conjugated
to the NPs to express or suppress the biosynthesis of proteins (also called transfection) to treat
or cure many diseases [3-10].

2. Various gene delivery mechanisms

2.1. Plasmid DNA

It is currently the most commonly investigated nucleic acid in gene delivery applications.
When the pDNA is entering into the nucleus, the pDNA strand is transcribed, and the coding
gene is translated to protein, which is then expressed from the cell.

2.2. RNA interference

It is triggered by double-stranded RNA (dsRNA), activates the anti-viral interferon leads to
shutdown of protein synthesis by degradation of messenger RNA (mRNA). Another mecha-
nism involves the use of microRNAs (miRNA), which are small non-coding nucleic acids
responsible for post-translational regulation of protein expression.

2.3. Small interfering RNA

Small interfering RNA comprises around 21-23 nucleotides, which can be designed to be better
targeted than long dsRNA and can eliminate the activation of the response of the interferon
while still inhibiting target gene expression. The gene expression can be able to control/block
transected siRNA into mammalian cells; this specific gene block can be used to treat certain
infectious diseases and cancers [11-14].
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To obtain an efficient vector system and to achieve a high rate of cell transfection, the following
two limitations must be integrated in the development of an ideal genetic vector. In the gene
transfer methods whether viral, physical, or chemical, these two major limitations must be
overcome.

1. The first limitation is a carrier, which is needed to carry the nucleic acids to the target cells
without potential risks. Naturally viruses having the ability to recognize and locate the
defined target cells due to its body defense mechanisms, such as the reticulo-endothelial
system (RES). Whereas the chemical vectors conjugate with targeting molecules to realize
the specific location through various techniques.

2. The second limitation is the penetration of the nucleic acids into the cell through the
plasma membrane. Viruses can achieve the same through natural mechanisms, whereas
the chemical vectors must disturb the plasma membrane (e.g. physical vectors)/or internal
vesicular membranes (e.g. the cationic lipids) [15].

3. Gene delivery

In gene delivery, a vector/carrier is essential in order to carry the hydrophilic, negatively
charged DNA through the hydrophobic and negatively charged cell membrane. The thera-
peutic efficiency depends upon the efficient delivery of DNA into the target site. Barriers
including cellular like intracellular uptake, endosomal escape, DNA release, and nuclear
uptake and extracellular barriers like avoidance of particle clearance mechanisms, targeting
to specific tissues and/or cells of interest, and protection of DNA from degradation are present
in the system [16-19]. One main hurdle in gene delivery is the delivery of therapeutic poly-
nucleotides crossing the plasma membrane and delivering into the cells of interest. This is the
limitation one in the gene delivery for efficient and safe delivery into the cells. A good gene
delivery vector should be able to effectively compact and protect DNA, sufficient stability
during bypassing the immune system of the host, traverse the plasma membrane (typically
through endocytosis), disrupt the endosomal membrane, and deliver the DNA into the
nucleus [20-22]. Successful gene transfer requires sufficient stability of DNA during the
extracellular delivery phase, transportation through cell membranes, cytoplasm, and eventual
disassembly and nuclear delivery.

Gene delivery systems can be divided into two general categories:
1. Viral transduction systems
2. Nonviral transfection systems

Initially, viruses were used for gene delivery. The disadvantages of viral vectors limited their
application in gene delivery like due to its size of DNA that they can carry, low loading capacity,
large-scale manufacturing, quality control cost, and safety factor such as immunogenicity and
potential oncogenicity [23].
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Hence, more attention has been paid to develop non-viral vectors as an alternative one for gene
delivery [6, 8-10, 24].

Nonviral delivery systems have advantages like easy to prepare, amenable to synthetic
manipulations of polymer properties, cell/tissue targeting, less immunogenic and oncogenic,
no potential of virus recombination and limitation on the size of a transferred gene, virtually
no limitation on the unrestricted plasmid size that can be delivered and the cost of production
is relatively low [25]. Moreover, they can be consigned readily to carry genetic materials to
target cells by virtue of their size, charge and structurally modifying the vectors [26]. Difference
between viral and nonviral gene delivery is based on the various gene transfer and its
complementary mechanisms. The mechanism includes in the viral gene delivery is the ability
of virus to circulate in the blood, bind to cell surface receptors, gain entry into the cell, avoid
lysosomal destruction, survive degradation in the cytosol, and deliver genetic material to the
nucleus. In the nonviral gene delivery overcoming biological barriers in the circulation or
inside the target cell and transferring the gene vector is based on the molecular weight of the
vector, ratio between the vector nitrogens and the DNA phosphates (termed the N:P ratio) and
the salt concentration of the buffer solution. [27-30].

Nonviral gene delivery systems are typically composed of plasmid DNA condensed into
nanoparticles by a cationic polymer [31].

Nonviral vectors are categories into lipid- and polymer-based one. Whereas the polymeric
based nonviral vectors have the advantage over lipid-based one due to its modification

property.
The steps involved in the polymeric gene delivery are given below:

* DNA/polymer complexation: Nanosize complex forms when cationic polymer neutralizes
charged phosphate with negatively charged cell membrane.

* DNA/polymer complex: Also referred as polyplex, which passes through cell membrane by
a nonspecific or receptor-mediated endocytosis.

* Endosome: Complex enters into cytoplasm through endosome.
* Transportation to nucleus.

* Itis free to be encoded into a therapeutic protein or to be inserted into the genome [6, 8-10].

4. Targeted drug delivery

It is necessary to ensure that the nanomaterials are carefully delivered only to the infected
region of the body without affecting the surrounding healthy tissues.

When drugs or gene-loaded nanoparticles are injected into bodies, they can circulate in the
blood vessels by crossing the epithelial barriers before reaching the target site. Escape of
nanoparticles from the vascular circulation occurs in either continuous or fenestrated tissues.
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Nanoparticles can escape from the bloodstream at continuous vascular endothelium through
paracellular pathway, intracellular process or transcellular pathway. It is different; the space
between the fenestration sites on the endothelium is between 100 nm and 2 pm, which is longer
than in healthy tissues that are normally 2-6 nm. Therefore, nanoparticles can penetrate
fenestrations thus increase the drug concentration in target/tumor site which is called “en-
hanced permeation and retention effect (EPR effect)” [32-34]. Particle shape, surface charge,
and feature are playing important roles in intercellular delivery [35, 36]. Quantity and type of
polymers, particle size, solubility, biodegradability, and surface properties are having impor-
tant role in release of bioactive drugs into the target site [37]. Drug entries through transcellular
and paracellular pathways are shown in Figure 1.

Paracellular pathway Transcellular pathway
I

I
o e o ' ...

< 100 nm <500 nm > 1000 nm

Figure 1. Drug entry through transcellular and paracellular pathways.

Targeted drug delivery is classified into two categories. They are
1. DPassive targeting

2. Active targeting

4.1. Passive targeting

Passive targeting involves the cells that are to be targeted migrate toward the drug-carrying
vehicles. This system is widely used in the delivery of cells like neutrophils, macrophages,
dendritic cells for vaccination purposes. In this system, it is not necessary the drug-carrying
vehicles in nanometer regime [38].

4.2. Active targeting

Active targeting involves rational design of nanosytems with suitable surface engineering
performed with acceptable chemical linking strategies to specifically target the cell receptors
of a target tissue. Furthermore, the targeting operates at two levels; first, the targeting of tissue/
system in order to enrich the concentration of the carriers at the infected site [9, 39].
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5. Nonviral vector gene delivery

Nonviral vector consists of either natural vectors (plasmid DNA or small nucleic acids,
antisense oligonucleotides, small interfering RNAs) or synthetic vectors (liposomes, cationic
polymers) [40]. Naked DNA, usually in plasmid form, is the simplest form of non-viral
transferring of a gene into a target cell [41-44].

Nonviral vector delivery is categorized as organic (lipid complexes, conjugated polymers,
cationic polymers, etc.) and inorganic systems (magnetic nanoparticles, quantum dots, carbon
nanotubes, gold nanoparticles (GNPs), etc.) [45].

To achieve the desired therapeutic efficacy, a suitable carrier system is needed. Nanoparticles
can be considered as a good carrier for various therapeutic applications due to the following
reasons.

* They exist in the same size domain as proteins.

* They have large surface areas and ability to bind to a large number of surface functional
groups.

* They possess controllable absorption and release properties and particle size and surface
characteristics. [46].

6. Inorganic type nonviral delivery vectors

Inorganic type of nonviral delivery vectors are magnetic nanoparticles, quantum dots, and
gold nanoparticles, and so on [31, 47].

6.1. Magnetic nanoparticle

Combination of inorganic nanoparticles with organic materials forms hybrids which possess
unique physical, chemical, optical, and electrical properties. These unique properties can be
utilized in different applications than large size materials. Recently, magnetic nanoparticles
have been utilized as an effective tool in gene delivery because of its submicron size. Hence,
much research has been carried out to control the size and shape of the metal nanostructure
due to its magnetic, catalytic, electrical, and optical properties. Iron oxides, such as CoFe,O,,
NiFe,O,, and MnFe,O,, exhibit superior performance compared to other magnetic materials
but highly toxic to cells. The most widely used iron oxide as magnetic cores are magnetite
(Fe;O,) and maghemite (y-Fe,O;), possess high magnetic moments and relatively safe. The
magnetic nanoparticle core is fairly reactive, prevents corrosion and leaking when applied in
vivo. In the magnetic nanoparticle gene delivery system, the gene directly binds to the magnetic
particle or carrier. In magnetic nanoparticle, a magnetic core is coated by a protective layer
either by dispersing in a polymer matrix or encapsulated within a polymer/metallic shell,
which can be combined with therapeutic agents (carrier/DNA complexes or other drugs)
through covalent or noncovalent bond. Silica, gold, natural polymers, such as dextran, or
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synthetic polymers, such as PEIL PLL, PEG, and polyvinyl alcohol (PVA), are commonly used
coating materials in magnetic nanoparticle. Introduction of various functional groups (organic
linkers) like carboxyl, amines, thiols, and aldehyde can alter the surface properties to suit
various therapeutic agents to improve targeted gene delivery. The preferred coating surface
for magnetic particles is strongly cationic because of the negatively charged DNA molecules
that are to be delivered. Magnetofection is a methodology based on the association of magnetic
nanoparticle with gene vectors in order to optimize/enhance gene delivery in the presence of
amagnetic field. The magnetic field is applied to move the MNP-gene vector complexes toward
the target site. In magnetofection, gene can be delivered in few minutes to the target site,
whereas traditional transfection methods can take several hours. Stability of any magnetic
nanoparticles depends upon the balance between attractive (van der Waals and dipole-dipole)
and repulsive (steric and electrostatic) forces between the particles and the surrounding solvent
molecules. Temperature also has an effect in the stability of the magnetic nanoparticle due to
energy transfer from the solvent molecules (Brownian motion) to the nanometric particles.
Hence, magnetic nanoparticle can be coated with a biocompatible polymer to enhance its
stability [30, 31, 48-62].

6.2. Metal nanoparticle (gold nanoparticle)

Owing to nano-dimension size to volume ratio and its stability, inorganic (metal) nanoparticles
are being extensively used as promising gene carriers in various biomedical applications.
Among the various metal nanoparticle gold nanoparticles (GNPs) are an obvious choice due
to its inert, amenability of synthesis, high functionalization, fictionalization ability, higher
absorption coefficient, good biocompatibility, less cytotoxic, ease of detection, and potential
capability of targeted delivery, hence it is extensively used for various applications including
drug and gene delivery. Due to its remarkable stability, large surface area, surface modification,
and high biocompatibility, gold nanoparticles can retain the native structure and enzymatic
activity of the attached proteins or enzymes in the drug delivery. Gold nanoparticles have large
surface area due to which their surfaces are readily available for modification with targeting
molecules or specific biomarkers and applicable in biomedical purposes.

Gold nanoparticles have large surface bio conjugation with molecular probes, and they also
have many optical properties which are mainly concerned with localized plasmon resonance
(PR). Gold nanoparticles can bind with a wide range of organic molecules and have tunable
physical and chemical properties. Gold nanoparticles can be synthesized by chemical (seeding
growth method), physical (y-irradiation method, microwave irradiation method), and green
methods (natural biomaterial egg shell membrane, sun light irradiation method).

Combination of gold nanoparticles into smart polymer like poly (N-isopropylacrylamine) is
an effective process to enhance its properties. Gold nanoparticles exhibit different shapes such
as spherical, sub-octahedral, octahedral, decahedral, icosahedral multiple twined, multiple
twined, irregular shape, tetrahedral, nanotriangles, nanoprisms, hexagonal platelets, and
nanorods, which are shown in Figure 2. Among the various shapes triangular-shaped
nanoparticles show attractive optical properties compared with the spherical-shaped nano-
particles [30, 58, 63-72].

19
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Figure 2. Various shapes of gold nanoparticle.

6.3. Quantum dots

Quantum dots are tiny semiconductor crystals of luminescent nanocrystals with rich surface
chemistry and unique optical properties with the size of 1-10 nm made up of compounds from
group Il to VI and Ill to V, for example, Ag, Cd, Hg, Ln, P, Pb, Se, Te, Zn, and so on. QDs have
distinctive characteristics such as size-tunable light emission, improved signal brightness,
resistance against photobleaching, and simultaneous excitation of multiple fluorescence
colors.

Depending on their size by laser, the quantum dots glow brightly in different colors, such as
Adirondack Green (520nm), Blue (514 nm), Greenish blue (544 nm), Green (559 nm), Yellowish
green (571 nm), Yellow (577 nm), Yellowish orange (581 nm), Fort Orange (600nm), Orange
(610 nm), and Maple Red-Orange (620nm).

QDs are nearly spherical semiconductor particles with core-shell structure. Colloidal core/shell
QDs, such as CdSe/ZnS, CdSe/CdS/ZnS, CdTe/CdSe, and InP/ZnS, are commonly synthesized
for biomedical applications, whereas CdSe/ZnS, CdTe/ZnS, and CdSe/CdS/ZnS have been
commonly used.

Quantum dots are made up of three parts, that is, core, shell, and cap.

Core is made up of CdSe, which is a semiconductor material. Core is surrounded by shell
which is made up of ZnS for improving its optical properties and cap encapsulates the double
layer quantum dots by different materials like silica which helps in improving solubility in
aqueous buffers. Structure of quantum dot is shown in Figure 3.
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Cap
Core
Shell

Figure 3. Structure of a quantum dot.

The semiconducting nature and the size-dependent fluorescence of these nanocrystals have
been successfully applied for in vitro, in vivo transfection and for diagnosis of various diseases.
One of the most important emerging applications of QDs appears to be traceable drug delivery,
because it has the potential to elucidate the pharmacokinetics and pharmacodynamics of drug
candidates and to provide the design principles for drug carrier engineering.

In gene technology, the quantum dot can be conjugated with oligonucleotide sequences
(attached via surface carboxylic acid groups) may be targeted to bind with DNA or mRNA.
Gene-associated drugs can be loaded within a QD core or attached to the surface of these
nanoparticles through direct conjugation or electrostatic complexation by which QDs can
protect the gene from degradation by nucleases. This property has been utilized for an assay
of single nucleotide polymorphism (SNP). Due to concerns about long-term in vivo toxicity
and degradation, QDs are currently limited to cell and small animal uses [30, 31, 77-101].

7. Conclusion

Recently nanotechnology-based gene delivery is one of the most attractive therapeutic
methods for treatment of various diseases. In drug delivery, size and distribution of particles
are critical parameters to target specific organs and tissues. Proteins (derived from their
secondary structure) are suitable materials for drug/gene carriers due to their precise molec-
ular sizes. An ideal nanoparticle formulation for a drug or gene carrier system can achieve
long circulation time, low immunogenicity, good biocompatibility, and selective targeting.

Gene delivery involves viral and non-viral vectors. Viral vectors are having low loading
capacity, large-scale manufacturing, quality control cost, and safety factor such as immuno-
genicity and potential oncogenicity. From the stability and safety concern, non-viral vectors
have more efficiently passing the gene transfection through the biological barriers compared
to viral vectors. Organic, inorganic, and various hybrid materials are used for the preparation
of nanoparticles. Among these, polymeric nanoparticles have great therapeutic application
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due to its wide range of sizes and varieties and can be used in sustained and targeted gene
delivery for long periods. Biopolymers used for the preparation of nonviral vectors possess
several favorable characteristics, such as high biocompatibility, low toxicity, good biodegrad-
ability, and abundant renewable sources, which can be used for efficiency delivery of drug/
gene to the target site.

Choosing a suitable design of nanoparticle structure can increase gene transfection efficiency
to overcome extracellular and intracellular transfection barriers: the blood stream, the cellular
membrane, endosomes, and the nuclear membrane. Nanoparticle in gene delivery depends
upon the nature of the polymer charge and its chain length. Furthermore, modifications in the
nanoparticle by introducing ligands onto the surface can enhance localization and retention
in specific target tissue, local delivery of agents to a large volume of tissues for better clinical
application. However, biopolymer-based nanoparticle will become a tool in near future for the
precisely targeted delivery of drugs and genes in many therapeutic fields, but toxicological
issues and degradation products of nanoparticles are need to be considered before being
applied into humans.
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Abstract

Currently, more than 90% of compounds identified are water insoluble and or poorly
water soluble, which is a bottle neck in the development of many new drug candidates.
These poorly soluble drug molecules are difficult to formulate using conventional
approaches and are associated with numerous formulation-related performance issues.
Formulating these compounds using lipid-based systems is one of the rapidly growing
interests and suitable drug delivery strategies. Lipid formulations such as self-
emulsifying/microemulsifying/nanoemulsifying drug delivery systems (SEDDS/
SMEDDS/SNEDDS) have been attempted in many researches to improve the bioavail-
ability and dissolution rate for their better dispersion properties. One of the greatest
advantages of incorporating the poorly soluble drug into such formulation products is
their spontaneous emulsion and or microemulsion/nanoemulsion formation in aqueous
media. The performance and ongoing advances in manufacturing technologies have
rapidly introduced lipid-based drug formulations as commercial products into the
marketplace with several others in clinical development. The current chapter aims to
present the characteristics feature, development and utilization of oral lipid-based
nanoformulations within the drug delivery regime. The content of the chapter also
provides an insight into the in vitro evaluation of lipid-based nanosystems and their
limitations.

Keywords: lipid-based formulation, self-nanoemulsifying drug delivery systems
(SNEDDS), poorly water soluble drugs (PWSDs), lipid formulation classification sys-
tems (LFCS), solubility enhancement
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1. Introduction

Due to the continuous rise in the number of low solubility drug molecules and lack of more
targeted drug therapies, the drug development has become more complex and challenging
job within the industry. In fact, up to 90% of today's drug candidates are suffering from low
aqueous solubility, which is commonly associated with low bioavailability, high intra- and
inter-subject variability and lack of dose suitability [1, 2]. In keeping these challenges in mind,
drug formulators must seek new techniques and innovative formulation approaches to
overcome such hurdles and ensure effective treatments for the patients in need.

It is more than a decade, when lipid-based formulations have been considered as a well-
established strategy for improving oral bioavailability and minimizing variable food effect of
poorly soluble compounds. Lipids have been used as carriers in various delivery systems for
drug administration, including solutions, suspensions, emulsions, and more attractively self-
emulsifying/microemulsifying/nanoemulsifying drug delivery systems (SEDDS/SMEDDS/
SNEDDS) that are designed to increase solubility and bioavailability of drugs belonging to the
BCS Class II-1V [3]. Among several approaches, which are currently available to incorporate
active pharmaceutical drugs into lipid vehicles in a variety of dosage forms, SEDDS, SMEDDS
and or SNEDDS have proved to be the most successful approaches in improving the bioavail-
ability [4]. The initial key achievement of these formulation systems (SEDDS/SMEDDS/
SNEDDS) is to increase the solubilization of the poorly water soluble drugs (PWSDs) by the
formation of emulsions and or micellar systems (colloidal solutions).

These systems advantageously present the drug in solubilized form, and their relatively
smaller droplet sizes provide a large interfacial area enhancing the activity of pancreatic lipase
to hydrolyze triglycerides and thereby promoting faster drug release containing mixed
micelles of bile salts. The development of Neoral® (cyclosporin A) as a commercial product
exhibits an excellent example of the utilization of these systems [5].

Nanotechnology has become a buzzword for scientific experts, and efforts are ongoing to
extend its applications in various medical and pharmaceutical aspects. The nanoscale tech-
nologies can be generally categorized into: lipid-based nanocarriers, polymeric nanocarriers,
inorganic nanocarriers, and drug nanoparticles or nanosuspensions [6]. Within the lipid-based
nanocarriers category, there has been a resurgence of interest in nanoemulsions since low
energy emulsification methods, such as spontaneous or self-nanoemulsification, have been
developed. SNEDDS are anhydrous homogenous liquid mixtures, composing oil, surfactant,
drug and/or cosolvents, which spontaneously form transparent nanoemulsion (20-250 nm
droplet size) upon aqueous dilution with mild agitation [6, 7].

Being nanosized, SNEDDS offer a strong alternative to the more conventional oral formula-
tions of lipophilic compounds. SNEDDS introduce the drug in solution within nanosized oil
droplets. These fine droplets are emptied rapidly from the stomach resulting in faster drug
release all over the gastrointestinal (GI) tract. An additional advantage of SNEDDS over simple
oily solutions is granting much larger interfacial area for partitioning of the drug between oil
and water leading to ease of dispersibility [8]. In contrast to oily solutions, SNEDDS does not
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depend on the action of bile salts, enzymes and/or other effects related to the (fed/fasted) state
of the stomach [9]. Thus, SNEDDS can reduce the variability in rate and extent of absorption
and grant more reproducible plasma concentration levels [10].

Compared with conventional nanoemulsions, SNEDDS can offer the advantages of improved
physical and/or chemical stability of the formulation and ability to fill them into unit dosage
forms, such as soft/hard capsules, which improve their commercial viability, patient compli-
ance/tolerability and reduce palatability-related concerns [6]. A key feature of a successful
SNEDDS formulation is its capability to hold the drug in solution, throughout the GIT, for
sufficient time to allow for absorption [11]. Many PWSDs have high solubility in SNEDDS
formulations but could make a risk of precipitation after aqueous dispersion of the formulation
or during its digestion in the intestine [12].

The current chapter will provide all the information to probe factors which influence the
selection of successful lipid nanoformulations and affect the fate of the PWSDs after oral
administration. The investigational research presented in this chapter will also provide
additional information regarding current practice of lipid formulations with a particular
emphasis on self-nanoemulsifying drug delivery systems (SNEDDS), the trends and perspec-
tives and the fate of PWSDs formulated in SNEDDS.

2. Lipid nanoformulations: design approach

Lipid excipients are comprised of a large group of physically and chemically diverse glycer-
ides, which may be used in simple (single oil solutions of the drug substance) or in more
complex nanocarriers (SMEDDS/SNEDDS, drug dissolved in the mixture of glyceride,
surfactant and or cosolvent), with considerable flexibility in formulation design [12].

Simple oil formulations are generally composed of mono-, di-, or triglycerides or their
derivatives and differ on the content of medium- (C-C,; in chain length) or long-chain (C;,-
C,, in chain length) fatty acids. Glyceride esters are water immiscible, and their solvent
capacities for drug substances vary according to the fatty acid chain length. Many lipid
excipients (oils, surfactants), which are regarded as acceptable food grade materials, expected
to be well tolerated by the body [13], even as parenteral emulsion dosage form [14]. These
excipients have a history of use in a wide variety of pharmaceuticals.

In simple terms, lipid nanoformulations can be distinguished according to their dispersion
and digestion in the aqueous content of the gut [15, 16]. Emulsion droplet size has been
considered to be an important part in the performance of self-nanoemulsifying systems since
particle size can determine the rate and extent of drug release in vitro [17]. However, the relative
digestion rate would be expected to vary if the formulation is modified, and the critical factor
is the fate of the drug after digestion of the formulation, in particular whether or not the drug
remains in a solubilized state.
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Func- Composition and description Commercial name Supplier
tion
Oil Medium-chain triglycerides (C,-C,y): Fractio- Miglyol 812, 810, Capmul Gattefosse corporation,
nated coconut oil and palm seed oil, triglycer- MCM, Captex 355, etc. France; Abitec Corp.,
ides of caprylic/capric acid Janesville, USA;
Long-chain triglycerides (C,-C,,): Soybean oil, sesame oil, Sasol GmbH, Witten,
Vegetable oils are glyceride esters of mixed corn oil, olive oil, Germany; Nikko Chemicals Co.,
unsaturated long-chain fatty acids, commonly peanut oil, cottonseed oil, Tokyo, Japan;
known as long-chain rapeseed oil, etc. Cremer Oleo GmbH & Co. KG,
triglycerides Hamburg, Germany;
. . . . . . Lipoid, Germany; BASF Co.,
Mixed mono-, di- and triglycerides: Imwitor 988, Imwitor 308, Germany
Novel semisynthetic medium- and Maisene 35-1, etc.
long-chain derivatives. Esters of propylene
glycol and mixture of mono- and diglycerides
of caprylic/capric acid
Polar oil: Some excipients which are Span 80, 85, etc.
traditionally thought of as hydrophobic
surfactants, such as sorbitan fatty acid
esters
Nonionic Water insoluble: Oleate esters, such as poly-  Polysorbate 85 (Tween 85),
surfac- oxyethylene (20) sorbitan trioleate, PEG-6-sor- TO-106V, Tagat TO, etc.
tant bitan oleate and polyoxyethylene (25) glyceryl
trioleate are commonly used in the pharma-
ceutical
industries
Water soluble: The popular castor oil Cremophor RH40, Cremo-
derivatives with saturated alkyl chains result- phor EL, HCO30, Tween
ing from hydrogenation of materials derived 20, 80, poloxamer 407, vari-
from a vegetable oil. Other ous Labrasols, Labrafac
derivatives include polysorbate 80 which are  Labrafils, Gelucires, Soy
predominantly ether ethoxylates and phosphatidylcholine, etc.
phospholipids
Cosol- The most popular water soluble cosolvents PG, PEG 300, PEG 400, 600,
vent are propylene glycol, polyethylene glycol, transcutol, glycofurol,
ethanol and glycerol. Others are diethylene etc.
glycol monoethyl ether,
propylene carbonate, tetrahydrofurfuryl
alcohol, polyethylene glycol ether
Other Many oil-soluble antioxidants a-Tocopherol, 3-carotene,
exci- butylated hydroxytoluene
pient (BHT), butylated hydrox-

yanisole (BHA), propyl gal-
late, ascorbyl palmitate,

etc.

Table 1. Common excipients for designing self-nanoemulsifying formulations and the list of their suppliers.
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2.1. Excipients used to design lipid-based nanoformulations

Excipients play a key role in designing successful nanoformulations with a sound control
strategy and influence business-critical and clinically significant drug product performance
outcomes such as stability, bioavailability and manufacturability. The design of lipid-based
nanoformulations, particularly SNEDDS, is comparatively simple as the drug need to be
incorporated into a suitable oil-surfactant mixture, which could be filled in a soft or hard gelatin
capsules. Various choices of lipid excipients are available in the market. Numerous lipids are
amphiphilic in nature, which contain both hydrophilic and lipophilic portions (fatty acid) [18].
The morphology of the lipids should be assessed as melting point increases when the length
of fatty acid chain increases, but it decreases when unsaturation of the fatty acid increases [19].
Choice of excipients for successfully designed lipid-based nanocarriers is determined based
on factors, such as miscibility; solvent capacity; self-dispersibility; digestibility; irritancy;
toxicity; purity; chemical stability; compatibility with capsule; melting point; and cost. Since
these excipients can affect the drugs bioavailability, it is necessary to identify the characteristics
of these excipients. Details of the lipids (oils, nonionic surfactants, cosolvents), their compo-
sitions and list of suppliers are given in Table 1.

3. Lipid nanocarriers and recent advancements in oral drug delivery

Lipid-based nanoformulations as drug delivery vehicles signify a promising strategy that
incorporates or encapsulates the drug molecules and are biodegradable or biocompatible. They
are containing nanosized droplets typically ranging from 0 to 250 nm [20]. The entrapped drug
molecules can be taken intact and protected against degradation by gastrointestinal (GI) fluids,
while drug absorption through the GI epithelium or lymphatic transport can be enhanced.
Possible mechanisms of transport of these nanocarriers across Gl mucosa are introduced later
in the chapter. These focus on effects of size and surface properties of the nanocarriers on the
nonspecific or targeted uptake by enterocytes and/or M cells. Applications of various oral
nanocarrier formulations, such as lipid nanoparticles and SMEDDS/SNEDDS, are reviewed in
several recent publications [4, 21, 22]. Figure 1 shows an encapsulated SNEDDS designed for
oral administration, which are the most efficient formulations for improving the apparent
aqueous solubility of PWSDs.

Within the scope of the current chapter, the most advanced SNEDDS and/or SMEDDS systems
have been explored as potential nanocarriers, which are much more stable kinetically and
thermodynamically and showed great potential for improving the bioavailability of orally
administered drugs. In a pure drug nanoparticle formulation, submicron size particles of drugs
are stabilized in aqueous medium with generally regarded as safe (GRAS) listed excipients
blend. Such formulation can be used for drugs with poor solubility in water and oil, high
melting point, high log P and high dose.

When saquinavir (HIV protease inhibitor) in 1995 was marketed for the first time as mesylate
salt formulation in a hard gelatin capsule (Invirase®), its bioavailability was only 4% and highly
variable [23]. Later on, after 2 years, a self-nanoemulsifying formulation of saquinavir (Forto-
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vase®) containing medium-chain mono- and diglycerides, povidone and a-tocopherol was able
to increase bioavailability threefold higher than Invirase® in humans [23, 24]. Several other
published [10, 25, 26] and unpublished case studies are also available that established the
significance of rational approach in designing SMEDDS/SNEDDS which can improve the in
vivo absorption of the PWSDs. The commercial product such as amprenavir (agenerase),
ciprofloxacin (cipro), fenofibrate (fenogal), liponavir/ritonavir (kaletra, norvir), etc., have been
formulated using suitable SMEDDS/SNEDDS [24, 27].

il Surfactant

Encapsulated
single unit dose

v -
SNEDDS
preconcentrate
I 5 Y

Micelles/Nanoemulsions

Figure 1. The encapsulated SNEDDS designed for oral administration of PWSDs. *Adapted with permission from Ref.
[21].

4. Concept of nanoemulsions within lipid-based formulation

The potentiality of nanoemulsions within lipid-based drug delivery systems was explored
almost four decades ago. In simple term, nanoemulsions are the emulsions comprising
nanosized droplets and they are well dispersed, transparent and kinetically stable for several
months. Their physical stability can be improved by careful selection of surfactants and the
ratio of oil/water/surfactant and also the efficiency of equipment used to reduce droplet sizes.
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Not only for oral delivery, nanoemulsions are used as greater transmucosal and transdermal
drug delivery vehicles due to their remarkable wetting, spreading and penetration abilities.

4.1. SMEDDS vs SNEDDS

SMEDDS and SNEDDS are almost similar lipid dosage form which can be prepared from same
materials comprising a simple mixture of oils, surfactants and possibly cosolvents. SMEDDS
have the ability to form fine oil in water (O/W) microemulsion, and SNEDDS produce
nanoemulsion upon mild agitation in the presence of an aqueous (preferably intestinal) media
[28]. The structure provides both SMEDDS and SNEDDS as good candidates for oral delivery
of PWSDs with adequate solubility in oil only or oil/surfactant blends and establishes the
desired reproducible pharmacokinetic profile. Upon dilution, SMEDDS form transparent
microemulsions, with a droplet size of <50nm [11], while SNEDDS produce transparent
dispersions of oil and water stabilized by surfactants, with droplet sizes between 20 and 250
nm and kinetically but not thermodynamically stable systems [29]. These two systems are the
most famous colloidal dispersions within lipid-based systems but physicochemically different.
Structures and properties of nanoemulsion can be changed on long-term storage but not for
microemulsions at same temperature, pressure and composition. The formation of SMEDDS
is spontaneous, and SNEDDS need high-energy methods for their fabrication, but both systems
need some external energy to overcome kinetic energy barriers and support mass transport.
In comparison, SNEDDS need lesser surfactant-to-oil ratio than SMEDDS. The preparation of
SNEDDS involve specific mixing order in which surfactant must be mixed first with oil phase,
whereas SMEDDS do not need any specific mixing order for their preparation. Ternary phase
diagrams are required to have a suitable selection of both systems which should be coherent
with different phases involved in preparation.

An important best-known example is Sandimmune Neoral® which was introduced in 1994
became the turning point for development of SMEDDS in oral lipid-based formulations of
PWSD [30]. This formulation contains Cremophor RH40 (polyoxyl hydrogenated castor oil),
corn oil glycerides, propylene glycol and ethanol, which emulsifies spontaneously into a
microemulsion with a particle size smaller than 100 nm. This new formulation (Sandimmune
Neoral®) resulted in a twofold increase in the bioavailability compared to the earlier product
Sandimmune® [31]. Recent years, SMEDDS and SNEDDS have gained lots of interest as
potential drug delivery vehicles largely due to their clarity, simplicity of preparation, thermo-
dynamic stability and their abilities to be filtered and to incorporate a wide range of drugs of
varying lipophilicity.

4.1.1. SMEDDS/SNEDDS within lipid formulation classification systems

By considering several factors in mind, Pouton [20, 32] introduced a lipid formulation
classification system (LFCS) into four Types (I-IV) which differentiate lipid-based formula-
tions from one to another that is being used as a framework to categorize nanoformulations.
These four Types of formulations were classified on the basis of formulation compositions,
their aqueous dispersibility and the potential effects of lipid digestion and possible drug
precipitation from lipids. Among the LFCS, Type III systems are the most attractive formula-
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tions as they produce microemulsions/nanoemulsions (SMEDDS and SNEDDS) of lipid-
surfactant mixtures with particle sizes in the range of 0-250nm upon dispersion. The
microemulsions can be used for many other drug delivery/application systems, such as topical,
intra venous, trans-dermal, etc. There are several marketed products available which were
developed as Type III formulations since the drugs may be absorbed from the microemulsions
and or nanoemulsions without the digestion of lipids and/or surfactants present. Type III
systems further divided into subtype IIIA and IIIB according to the hydrophilic content of the
SMEDDS and SNEDDS. Type IV systems are efficient formulations as they also produce
SMEDDS and/or SNEDDS and have high drug loading ability but may loss solvent capacity
upon dilution with aqueous media.

4.2, Solidification of SMEDDS/SNEDDS

The excipients commonly used in designing SNEDDS are liquid at room temperature, and
their compatibility with semi-solid and solid dosage forms allows encapsulating into soft/hard
gelatin capsules for oral delivery. This could be a great challenge as the interaction between
liquid formulation and capsule shell may result in either brittleness or softness of the shell [33].
In addition, the stability of liquid formulations could be another major issue (e.g., leaching and
rancidity) since some drugs might suffer significant chemical instability in both aqueous and
oily formulations. Apart from that, manufacturing liquid-filled soft gelatin capsules is a slow
process and requires specialized equipment, having risk of formulation components migrating
into capsule shell [23].

Therefore, to address this limitation, incorporation of liquid lipid formulations into a solid
dosage form is convincing and desirable. Liquid lipid formulations could be transformed into
acceptable free flowing fine powder by loading the formulation on a suitable solid carrier as
solid SNEDDS [34, 35]. Only few studies have attempted to investigate the conversion of such
formulations into free flowing powders by adsorption using various inorganic high surface
area materials (i.e., neusilin, syloid, aeroperal and aerosol) that are amenable to encapsulation
or tableting [36, 37]. On the other hand, the final powder preparation should have acceptable
flow properties to achieve the best content uniformity and weight variation. The current
interest in solidification technique by both the industry and academia is raised enormously
due to the attractive properties including independence of gastric transit, flexibility in dose
dividing, decrease in intra- and inter-subject variability, highest safety profile and physical/
chemical stability improvement.

5. Equilibrium solubility of diluted nanoformulations

For lipid nanoformulations, drug solubility determines the maximum drug loading capacity
(single unit dose) and is increased when the drug is highly lipid soluble or when the formu-
lation contains high proportions of surfactant or cosolvent. The solubilization capacity of the
nanoformulations (SNEDDS) is likely to decrease when excipients are dispersed and digested
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in the GI tract. As a result, the drug concentrations in the GI fluids are elevated from the
equilibrium solubility and could cause extreme precipitation.

To predict the likely fate of the drug on dispersion effectively, one should investigate its
solubility in the formulations during aqueous dilution. The solubility of PWSDs within the
diluted nanoformulations can be determined using a shake-flask method to observe how the
drug solubility is changed as water is incorporated into the system. The samples are prepared
by adding an excess amount of drug to the formulation, which is then shaken and thoroughly
mixed with a vortex mixer. The samples are incubated in a dry heat incubator at 37°C for 7
days and centrifuged to separate excess solid drug from the dissolved drug. An aliquot of the
supernatant is weighed and diluted in an appropriate solvent. The dissolved drug concentra-
tion can be analyzed by UV-vis spectrophotometer.
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Figure 2. Effect of aqueous dilution on solubility of fenofibrate in nanoformulations representing LFCS Types IIIB and
IV systems. Data are presented as mean +SD (n=3).

Figure 2 shows the fenofibrate solubility in nanoformulations (SMEDDS/SNEDDS) of LFCS
Type IIIB and IV systems which was studied over 10-100 dilution with water. The results
suggest how fenofibrate solubility decreased markedly, with several Type IIIB and IV nano-
formulations, as the formulation was diluted with water [12]. After adding only 10% w/w water
to the anhydrous formulation (drug dissolved at 80% of its equilibrium solubility), the one-
third drug solubility had dropped down from the initial solubility of the formulation. The data
predict that if fenofibrate was dissolved at its equilibrium solubility in the anhydrous formu-
lations, its solubility would be exceeded in all cases when the formulation is diluted 1 in 10 or
1in 100.
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6. Drug release and the justification of dispersion test for nanoformulations

In vitro release studies assess the ability of lipid-based nanoformulations to disperse into
various types of media and to evaluate whether the drug partitions from the vehicle into the
aqueous medium. It can estimate how much drug will be in solution before absorption thus
predicts the fate of the drug in vivo. A range of biorelevant dissolution test media and experi-
mental methodologies has been developed by Dressman's group that have established
application in drug release studies from lipid-based oral formulations [38, 39].

Technically, itis difficult to characterize drug release from emulsions in vitro, particularly under
sink condition. Since solubility of the drug in sink phase may be poor, large volumes of aqueous
content may be needed to maintain the sink conditions. It is hard to separate the oil droplets
due to their smaller size from the dissolved or released drug in the sink solution levy. In a
previous study, our group has conducted an in vitro dissolution of anti-histaminic drug,
cinnarizine (CN, week base) from various SNEDDS systems and commercial product Stuger-
on® tablet [4]. Dissolution was carried out in simulated gastric fluid (SGF, pH 1.2) for first 2h
and subsequently shifted into simulated intestinal fluid (SIF, pH 6.8) for another 2 h.
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Figure 3. Dissolution profiles of cinnarizine SNEDDS 1 [MCT/MCDM/T85 (25/25/50)], SNEDDS 2 [MCT/MCM/T85
(25/25/50)] and Stugeron® tablets. Data are expressed as mean +S.E, n=3. *Abbreviations: MCT —medium-chain tri-
glycerides (M810); MCDM —mixture of medium-chain di- and monoglycerides (1988); MCM—medium-chain mono-
glycerides (I308); T85—Tween 85.

In SGF, all the SNEDDS showed superior dissolution profiles with respect to Stugeron® tablet
(Figure 3). At 15min, Stugeron® tablet managed to release only 66.5% drug in solution where
the optimal formulations were able to release 84-95% drug in solution. This indicates the ability
of these formulations to provide more efficient and rapid release of CN with respect to the
marketed tablet. Upon shifting from SGF to SIF, Stugeron® showed significant precipitation
(87-92% precipitated), while the SNEDDS were able to hold high amount of CN (78-93%) in
solution (Figure 3). This finding suggests the immense need for developing a SNEDDS that
could enhance the drug dissolution profile and resist the sharp pH-dependent changes
particularly for week bases.
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A standard USP dissolution apparatus is suitable for the establishment of a dispersion test, but
emphasis should be on precipitation rather than dissolution [4]. This is why, dynamic disper-
sion test is highly considered for the prediction of whether precipitation is likely to occur prior
to digestion. In the dispersion study, samples are removed from the dispersion vessel at various
intervals for at least 24 h and analyzed to determine the likelihood of precipitation during GI
transit. Dispersion testing is vital for LFCS Types Il and IV formulations (produce SNEDDS),
which may loss solvent capacity on dispersion due to migration of water soluble components
into the bulk aqueous phase. Care is needed in the design of lipid-based nanoformulations to
ensure that the precipitation of the drug is minimized.

7. Mechanism of drug supersaturation: role of SMEDDS/SNEDDS

When the lipid nanoformulations approach to the high volume of gastric fluid, it is dispersed
rapidly and reduces solubilization capacity of the drug due to the high content of surfactant/
water soluble cosolvent, thus potentially generates supersaturation. Even though supersatu-
ration in the stomach is not desirable as most of the drugs are absorbed in the small intestine,
it poses threat for drug precipitation before the drug enters to small intestine. Therefore,
SMEDDS/SNEDDS should be designed to minimize supersaturation in the stomach or at least
to maintain a period sufficient to allow gastric emptying prior to drug precipitation.

Correlations between the investigations of the equilibrium solubility of the drug in the aqueous
diluted formulation (10-99% diluted) and corresponding dynamic dispersion tests could help
to predict whether precipitation is likely to take place, and whether it would affect bioavaila-
bility [12]. The imbalance between high initial solubilized drug concentrations and lower
equilibrium drug solubilities during lipid dispersion and digestion in vivo does not immedi-
ately result in precipitation but stimulates drug supersaturation. This supersaturation is more
likely to occur in the formulations that contain high proportions of water soluble surfactants
or cosolvent. In some cases, during the process of lipid (or surfactant) digestion where
hydrolysis occurs to form more polar post digestion products also stimulates changes to
colloidal structure, thus lead to changes in drug solubility and may facilitate drug precipita-
tion.

This is why, SNEDDS must contain drugs less than equilibrium solubility (approximately 50—
90% of the equilibrium solubility) to avoid any precipitation. In recent studies, precipitation
inhibitors have been introduced in supersaturated SNEDDS to overcome the risk of precipi-
tations [40]. Supersaturated SNEDDS inhibit and minimize the nucleation process and
subsequent drug precipitation in GIT by achieving and then sustaining the metastable
supersaturated state. The commonly used water soluble precipitation inhibitors are PVP,
HPMC, NaCMC and MC polymers [41].

7.1. The risk of drug precipitation from nanoformulations

Triglycerides alone (LFCS Type I) are poor solvents for most of the hydrophobic drugs but
suitable for highly lipophilic compounds. If lipid-based formulations contain mixed glycer-
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ides, polar oils, surfactants and/or cosolvents (LFCS Type II and III), it is likely to improve the
solvent capacity of the formulation. Therefore, formulators are always preferred to add water
soluble surfactants and cosolvents against pure oils, ultimately sometimes resulting in the
complete exclusion of oily excipients to produce oil-free formulations (LFCS Type IV).
However, the formulator must keep well balance between oils and surfactants/cosolvents in
the formulation to avoid risk of drug precipitation on aqueous dispersion. Several studies
showed that small changes in formulation compositions are not expected to cause large
changes in drug solubility, but there could be a dramatic drop in solvent capacity upon aqueous
dilution [4, 12, 42]. Dilution of a cosolvent implies a substantial loss of solvent capacity, while
the loss of solvent capacity may not be suffered with the use of surfactant. This could be
possible due to the linearity between solubilized drug to the number of micelles present and
therefore to the surfactant concentration. Drugs which are more soluble in surfactant or
cosolvent than pure oil are at high precipitation risk because solvent capacity of surfactant and
cosolvent decreases upon dilution but not pure oil. Hence, increasing the solubility of a drug
by including a cosolvent is generally a poor strategy than using a nonionic surfactant [11, 43].
Figure 4 shows the extreme precipitation of an anticancer drug, paclitaxel using LFCS Types
III and IV formulations.
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Figure 4. Percentage of the original dose of paclitaxel remaining in solution after 1:100 dilutions in the dispersion me-
dium (paclitaxel was originally dissolved at 80% of the equilibrium solubility in the anhydrous mixture). One gram
formulation was dispersed in 100 ml water, and then, the samples were withdrawn periodically over 24 h to examine
the drug precipitations. Data are presented as mean = SD (n=3).

It is quite difficult to predict the fate of the PWSDs on dispersion of a typical LFCS Type IIIA
lipid formulation. The hydrophilic surfactant used in Type IIIA systems is substantially
separated from the oily components, forming a micellar solution in the continuous phase.
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Hence, one might question: does this system lower the overall solvent capacity for the drug or
not? However, this may depend on the log P of the drug, and to what extent the surfactant was
contributing to its solubilization within the formulation. At present, there are no established
techniques available to help formulators assessing the risk of precipitation. It is worth men-
tioning that in some cases, Type III formulations can take several days to reach equilibrium
and the drug remains in a supersaturated state for up to 24 h time [12]. It could be argued that
such formulations are not likely to cause precipitation in the gut before the drug is absorbed,
and possibly the supersaturation acts as an absorption enhancer by increasing the thermody-
namic stability of the drug [44].

8. Lipid digestion and drug absorption: mechanism

8.1. Lipid metabolism

Following ingestion of a lipid-based dosage form (capsule/tablet), the formulation is initially
dispersed in the stomach where the digestion of exogenous dietary lipid is started by the action
of gastriclipase on the lipid-water interface. Gastric lipase releases about 15% of free fatty acids
from lipids [45]. Within the small intestine, pancreatic lipase together with its co-lipase
completes the breakdown of dietary glycerides to diglyceride, monoglyceride and fatty acid.
The presence of exogenous lipids in the small intestine also stimulates secretion of endogenous
biliary lipids including bile salt, phospholipid and cholesterol from the gallbladder [45]. In the
presence of elevated bile salts concentrations, lipid digestion products are subsequently
incorporated into a series of colloidal structures including multilamellar/unilamellar vesicles,
bile salt phospholipid mixed micelles and micelles [46]. Together these species significantly
expand the solubilization capacity of the small intestine for both lipid digestion products and
drugs, and this can be studied relatively easily as a preformulation exercise.

8.2. Drug absorption

Sufficient aqueous solubility along with good intestinal permeability is crucial for adequate
drug absorption, ultimately leading to sufficient bioavailability. On the other hand, PWSDs are
associated with poor and variable absorption and often affected by the various food intakes.
Several studies have already documented lipid-based nanoformulations, particularly
SNEDDS, as an absorption enhancer for PWSDs when administered orally [4, 47]. Possible
mechanisms for improving drug absorption include: (i) an increase in the membrane fluidity
facilitating transcellular absorption, (ii) larger surface area provided by the fine emulsion
droplets, hydrolysis and formation of mixed micelles, (iii) paracellular transport by opening
tight junction mainly for ionized drugs or hydrophilic macromolecules, (iv) inhibition of P-gp
and/or CYP450 to increase intracellular concentration and residence time, and (v) stimulation
of lipoprotein/chylomicron production. The natural process of digestion offers the possibility
that very lipophilic drugs could be taken up into the lymphatic system by partitioning into
chylomicrons in the mesentery. This is expected to be a mechanism of absorption for drugs
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withlog P values>6.0 and has been demonstrated to be crucial in a past study for the absorption
of the antimalarial compound halofantrine [48, 49].

The mixed micelles substantially transport digestion products across the unstirred water layer
and reach the vicinity of the aqueous-microvillus interface to allow for lipid absorption
through the mucosal cells. However, it is possible that digestion of a lipid formulation could
reduce the solubility of the drug in the gut lumen, which would result in the precipitation of
the drug and a decrease in the absorption rate. Therefore, more investigation on in vitro
lipolysis is needed to clearly understand drug precipitation during digestion for better
absorption.

9. In vitro digestion (lipolysis): significance

The fate of the lipid carrier in the GI tract is essentially important for the absorption of the
incorporated drug and therefore has to be closely analyzed. It is evident that the solvent
capacity of the formulation can be lost on digestion, leading to drug precipitation [26, 50].
However, the investigation of the lipolysis by in vivo experiments is complex, costly and time-
consuming. Thus, the in vitro model simulating the enzymatic degradation of lipid-based
formulations is highly significant as an alternative method of monitoring the digestion process
in the simulated gastrointestinal media under fed and fasted conditions.

Lipolysis can be carried out as an in vitro test using a pH-stat titration unit to maintain pH and
using the lipase/co-lipase content of porcine pancreatin to serve as model for human pancreatic
juice. Bile salt lecithin-mixed micelles are used in the reaction mixture to provide a sink for
solubilization of degradation products. Composition of mixture that used in the in vitro
lipolysis studies is provided in Table 2.

Substance of the mixture for 10 ml aqueous media

Lipid 250 mg
Pancreatic lipase 1 ml (800 TBU/ml)

Lipolysis buffer 9 ml

Composition of the lipolysis buffer Concentration (fed state) Concentration (fasted state)
Bile salt (BS, mM) 20 5

Phospholipid (PL, mM) 5 1.25

Trizma maleate (mM) 0.5 0.5

Ca* (mM) 0.05 0.05

Na* (mM) 15 15

Table 2. Composition of mixture for in vitro lipolysis experiments. *Adapted with permission from Ref. [51].
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Lipolysis is allowed to proceed for a fixed time (30-60 min), the reaction is then subjected to
high-speed ultracentrifugation, and further drug analysis in the various phases allows
predicting whether the drug will remain solubilized in the intestinal lumen after digestion of
the formulation. However, if the drug is partially precipitated, then drug will be found in the
pellet, which may be still in solution. The rate and extent of lipolysis can be quantified by the
data generated from the pH-stat. This technique was recently applied in LFCS Types I-IV
formulations to predict the effect of formulation on the fate of a number of drug compounds
and assumed that surfactants are subjected to digestion, probably for SMEDDS and SNEDDS,
where water soluble surfactants are used predominantly. Lipolysis experiments may play a
vital role in the near future for establishing strong methods for in vitro in vivo correlations
(IVIVCs).

10. In vitro in vivo correlation (IVIVC) for lipid nanoformulations

The IVIVCs play a major role in drug development, particularly on the optimization of suitable
formulations which is time-consuming and a highly expensive process. Formulation optimi-
zation requires modifications in composition, equipment, manufacturing process and batch
sizes. If such changes applied to the formulation, the in vivo bioequivalence studies in human
are necessary to be conducted to confirm the similarity of the new formulation. This process
will increase the load of carrying out a number of bioequivalence studies and therefore will
increase the cost of process optimization and marketing of the new formulation.

To overcome these issues, it is necessary to develop in vitro tests that can imitate the bioavail-
ability data. The IVIVC can be used in the development of new pharmaceuticals to decrease
the number of human trials during the formulation development and to support biowaivers.

In the beginning of 1980s, the IVIVC theory was established based on many published research
studies, which can be used as a prediction tool for correlating in vitro and in vivo data. The
IVIVCisusually used in the development stages of pharmaceuticals to enhance the formulation
and dosage optimization with fewer trials in human [51-56] or additional bioavailability
studies. The FDA defines IVIVC as “a predictive mathematical model describing the relation-
ship between an in vitro property of a dosage form (usually the rate or extent of drug dissolution
or release) and a relevant in vivo response (e.g., plasma drug concentration or amount of drug
absorbed).” For drugs that are administered orally, dissolution and intestinal permeation are
considered as the rate-limiting steps for the absorption. Therefore, if an excellent correlation
exists between in vitro dissolution test and a bioavailability parameter, then controlling the
dissolution profile will permit the evaluation of bioavailability [57-59].

There are several tools which can be used to establish IVIVC. The in vitro drug release studies
of the formulations can be performed using dissolution, dynamic dispersion and digestion
tests, whereas the in vivo pharmacokinetic studies can be performed on various animal models.
However, there are only a limited number of IVIVC studies so far have been conducted using
lipid formulations. To obtain more robust in vitro and in vivo relationship, a large number of
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model compounds should be explored along with more human clinical data sets and complete
characterizations of in vitro and in vivo solubilization of PWSDs formulated in lipid vehicles.

11. Conclusion

For many drugs with poor aqueous solubility, the technique of developing SMEDDS/SNEDDS
provides a powerful and effective solution to improve their solubility in the aqueous contents
of the GI tract that is the main obstacle for such drugs. The most critical step in designing the
nanoformulations of lipid-based systems for PWSDs is the selection of the most suitable oil,
surfactant and/or cosolvent for a particular drug with certain physicochemical properties. So,
the formulators must keep a balance and make compatibility between the factors of different
formulations such as self-emulsification efficiency, drug loading capacity, droplet size distri-
bution, in vitro dispersion/release profile in acidic and basic media and in vitro digestion by
using fed and fasted state. In summary, SMEDDS/SNEDDS provide a robust formulation
approach to enhance GI solubilization and to promote drug absorption after oral administra-
tion. If there is a successful IVIVC made for lipid nanoformulations, confidence in the devel-
opment of the pharmaceutical product and its quality are likely to improve, and the drug
development time may be shortened.
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Abstract

Nanocarriers have provided the versatile platform for the delivery of various therapeutic
and diagnostic agents. Liposome, niosomes, polymeric and solid lipid nanoparticles are
the most promising nanocarriers that have been entered in the clinical trials and become
commercially available. However, each system has been associated with some problems
that can be minimized by using the combinatorial approach of hybrid nanocarriers.
These hybrid systems combine the benefits of different structural components to syner-
gize the outcome of the therapy. In this chapter, the different types of hybrid nanocarriers
have been described with particular emphasis on the brief rationale for the development
of these hybrid nanocarriers along with different fabrication approaches with greater
emphasize on the lipid polymer hybrid nanoparticles. A brief description factors govern-
ing the optimized response characteristics and their potential application of these hybrid
nanoparticles are also presented.

Keywords: core shell hybrid nanoparticles, drug delivery, hybrid nanoparticles,

nanoflowers

1. Introduction

In the recent decades, pharmaceutical nanotechnology has opened a new era for the research
in the design and characterization of drug delivery systems (DDS) and biotechnological
products. A variety of novel drug delivery systems and strategies emerged for diagnostic
and therapeutic applications that explored the different structural components, fabrication
methods and mechanisms of drug delivery and targeting [1]. These DDS emphasized on
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the use of multiple nanomaterials and therapeutic moieties that renovate the current phar-
maceutical industry and biomedical sciences toward the better drug therapy [2]. These
nanosized particles were utilized for the delivery of various molecules including different
drugs, proteins, nucleic acid and other diagnostic agents. Some of these compounds may
be encapsulated inside while others were adsorbed on the surface of these nanoparticles.
These nanocarriers can amend the pharmacokinetics and pharmacodynamics of drug by
enhancing the solubility, permeability and bioavailability in multiple ways. The availability
of the encapsulated compound depends upon the nature of formulation components and
the other external stimuli which enable the controlled as well as targeted delivery of these
encapsulated compounds within the cellular microenvironment [3]. All these parameters
ultimately achieve the higher concentration of the encapsulated drug that efficiently reaches
the potential target site without affecting the normal tissues. These nanocarriers also aid
to implement the concept of rational therapeutics by providing the tunable drug delivery
systems based on the patient therapeutic demands.

Despite of excellent in-vitro performance, some drugs demonstrate poor in-vivo results
because of low aqueous solubility, poor membrane penetrability, rapid clearance by the
reticuloendothelial system, complex pathophysiological states of the disease and uncertain
plasma levels leading to drug toxicity, thus, requiring such drug delivery systems that over-
come these problems [4]. Latest developments in the material sciences, polymer engineering
and nanotechnology have enabled multidisciplinary research to formulate and evaluate dif-
ferent novel drug delivery systems that claimed increased drug solubility, penetration and
retention at the targeted site in the body [5].

Among the different nanoparticulate systems, nanoparticles of different composition and
lipid based vesicular carriers (liposome, lipid nanocarriers, solid lipid nanoparticles and drug
lipid conjugates) have been frequently employed for the medical applications. The nanoparti-
cles may provide versatility in terms of composition. As, these include the polymeric nanocar-
riers, mesoporous nanoparticles, metal coated (gold, iron and silver), inorganic nanoparticles,
quantum dots, carbon nanotubes, dendrimers and magnetic nanoparticles [6, 7]. Furthermore,
all these systems were modified to mimic the desired therapeutic properties through different
modification method and ligands such as (i) increase in the retention time and stability of the
system, (ii) stimuli triggered release, (iii) targeted delivery of various agents and (iv) adminis-
tration of dual modalities simultaneously [8, 9].

Liposomes and niosomes have been considered as most promising domains among the lipid
vesicular carriers. Liposomes are defined as the lipid vesicles having the single or multiple
layers of the lipid providing the encapsulation of different therapeutic moieties while nio-
somes have the same morphology but contain nonionic surfactants instead of phospholipids
as major structural components. They provide the better biocompatibility profile, easy surface
modification of the vesicles, versatility in the loading of hydrophobic and hydrophilic drugs
and improved pharmacokinetic properties [10, 11]. However, drug leakage or fast release
from the system, reproducibility, poor physical and chemical stability on storage, higher cost
and scale up issues are the major drawbacks associated with the vesicular systems [12, 13].
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Nanoparticles (polymeric, organic/inorganic, mesoporous silica, calcium carbonate and dif-
ferent metals, i.e., iron, silver and gold) established the second domain of the nanocarriers.
These systems prove superiority in terms of smaller particle size, structural integrity, versatil-
ity in the polymeric materials, improved drug loading and release profile. They also provide
the targeting capabilities in the case of magnetic iron oxide nanoparticles and better cellular
interactions in case of organic and inorganic nanoparticles [14]. Similar to that of vesicular
systems, these polymeric nanoparticles have some limitations in term of polymer toxicity,
presence of toxic organic solvents, poor entrapment of hydrophilic drugs, polymer degrada-
tion and drug leakage before reaching the site of action [15].

The problems associated with the liposomes, polymeric nanoparticles and other carrier
systems can be reduced by using a novel combinatorial approach of “hybrid nanoparti-
cles” (HNDPs) that utilizes the positive attributes of two different components. These hybrid
nanoparticles (HNPs) exploit the benefits of both systems (lipid and polymer/organic and
inorganic materials) and the release profile of drug is based on the erosion and degrada-
tion of the core material by hydrolysis with in turn determined by water permeation into
the outer shell layer and composition of the polymer. The core materials may be protected
by the application of multiple layers of the shell materials and the interface of these layer
acts as a site for the functionalization of the carrier system for the dual modalities of treat-
ment and diagnosis [16].

Similarly, core shell hybrid nanoparticles using different oils, metal oxides, organic and inor-
ganic components also provide newer system that has multilayered structure having the
inner core outer shell with a suitable lipid or oil at the interface to develop a core shell hybrid
structure. Recently, use of green approach offer more facile and potentially successful system
with the added advantage of solvent-free nanohybrids with greater efficiency.

Such novel system consists of three different structural components as follows:

(i) The inner most core made up of different polymers (poly-lactic-co-glycolic acid [PLGA],
polycaprolactone [PCL] and chitosan), lipids (cationic, anionic, zwitterion and neutral
phospholipids and nonionic surfactants), inorganic materials (silica, iron oxide) and or-
ganic materials (polysaccharides) that encapsulate the therapeutically active moiety.

(if) The intermediate lipid layer that covers the polymeric/inorganic core and enhance the
biocompatibility of that system. It also acts as barrier to minimize the drug leakage and
control the rate of polymer/inorganic core degradation by controlling the water permea-
tion into the core.

(iii) The outer most lipid or polymer-conjugate which act as a layer for functionalization of
the system by making it target specific through the use of different ligands or increased
its circulation and retention time by coating with the PEG. This layer may be modified
with a suitably charged moiety to attach the antibodies, aptamer and other such mol-
ecules by electrostatic forces [17]. Different types of the hybrid nanocarriers having dif-
ferent morphology and different structural components Figure 1.
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b.

Figure 1. Structure of lipid-polymer hybrid nanoparticles; (a) polymer core-lipid shell hybrid, (b) 3 layers polymer-lipid
hybrid nanoparticles consisting of polymeric core (1) and two lipid layers (2,3) shell, (c) 4 layers hollow core lipid-
polymer hybrid, consisting of hollow core (1) covered by reverse surfactant layer (2), polymeric shell (3), and outer shells
of two lipids (4). (d) organic core-inorganic shell and inorganic core-organic shell hybrid, (e) inorganic (metallic)-protein
hybrid nanoflowers, and (f) graphene oxide coated mesoporous silica-inorganic hybrid nanoparticles.

In this chapter, the different types of hybrid nanocarriers have been described with particu-
lar emphasis on the brief rationale for the development of these hybrid nanocarriers along
with different fabrication approaches with greater emphasize on the lipid polymer hybrid
nanoparticles. A brief description factors governing the optimized response characteristics
and their potential application of these hybrid nanoparticles are also presented.

2. Method of preparation

Different methods have been employed for the fabrication of hybrid nanocarriers depend-
ing upon their chemical composition and applications. The lipid-polymer hybrid, polymer-
inorganic hybrid, metal (gold, silver or iron) polymer, silica (SiO,) based hybrid nanosystems
and hybrid polymeric nanocarriers have been most widely investigated [18]. Most of these
hybrid carriers utilized two distinctive fabrication approaches. First, a two-step conventional
approach process, in which the inner core and outer shell are prepared separately and then
are coincubated for the formation of hybrid nanoparticle. The second approach is the single
step, in which various state-of-the art techniques of the self-assembling are being incorpo-
rated. These processes are further modified with different chemical moieties to obtain ver-
satile hybrid nanoparticles meeting specific need of therapy [19]. In the present chapter, we
will focus on the two step conventional as well as single step formulation approaches along
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with recent innovations have been presented in order to prepare the hybrid nanocarriers with
versatile characteristics.

2.1. Conventional two-step method

It was the first technique employed for the fabrication of hybrid nanocarriers. The inner core
and outer shell components are prepared in two separate steps employing suitable polymers
and chemicals and are then combined to form the hybrid nanoparticle [17]. The foremost type
of core shell hybrid nanoparticles contained a core of the polymeric nanoparticles and an outer
shell of preformed lipid component such as liposome or lipoparticles in appropriate ratios
[20]. Further, the single or multilayered shell is prepared with other techniques such as sonica-
tion [21], extrusion or high pressure homogenization and vortexing [22]. The polymeric core
is prepared by emulsification-solvent evaporation or solvent diffusion [23], desolvation [24],
nanoprecipitation [25, 26], sonication [27] and high pressure homogenization [28] depending
upon the hydrophobicity of the loading drugs, their applications [29] and the size of the core.

The single step method is applied when the core materials such as polymers, silica and organic
substances are miscible with the drug payload and also are solubilized in the organic sol-
vent [30, 31]. The double emulsification step is employed when the compound is immiscible
with the organic solvents and does not form covalent linkage with the core material. As this
method requires multiple steps for mixing of different components, relatively larger hybrid
nanoparticles are produced [32]. Further, any of the suitable technique such as ultrasonication
or extrusion by high pressure homogenization also reduces the particle size as the polymer
solution is passed through the nozzle under high pressure. Furthermore, the freeze drying or
cooling at normal temperature produced free flowing characteristic particles [33, 34]. Another
recent innovation is the application of nanoprecipitation method for the preparation of poly-
meric core. The polymer is dissolve in the suitable solvent and then precipitated by using the
nonsolvent component [26].

The formed polymeric core and lipid vesicles are mixed by vortexing, extrusion, film hydra-
tion and ultrasonication techniques in order to formulate the hybrid nanoparticles. The mix-
ing processes provide the energy for the fusion or adsorption of the shell on the inner core
material. Additionally, the electrostatic forces among these components also play their role for
fabrication of hybrid nanoparticles [35]. It is worth mentioning here that mixing process must
be carried out above the phase transition temperature of the lipid component. The formed
hybrid nanoparticles are separated by the ultracentrifugation process [36, 37]. Different
investigators such as Liang et al. [38] and Zhao et al. [39] prepared the hybrid nanoparticles
and nanocells by the emulsification solvent evaporation technique employing the paclitaxel
loaded polymeric nanoparticles as core and the PEG or folic acid conjugated octadecyl-qua-
ternary lysine-modified chitosan and cholesterol as lipid shell [38, 39].

2.2. Modified two-step methods

The modifications to the conventional two step method such as spray drying and litho-
graphic molding processes have also been employed for fabrication of hybrid nanoparticles
[29]. The inner core is prepared by the spray drying which is dispersed in an appropriate
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solvent containing the lipid, polymer or any inorganic material. The spray dried lipid coated
core shell hybrid nanoparticles were collected after the completion [17].

Freeze or spray dried inhalation hybrid nanoparticles of levofloxacin, ciprofloxacin and iso-
niazid coated with multiple layers of the lipids were prepared using double emulsion solvent
evaporation technique. These hybrid nanoparticles showed better inhalation efficiency, emitted
particle size and diameter compared to the conventional two step methods [37, 40]. Another
investigations employed nanospray drying for fabrication of hybrid nanoparticles using poly-
glutamic acid, poly lysine nanoparticles coated with the lipid materials [41]. Recently, Keloglu et
al. [42] employed jet spray drying technique for the fabrication of hybrid microfibers-nanoparti-
cles having low density and greater strength using PLGA and poly lactic acid (PLA) [42].

A soft lithography particle molding technique was also utilized for the preparation of hybrid
nanocarriers for the delivery of genes to various diseases. De Simon and his coworkers prepared
the nanosized particles using the particle replication approach on the silicon wafers. The tech-
nique was referred to as Particle Replication in Nonwetting Templates (PRINT) [43]. The process
involve the dissolution of the polymer (e.g., PLGA, PLA) in an organic solvents such as dimethyl
formamide, methyl acetate and/or dimethyl sulfoxide along with the material to be encapsu-
lated. The PRINT molding device was employed to fabricate the nanoparticles which later were
harvested with the help of polyethylene terephthalate sheet [43]. It produces the particles of
different shapes and a wide size range depending upon the size of the molding cavities [44].

2.3. Single-step preparation methods

The low encapsulation efficiency due to the leakage of the drugs from the inner core during
second step, batch variability and large time consumption are the common problems associ-
ated with the conventional two step methods [45]. These constraints can be overcome by
designing the simple method that utilized the single step approach and also provide better
control on the content uniformity, reproducibility and other characteristics of the system.
The method involves the mixing of two different solutions containing the polymer and lipid
that self-assembled to form the particles with the core shell hybrid structure [46]. The poly-
mer is dissolved in an appropriate organic solvent while the lipid solution is prepared in the
water that may utilize the small fraction of organic solvent as solubilizing agent. The solution
containing polymer is added to the lipid phase where the polymer precipitate to formed the
nanoparticles and the lipid is self-assembled at the surface to form the hybrid nanoparti-
cles. Single-step preparation is usually achieved by nanoprecipitation, emulsification-solvent
evaporation and solvent diffusion methods. These methods and their appropriate modifica-
tions are discussed here.

2.3.1. Emulsification solvent evaporation method

Emulsification solvent evaporation method is the most commonly employed single step
approach for the fabrication of hybrid nanocarriers. The single emulsification solvent evapo-
ration [47] and double emulsification solvent evaporation (DESE) techniques are employed
depending upon the nature and solubility of encapsulating drug. In the ESE method, the oil
phase is formed by dissolving the polymer and the drug in the water immiscible organic solvent.
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The aqueous solution containing the lipid portion which act as a stabilizer itself during the self-
assembling process [48, 49]. The organic phase is then added dropwise into the aqueous phase
under the sonication or stirring at the constant speed that results in the formation oil in water
emulsion. During the emulsification process, the hydrophobic part of the lipid is adsorbed on
the inner core material while the hydrophilic parts arrange themselves toward the aqueous
medium forming the lipid coated hybrid nanoparticles [45, 50].

The single ESE method is employed for the encapsulation of hydrophobic drugs with low
aqueous solubility [51]. Recently, the folate conjugated lipid polymer hybrid nanoparticles
have been prepared by the emulsification solvent diffusion method for the targeted delivery
of the doxorubicin using phosphatidylcholine (lecithin 99%) and 1,2-distearoyl-sn-glycero-
3-phosphoethanolamine (DPSE)-PEG-COOH as lipid portion and PLGA as a polymeric por-
tion [52]. The ESE method was also employed to formulate duel ligand hybrid nanocarriers
for the targeted delivery of docetaxel. The hybrid nanoparticles possessed a uniform mono-
layer of the lipid over the polymeric core. The cell interaction studies revealed better endo-
cytosis profile with sustained release of the drug by preventing the diffusion of the aqueous
medium in the polymeric core. However, the particle were relative larger compared to that
prepared by the nanoprecipitation method. This might be attributed to higher drug loading
that maintained the therapeutic concentration for the longer period of time [53].

The double emulsification solvent evaporation (DESE) has been employed for the hydrophilic
drugs and nucleic acid such as siRNA (small interfering ribonucleic acid) which are not dis-
solved in different organic solvents along with the other suitable polymers or the core/shell
materials [54]. The aqueous solution of desired substance is prepared and is then emulsified
in the organic/oil phase containing the lipid and polymer. The resultant primary emulsion
is again added to another aqueous solution containing the lipid (lecithin, phosphatidylcho-
line or DSPE) or surface ligand (PEG, half antibodies, aptamer) and a water-in-oil-in-water
(w/o/w) multiple emulsion is prepared. The evaporation of the organic phase results in the
formation of hybrid nanoparticles [55]. The particles with hollow core covered with an appro-
priate shell provide the space for the internalization of hydrophilic and small molecules. The
evaporation of the organic solvent provides the multilayered shell which has larger size as
compared to the other methods [17].

Su et al. [56] prepared the reduction sensitive hybrid nanoparticles of doxorubicin using chi-
tosan with the sodium dodecyl sulfate employing the double emulsification solvent evap-
oration method. The amphiphilic chitosan and lipid base micelles core provided a unique
nanoconfiguration that is enveloped by the triglycerides which enhanced the loading effi-
ciency and provided the drug release profile up to eight folds [56].

2.3.2. Nanoprecipitation

This method is also known as salting out method. It is a well known method for fabrication
of hybrid nanoparticles of size less than 100 nm. This method employs two miscible solvents
with different solubilizing capacity for the polymer. First, the polymer core is formed by solu-
bilizing in solvent of greater solubility designated as good solvent which is then added to less
soluble solvent designated as poor solvent. The two solutions are mixed by dropwise addition,
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stirring or sonication. Good solvent being miscible with poor solvent diffuses into later, leav-
ing behind the core nanoparticles due to the precipitation of the polymer [19].

The core forming polymer and lipophilic drug are solubilized in a water-miscible organic sol-
vent like acetone, acetonitrile or ethanol [57]. The lipids, inorganic salts or silica are dispersed
in water with moderate heating (~60-75°C) and/or addition of hydroalcoholic mixtures for
proper dispersion of the lipids.

The hydrophilic drugs are added to the aqueous phase containing dispersed lipids [58].
The polymer containing organic phase is then added dropwise to lipid dispersion with con-
tinuous stirring to precipitate the polymer into nanoparticles. The monodispersed hybrid
nanoparticles are collected after suitable application of vortexing, homogenization or
ultrasonication [55, 59]. Concurrent to the precipitation process, the self-assembly of lipid
molecules around the polymer molecules occurs due to the hydrophobic interactions. The
polymer core captures the hydrophobic tails of lipid while the heads are facing toward the
aqueous phase [17, 60]. Continuous stirring of dispersion for several hours is helpful in uni-
form lipid coating of hybrid nanoparticles and to ensure the complete removal of organic
solvent [55]. Rotary evaporator may also be helpful for the removal of organic solvents [58].

The literature suggests 10% ethanolic solution is employed for solubilization of lipids and
PEG may enhance the stability of hybrid nanoparticles [61]. According to the study of Ling
et al. [58], dextran sulfate and lecithin/PEG-PLGA hybrid nanoparticles can entrap higher
amounts of hydrophilic moiety, the vincristine.

Wang et al. [62] developed PLGA/TPGS-lecithin hybrid nanoparticles using a modified nano-
precipitation method. The PLGA was dissolved in acetone while lipids were dispersed in either
aqueous or 4% ethanolic aqueous solution. An inverse-phase nanoprecipitation method (i.e.
aqueous phase was added dropwise into organic phase consisting of acetone, the PLGA and
the paclitaxel). Initially, the formation of hybrid nanoparticles was slow due to the higher pro-
portion of organic phase in the mixture. Continuous stirring and addition of water boosted the
diffusion which leads to solidification of the hybrid nanoparticles. A stable hybrid nanoparticle
formulation with low value of PDI (~0.1) was observed at 5:1 aqueous to organic phase ratio [62].

2.3.3. Sonication

Sonication is a fast technique for the fabrication of hybrid nanoparticles which utilizes ultra-
sonic waves rather than vortexing, solvent evaporation or heating. In this method, the two
solutions designated as organic and aqueous phases lead to formation of inner core (polymer)
and outer shell or coating materials (lipids), respectively. The sonication has been employed
by Fang et al. [63] for the fabrication of hybrid nanoparticles of lecithin-PEG and PLGA by
using this approach. The PLGA was dissolved in acetonitrile while the lecithin and the PEG
were added in 4% ethanol solution. The former solution was carefully pipetted into the hydro
alcoholic solution (aqueous to organic ratio was kept as 10:1). The hybrid nanoparticles were
produced as this ‘cocktail” mixture was placed in sonicator bath for five minutes at a frequency
of 42 kHz and a power of 100 W. The main advantage of this technique is the formation of
stable hybrid nanoparticles with short processing time and production rate is 20 times than
other processes [63].
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The sonication technique has been employed for PLGA and docetaxel hybrid nanoparticles by
Liu et al. [64]. In another study, Mandal et al. [65] developed erlotinib loaded hybrid nanopar-
ticles of PCL in which erlotinib and PCL were dissolved in acetone and added to the aqueous
phase containing lipids. Hybrid nanoparticles were produced after sonication for 10 minutes
at a frequency of 67 kHz and a power of 200 W [65].

A unique method using the combination of modified nanoprecipitation and sonication meth-
ods is presented for the fabrication of hybrid nanoparticles. In this method, the lipids melt
was mixed with ethanolic solution of Elacridar, a chemosensitizer, and placed in vacuum
oven until complete removal of solvents. The doxorubicin being hydrophilic drug was added
in water with surfactant (Pluronic-F68) and heated (72-74°C). The drug and surfactant disper-
sion was mixed with Elacridar-lipid mixture. The whole mixture was stirred for 10 min and
then ultrasonicated for two cycles of three minutes. It produced submicron sized lipid emul-
sion which was dispersed in 4-9 times higher volume of cold water (maintained 4°C) which
leads to the formation of hybrid nanoparticles [66, 67].

2.3.4. Green technology for the preparation of hybrid nanocarriers

The use of green technology has revolutionized the synthesis of hybrid nanocarriers due to
the ecofriendly procedures that mitigate the threats of toxic impurities and use of the organic
solvents. These ecofriendly approaches also provided low operating cost, better stability,
compatibility and minimum health hazards [68]. The literature has suggested the successful
implementation of solvent free approaches to formulate nanosized systems for the targeted
delivery of different therapeutic and diagnostic moieties.

The heat chill method has been employed to prepare micelles using the amphiphilic diblock
and triblock copolymers of polycaprolactone (PCL) for the encapsulation of insulin without
using any organic solvent and has provide better stability of the entrapped proteins which are
liable to denaturation in the presence of different organic solvents [69].

Kumar et al. prepared the green PLGA-oil hybrid nanoparticles of resveratrol employing the
acrysol oil (a derivative of castor oil) as nontoxic solvent. The nanoparticles have a smooth
outer morphology with improved drug release and stability profile [70].

2.3.5. Preparation of organic/inorganic hybrid nanoparticles

The concept of combining the characteristics of organic and inorganic components is quite old
since the time of Egyptian inks. However, the modern organic-inorganic hybrid systems are
not prepared by simple mixing these materials but may involve the weak electrostatic link-
ages (H-bonding or van der Waals forces) or strong chemical bonds, i.e., covalent bonds [71].
Multiple strategies are employed for the preparation of these hybrid particles. These include
(i) polymerization of the different monomers, organosilanes and the metal oxides, (ii) self-
assembly of different structural components at nanoblock level with different organic and
metal components, (iii) the functionalization of preformed nanocarriers with different organic
compounds and (iv) making the core with organic materials and coating with the silica and
different metallic components [72, 73].

61



62 Advanced Technology for Delivering Therapeutics

‘uonnyos 3nip urerd

ojej[ns uenxo(

(9Hd) 102418 sus[dye Ajog

uey Y31y proj-H g1 sem axerdn sy aprym ‘Ayrfiqerreaeorq juaredde VOld

[85]  uIdSLAIOUI P[OJ-€°€ Ul PAI[NSAI SIDLLIEIOURU PLIGAL POPEO] QURSLDUIA  9°€6 O3 L'79 9F1-01 g8 €CI-8ITL aunsLdUIA
“UOTJeISIUTWPE I3}Je SINOY 9 Se U0os se urajoxd

Jo uotssaxdxa 0aia U1 0} Pa] WAYSAS PIUOHUSWSAOJE JO UOHRIISIUTWPE 1-A10d (193890UTUIE-g) A[O ]

[eseuenuy ‘9,0c~ jo Aouanbaiy e je uone[sues} Aq pamor[oy AJ1IX0303Ad 9AJ-4dSA

[£¢] Mmo[ BuL1ajjo [0s034> paypeai sapired aanisuas Hd papeo] vNYw V/N LFOV (+) 02+ 08¢ VOld

U]

“06D] 1omO] AQUEdYTUSIS B YILM ST[30 L-1DIN PTemo} 10330 Surf[ny Odd-4dad

-[[92 PIdUBRYUS pUR UOTJRZI[RUISIUI [[30 I2YSIY Ul Paj[nsal “UDIqnIoXop S0 vOld

[z¢] quade 1eoued-nue jo A12A1Rp 3nip pajerpaw 103dadar aye[o] 8G'9F 9/°Sh G8'EF6ISL FLSIT UIIqNIOX0(]
“JUB)ORJINS DIUOT IDJUNOD JO UOHIPPE 3y} A PIIPIWI SEM UDIYM

uoneurioy apnredoueu payusadid pidip pue Snip padreyp Aaysoddp (VS) poV dLiesig

-Ayrydodiy ssaf 03 anp g7 ssa] pamoys unexopjord) ‘paremsdeous “(Od) aurjoypApneydsoy g

SI9M UDEXO[JO pue UDexo[FoIdd “UDEX0[JoAS] IXI[ SonoIquiue VOld

JuaIayI(] ‘s1otLred ouawAjod 0y uostredwod ur uonensdeous Snip S rad 09¢ uexoO

pue az1s 19431y pamoys sapnredoueu pLIGAH “WaiSAS PLIAY JUSDIJD ¥ 9Z+ 092 umexopoxdr)

[sp] A1y81y 105 pazrundo azem prdi pue rawkjod ay Jo junowre ayJ, 61 9z- 0¥ UIDEXO[JOAI]
“uonafur [aXejrdeJ uey} uonnqrisip

01q 19YS1Y P[0 0/'C PAMOYS T “UOTENSIUTWPE SINOY g 1)V (@[OXEL) UBSOILD payIpow

uoneredard [eprourod ueyy £311x030340 19Y31Y pamoys os[e ] aursA[ pazruzayenb-£oapeipo

*A139WW034d> MO[J UI paAIaSqo pare[ADa g

sem sploj g% 03 dn uonezieurajur Y31y ‘Adesayy 1eoued-rjue VOld

[6c]  p@128re; 103 rotLIRD PLIGAY [joys prdy 2100 WA 0d payIpowr poe d1j0, TFL8 ¥ LFF6T [exeNpeg

dd-Ddd

“(Dob 3¢ 103 [ ueyy 210w 105) [DEN INW OST 2ddd

[£z] 01 dnjses|je paoueyue sem sapnredoueu prghy Jo uoneZI[IqeR)S DLISIG V/N 0S 031 07 (+) 91 ¥8/T v1d

(%) Loudrogyd (AU
juowrdenjuy  renuajod ejpz  (wu) 3zIg
EERLEREIEN | uonedriddy sanxadoxd esorwayo0d1sAyg sjuauodurod [emypnig




Hybrid Nano-carriers for Potential Drug Delivery 63

http://dx.doi.org/10.5772/66466

89-4 Sruoan|q

ECRIVERCICH] |

S[[92 YA 01 X0 JO A311x030340 pue axeidn 10w y3Im NI J Ut 8169 TeprLery

[£9] pue xo( Jo sapuRpYd uonemsdesus 968 03 dn smoys uoneNULIO] €68-TIL  6TT-OVL6I-  TULTLSL upIqnIoxoq

(dv10Q) d1e3[ns

-y wnruowrure[AyjouILy

-N'N’N-[14doxd

(xorhoaro1a-¢0)-1I-N

(Odda)

*S[[90 6FSV UL Aouapdiye pue axeidn aurjoypApneydsoydifoyruredrq

1912018 pue Aouspyye Juswdeniuy 9,99 YiIm 9ZIS WU ()] Pajensuowsp “O"d-2d9d

[9] sopnredoueN puqdH LuwA[o prdr [[oys 2100 papeo] qruiopyg 8T°LL Ly 14191 qrImorIy
"gdI030x8], uoneredard reISUIWIOD

UBL[} 9ATIORHS SI0W 9,G9°CH SEM UOHR[NULIOJ Jel} PIMOYS SIIpN3s oyg -ad4d

Anpiqera (20 *Apmys axeydn (20 Surmp uoreqndUL SINOY g 10§ 3SeaIdUl VOld

[$9]  %¥S pue uoneqnOUI IMOY G'( 10§ %8¢ pasealdur uofedn(uod poe d1jo] 8899 ¥20C- 9'¢9T [9Xxe3a00q
‘sAep G 10A0 WINISS pue §gJ
ur £)1[1qess [eproqod pood pajiqyxa yons padofaasp sapnre ] ‘sapnred
prIgAy jo sanjeay jueururalep Sursrurordwod noym proj-og el

uononpoid sy} paseanur poyaw siyJ, “paysijduroode 308 03 urw g OAJ-AdSA

[g9] spaau PpIyMm pajrodar st poypawr uoneredard dass aj3urs ypomb mau v V/N s q9 VOl1d

(SDd.L) areuwdINS OO [024]3

aushpaifod [Araydoooy-v-g

‘gz Aep je 10Wmny Jo awnjoa 9,8'gG Suniqryur Aq Aoeoyye rowmnjnue Unay ueaqhog

1o1radns pamoys osye 3 *30919 Y Jq ySnoay renuajod Sunefiey rowny vOl1d

[29] ySny e yim sLep g 03 dn aseajar paureisns papraoid siarired padofeadq 08< 0Z- 03 GI- 0S1-0Z1 [exepeJ

OHd

‘uorynos ewserd 9,07 ur UI3a

pue urnge Wnias auraoq 2,1 ur A1[I1qels poos pajiquyxe os[e SISLLIed vVOld

[65] @sayL 1 se sunoy oz panqryxe spuredoueu pLqAL] papeo] [9xe3ano ¥ F6S Ge- 01 0g- 08-0Z [@xe3a00(q

(%) £ouamyys (AU
juowrdenjuy  renuajod ejpz  (wu) 3zIg

uonedriddy

sanxadoxd esorwayo0d1sAyg

sjuauodurod [emypnig




64 Advanced Technology for Delivering Therapeutics

‘aurry Aprys a3 I19A0 3sed[al 9,7 Aq PIIeISUOWSP Sem ISeI[dI UIeIsns
ay pue Apoqnue ay3 ym Aiquadie; ayy sapraoid 31 “uonenuIoy
pazrundo ayy ur 9,09 Lousniye juswdernus ‘o,p(0 g 03 dn jo L3oedeo

88T-I9WIexo[oJ

[e8] Surpeo ayy Moys YoIYM VNI U3 YITm papeo] sem wajsAs ay, 09-¢°0¢ 6'L1+ 03 L9T+ 664-S€1 D3] uewny
'SINOY () 1240 AJ[Iqess [epIof[od 1912q sapraoid os[e 3] “S[[9D 66T Ul

9,€°€8 sem axeidn ren[[ad ay [, “Inoy [enrul ayj ur pajuasaid pr aseaar yeyrwarediy (104D

[18] 1SINq Y3 YPIYM Ut Snp a3 Jo aseafar diseydiq sapedtpur ways4s oy, °EC09-18'S  1€9p- 01 T8'S- 600C—89 (10d) uopejoxdes Ljog
“JUSWIUOIIAUSOIDTU
10wy DIpE 9y} ur 3nip oy a3e3a138e Yorym Sunede; pue sseafar

aanisuas [d yeus sapraoid weysAs JUsLInd Y[, ‘wa)sAs ayj Jo A[Iqeis HJI-4ISA

[62]  ‘oz1s opnaed quaswdenus ayy 105 pajyenyeas axom soner prdif Juardyi(] V/N V/N 0S1-0S VOld

Unyay ueaqhog

‘81 g5°G pue 8¢ UsamIaq paSuer anfea Og D, *SINOY O] "*ogd-adad

1210 Ajqiqess sapraoxd D7 J Jo uonerodiodur sy, "SINOY (g UT dSeI[a1 VOld

[8z]  Snip 9,0g 1sowre pue Aousmoyge juswdernus o,z9 sopraoxd woasAs oYL, 9~ 09- 03 0%~ 0/-09 [@Xxe3a00q

(gvLD) aprwoiq

wnruowure Ao

(avaaq) sprwoiq

WNUOWWe AR WIPIADapopI(]

uonedridde orwreyydo ur jgausq peounouoid e ‘Oseafar (V1d) poe onoef A[0J

[22] Snup paduojoxd pue pauresns sapraoid spidif oruoneds ym Jurneo) GE'06 1°9¢- 01 H'GI+ 817081 UIUOJR[IAL

(5d3d-3dSQ)

aurwejoueaoydsoyd

-¢-01904[3-us-1A01e93SI1(1-7'T

Unyay ueaqhog

(sfep $1) [exeped pue (s£ep 1) ¥x1d 03 paredwod (VvO1d)

(sAep 8¢) SN'III-X3d “(SAep Th) SNIdI-¥XIJ Sem SDTW I0J SWIT) [EAIAINS %58 proe o11004[3-00-0130e[-A[0 ]

9] pue I1aLLIeq ureiq poorg SuIssoi a)1s 3981e} saydear 3nip 10N ITEFPE 18 0CFS 6L F 6981 [Pxepeg
s1atIIRdOURU PLIqAY oY) 105 yoeordde sisayjuis usaild

uonedridde oy saafoAur os[e 3] ‘SN pIepuess 03 paredurod A3o1x030340 VOId

[oz] ajerdpowr 1nq “Aiqess pue Ayiqueduwiodorq 1ysiy aaey SHNOI-D TYFoL 9LFCC €L F6LE [OeIoASY

(%) £ouamyys (AU
juowrdenyug  [epudjod ez  (wu) IZIG
EERLEREIEN | uonedriddy sanadoxd resorwayo0d1sAyg sjuauodurod [emypnng




Hybrid Nano-carriers for Potential Drug Delivery 65

http://dx.doi.org/10.5772/66466

OHd-4dSd

-mory Areqpided ur 9,0/ Aq 103085 SISOID™U Ddda

IOWN} OJUO UOIS3YPE Y} Paseandap urwndiny) jo sapnredoueu puqiy vOld

[06] 1owAod-prdi] oy Yim s[[a0 190UeDd JSeaIq djeIselaw Ay Sunean; Ag V/N V/IN T8F9T/L urmnsIny)

[013383[0YD)

OHd-4dSd

od

s3nip 1eoued VO1d

-ue 3y} pue juade sisausdor3ue-nue Jyj JO ISe[aI PjI3Ie) 3)1S ) $V UReISejRIquIo))

[68] apraoad yorym syuade onnaderat]y JUSISHTP 0M] SUTRIUOD WIA)SAS Y], V/N V/N 002-081 UIIqNIOX0(]
*90UDSaION]J UO paseq Sursuas orq pue Surdewr
pue yoeoxdde SuneSre; oymads arow ypm sapnredoueu srowAjod

[88] parednfuod pidr] pazifeuonouny jo Surresurdus SaqLIDSIP WISAS S, V/N 1¥8¢- SFIC 9Hd payrpow prdr
*S[[9D I9dUED
ay3 ur 8nup ayj jo axeydn 1e[ny[ed SYj UI dseaIdUI POy F—¢ 3 sapraoid

1] "A33AT[P TE20] Y31y Jo sadejueape ypim Aderayy uoneurquiod aydurs D uRAWoN

[£8] uely} 9A1OdY9 a10w ST SINH Sursn syuade 1edouednue Jo AISAIPP 0D 06< GT-~ 0ST~ UIIqNIOXO(]
‘AOY! INOYNM SINH YHM %/LE 10

suoneurquod Snip urerd ym o ¢¢ weyy 9,/ 03 dn sajer onoydode 8TF 0L 791 qruajerog

[98] azow saonpoid sINH pajednfuod ONT Ul uoneuIquod YOS-XOd — PUe F'€ ¥ §'06 9V TV I FE9TT upIgnIoxoq

‘sKemuged stsoydode [[ad jo uononpur pue uoissardxs [YHIY JO 9dd

Sunuoyis sajoword sapnredoueu Sururejuod ¥ Y A[Te[NOnIe 1095 areydsoyd wnmore)

[8] Add ySnoryy Lruarxoxd 190ued 03 Y NR[IS JO AISAI[SP JUS[[20Xd SAALS 3] 8/ 9/ 0F ST L1F201 uesojn [Aygowdxoqie)

‘paseanur 89, druoIn|J

Aueoyru3rs osfe sem YN £q Snip Jo uonjualax pue axerd “sprojy3e [1o ueaqAos pazrprxodyg

[$8] Jmoqe 03 YA Isurede XO( Jo A11x030340 sajowrord wayshs ayJ, 08 01 0/ 1'¢e- 0S€-002 uRIqnIOXod

‘sjuafe [erraeqnue 03 oeordde saneurs)fe ue aq urnoIny)

ued pue Ajragoe [eSunjrjue 03 UOHIPPE UL SUTRI)S [eLId)deq OMm) jsurede Jenxa yeay adern

[eg] Aoeoyye Terqordruumnue ayy saaoxdwr wa)shs AArPp 3nip Sunmsar ayL, - 162~ Dd

(%) Loudrogyd (AU
juowrdenjuy  renuajod ejpz  (wu) 3zIg
EERLEREIEN | uonedriddy sanxadoxd esorwayo0d1sAyg sjuauodurod [emypnig




66 Advanced Technology for Delivering Therapeutics

‘suonjedridde 1oy pue sjusuoduwos Temionns JUsIaPIp YIm saprIedoueu pragh T a[qel

proe oruoaneA

Snuip jo uonjEUTWIS 9} SONPAI PUE JJI[-J[EY UOR[NIID uesoinyD
(6] PaoUBRYUS UI S}[NSAIL YDIYM SSNIP ISDUBDUR ISAI[DP O} PIsn SI 3| CIF826 0CFETI- TTFP9C UIIqNIOXO(]
VOld
"SPIOJ £77—69°C A11anoe aanersjord-gue OHd-4dSd
[e6] pue Sp[oj G°Z [9Xe3200P Jo djepdn 1e[n[[ad sy sasearour waysAs ay ], LS0F99LL SY1+496C-  SELF011 [Pxe3n0g
VOld
“UOTIqIYUI Ypmoi3 Iown) pue 9'GF 6’18 utnoIny)
[z6]  £11X030340 paoueyus pamoys sapnredoueu prLighy papeo] sSnip ay],  pue ['¢ ¥ 868 61FLSE- 9FF969T [Pxe3an0q
uesoiryD
*SINOY $¢ UI 9SBS[AI SALJR[NWIND 9,()/ PUR SINOY G V1d
[t6] ur8nap 9,0% jo aseapar [eniur pider spraoad sopuredoueu uesoyyd/vid 6'SL  YTe+01¢IC-  £'9SC-80C [exe3a00(q
(%) £ouspyd (Aw)
juowrdenyug  [epudjod ez  (wu) IZIG
EERLEREIEN | uonedriddy sanadoxd resorwayo0d1sAyg sjuauodurod [emypnng




Hybrid Nano-carriers for Potential Drug Delivery
http://dx.doi.org/10.5772/66466

In conventional sol-gel approach, the hydrolysis process is used to obtain the hybrid system.
The reaction involves the organically modified metal oxides which crosslinks with the poly-
mers of multiple functionalities. These components may or may not be present in the organic
solvents and possibly trapped within the inorganic material. However, use of self-assembling
procedures in last few decades provided new methods for the fabrication. During the process,
the inorganic materials (triblocks) were arranged by the use of organic surfactants. The prepa-
ration of the mesoporous hybrid with multiple functionalities provide highly porous surface
which further modified based on the applications [74].

Shen and Shi [75] reported a method for preparation of the organic/inorganic hybrid based
dendrimers. The metal or inorganic nanoparticles were entrapped in the dendrimers template
to provide a modified surface morphology which can be tuned by different functional compo-
nents to provide the biocompatibility and better colloidal stability [75] (Table 1).

3. Factors affecting hybrid nanocarriers

Hybrid nanoparticles are trimmed to an acceptable level of particle size, drug carrying capac-
ity and site specificity through incorporation and adjustment of ratios of different chemical
components. The variations of structural components of HNPs have an obvious influence on
HNPs’ characteristics [17, 96]. The principal factors of HNPs’ formulation are (i) lipid/poly-
mer ratio, (ii) PEGylation and (iii) polymer nature.

3.1. Lipid/polymer ratio

The lipid covering the polymeric core provides substantial benefits to HNPs and their dis-
tinction over nonhybrid nanoparticles. The ratio of two building blocks (lipid-polymer) of
hybrid particles have significant role in stabilizing the formulation, monodispersibility and
encapsulation efficiency [45, 97].

At a lower L/P ratio, the nanoparticle surfaces are not entirely covered with lipids, which can
form bridges with lipid part of other particles causing aggregation and formation of larger
particles. At a relative higher lipid concentration, it tends to decrease the production yield as
whole amount is not incorporated in particles and free lipids will arrange themselves to form
liposomes can affect the homogeneity of formulation. Therefore, the concentration of lipids
should be optimized that cover to polymeric core on the basis of particle size and production
yield [59, 98]. Chew et al. prepared HNPs with PC and PLGA carrying antibiotics with W,/
Wi ca Value <15- up to 90%. At lipid amount below 15% larger particles were formed (800
1000 nm) and a sharp decrease in particle size was observed at an optimum concentration i.e.
30% lipids, an optimum particle size (260-400 nm) and 80% production yield was achieved.
The lipid ratio above the optimum concentration i.e. 30% did not reduce particle size but it
decreased the yield as the entire lipid was not utilized [45].

An optimum lipid to polymer ratio also provides the colloidal stability of HNPs by providing an
optimum surface charge density which is responsible for electrostatic repulsive forces that prevent
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particle coalescence and stabilizes the formulation. In case where the lipid part is insufficient and
the resulting electrostatic repulsive forces are weak, some agents like PEG can be incorporated in
the formulations to provide steric repulsion and stabilization of the HNPs [52, 80-98].

The charge on lipid part which is responsible for electrostatic repulsion between particles is
shielded when mixture of cationic and zwitterionic lipids is employed. Anionic heads of zwit-
terionic lipids face outwards which reduces of cationic lipids charge and promotes aggrega-
tion of particles. However, the higher cationic lipid concentration may overcome this charge
screening and aggregation can be minimized [59, 99]. The zwitterionic lipid such as 1,2-dipal-
mitoyl-sn-glycero-3-phosphocholine (DPPC) produces less aggregation than a cationic lipid,
1,2-dipalmitoyl-3-trimethylammonium propane (DPTAP). Therefore, it zwitter ionic lipid
provides more stability than ionic lipids [55, 59].

The two potential benefits that lipid augments to the HNPs are the encapsulation efficiency
and retardant release of the incorporated drugs. The former is achieved by preventing drug
leakage during self-assembling process, whereas the latter is due to reduced interaction of
lipids with dissolution medium [17, 100]. The charge on the surface of lipids and drugs also
affects the entrapment efficiency due to interaction of surface charge of HNPs and the charge
of the drug. The loading of ciprofloxacin in the PLGA-PC hybrid system is not successful due
to the interaction of cationic drug with the anionic lipids [19, 78].

A significant higher percent encapsulation of docetaxel (59 + 4) was achieved in HNPs
assembled from lecithin, DSPE-PEG and PLGA i.e. compared to PLGA-PEG nanoparticles
with 19 + 3 (mean + SD). This effect is attributed to the fencing action of lipids which keeps
hydrophobic drugs within the core and retards water penetration. The lipid-polymer hybrid
formulations also provide a sustained release of drug when compared with nonhybrid for-
mulation due to less water penetration and reduced escape of drug molecules from poly-
meric core. A consistent 50 % release of docetaxel from lecithin-PLGA hybrid system was
observed compared to the PLGA-PEG NPs and PLGA NPs released same amount of drug in
10 hours and 7 hours, respectively. The pH of the dissolution media also affected the encap-
sulation of drugs, for example, the erlotinib EE % was 77.1%, 28.83% and 18.45% at pH values
of 7.4, 5.4 and 3.4, respectively [55, 59, 78, 100].

3.2. PEGylation

The steric stabilization of HNPs systems to withstand salt solutions, buffer actions and uptake
by macrophages is provided by the appropriate surface modification by employing PEG. The
term is called as PEGylation. PEGs can escalate circulation times of HNPs by preventing par-
ticle aggregation, opsonization and adsorption of plasma proteins [27, 78].

Incorporation of PEG-lipid affects the colloidal stability of HNPs by two ways (i) chain length
of PEG-lipid and (ii) molar Ratio of PEG-lipid. HNPs coated with PEG-lipid longer chains
exhibited more stability than the shorter chain PEG-lipid coated particles. Similarly, at the
fixed chain length more PEG-lipid incorporated onto polymer core and thickness of lipid shell
increased which lowered the zeta potential and hence stability is enhanced [78, 80].
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Yang et al. studied the effect of lipid/polymer ratio and PEGylation on HNPs prepared from
PLA/mPEG-PLA polymer and BHEM-Chol cationic lipid. HNPS prepared from mPEG-PLA
were smaller and more stable in PBS at the given lipid/polymer ratio than PLA alone [61].

Fang et al. formulated HNPs using 0.10-0.35 lipid-PEG/PLGA ratios without incorpo-
rating lecithin. Initially particle reduced with increase in lipid amount and optimized at
0.30 lipid-PEG/PLGA ratio after which further increase in lipids did not affect particle
size and PDI. At an optimized (0.30 lipid-PEG/PLGA) ratio, lipid-PEG was replaced with
mole equivalents of lecithin. The stable particles of 60 nm were obtained at 50% lipid-PEG
replacement. Upon 70% lipid-PEG replacement, the size was increased to 100 nm and at
80% lipid-PEG replacement with lecithin, the unstable particles were obtained. This insta-
bility of particles is due to the replacement of higher lipid-PEG content, a major stability
component of HNPs [63].

3.3. Nature of polymer

The characteristics such as density and surface charge play an important role in the fabrica-
tion of HNPs [35]. The density of polymer also has substantial effect on stability and particle
size [59, 78]. HNPs fabricated from high density polymer are less stable toward increasing
ionic strength of medium due to the higher sedimentation rate when electrostatic charges
are shielded. PLA is 1.18 times denser than poly(styrene); hence, HNPs prepared with PLA
core have less colloidal stability toward increasing ionic strength of medium [35]. Zhang et al.
evaluated that change in viscosity of PLGA polymer from 0.19 to 0.82 resulted a decrease in
particle diameter from 92.7 nm to 66.7 nm [59].

Adsorption of lipid over polymeric particle surface to form lipid shell depends upon cur-
vature and surface charge of particle. Cationic lipids exhibit more adsorption than zwitter
ions toward the anionic polymeric core due to the electrostatic attractions polymeric core
from anionic polymer PLA has greater affinity for DPTAP cationic lipid than the zwitter-
ionic DPPC. Lipid rearrangement around polymeric core can be quick and complete if the
affinity between polymer and lipid is high. Larger size distribution and free lipid structures
are observed when lipids cannot rearrange around polymeric core due to weaker affinity.
Modification in pH of medium can improve the affinity of polymer for lipid by surface charge
variation at different pH levels [35, 101, 102].

4. Applications of hybrid nanocarriers

Hybrid systems combine properties of two or more materials, thus, appear superior to indi-
vidual material system. Usually, one component of hybrid system is active, whereas other is
used to improve biocompatibility, circulation life and targeting. Many new hybrid systems
use second material to improve efficiency of first materials. By suitable selection of mate-
rials, hybrid systems find wider applications in medical field. Hydrophilic polymers have
been widely used to impart stealth property to nanoparticles. However, stealth coating does
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not improve or impart new functional aspect of nanoparticles. Thus, many researchers do
not regard PEG coated as hybrid systems. Similarly, nanoparticles conjugated with targeting
ligands cannot be regarded as hybrid system.

4.1. Lipid polymer hybrid nanoparticles (LPHN)

LPHN consists of a drug containing polymeric core which is coated by a lipid shell. In these
systems, inner polymer core contains drug and lipid shell is used to enhance penetration
through biological membranes and to control drug release. Polymeric core can be made from
hydrophilic or hydrophobic polymer. Term lipid-polymer hybrid is also used for systems that
contain polymer core with lipid coating. Lipid is preferred carrier material for hydrophobic
drugs due to higher encapsulation efficiency and extended release pattern. A polymeric coat-
ing is applied over lipid core to impart certain characteristics required for novel biomedical
applications.

In addition of polymeric and lipid layers, surface of LPHN may be modified with different
materials. In one study, a hydrophobic drug was loaded in a hydrophobic biodegradable
polymer to enhance encapsulation efficiency of a hydrophobic drug. Then, a lipid layer is
applied to stabilize core and shell, and to prolong drug release. Finally, hydrophilic poly-
meric layer, consisting of DSPE-PEG (1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-
carboxy (polyethylene glycol)2000) was applied to improve pharmacokinetics of LPHN. The
three-layer LPHN showed high encapsulation and sustained release of hydrophilic drug
[59]. A hydrophilic polymer monolayer may be applied to LPHN to escape phagocytosis
and early removal from body. Generally, polyethylene glycol (PEG) is used to provide this
stealth property and enhance circulation time of nanoparticles. PEG will attract water to
make an aqueous layer which protect LPHN from attachment of opsonin proteins and let it
escape the uptake by reticuloendothelial (RES) system. Hydrophilic polymer layer can also
enhance colloidal stability of LPHN due to steric hindrance effect [5]. As stealth layer can
also hinder interaction with target cells, PEG can be conjugated with other monomers or
polymers to form block copolymers that are specific to certain stimuli. This approach enables
long circulating LPHN that can shed stealth layer when come in contact with target cells.
The stimuli could be intracellular and extracellular protease enzymes, low pH or reducing
agents [103].

Selection of polymeric matrix plays a major role in drug delivery properties of LPHN. LPHN
are commonly used for poor water soluble or hydrophobic drugs. A hydrophobic polymer
core can encapsulate higher amount of hydrophobic drug and vice versa. Two or more drugs
could also be loaded into the core of LPHN. On the other hand, LPHN with hydrophilic and
hydrophobic drug could be made to contain one drug in core and the other in shell. Wong
et al. [67] prepared LPHN containing lipid core to encapsulate hydrophobic drug Elacridar
(GGI18) and hydrophilic shell of hydrolyzed polymer of epoxidized soybean oil (HPESO) to
encapsulated doxorubicin. They found that both drugs were released in sustained manner
for more than 72 hours (Figure 2). Simultaneous delivery of chemosensitizer GG918 was able
to revert multidrug resistance to anticancer drug doxorubicin. These simultaneously loaded
LPHN showed better efficacy than free drug solution or LPHN of any of the two drugs.
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Figure 2. Drug release from gold nanoparticles containing solid lipid nanoparticles. F1 (5mg diacerein) and F2 (10 mg
diacerein) show sustained release of drug for 39 and 48 hours. However, F3 had same composition as F2 but drug release
was conducted at 40°C. F5 and F6 contained increasing amount of hydrophilic gold nanoparticles with 5 mg diacerein.
F7 contained gold nanoparticles same as F6 but 10 mg diacerein. Finally, F8 contained lipophilic gold nanoparticles with
10 mg diacerein. Drug release was faster at higher temperature (F3) as compared to 37°C. Furthermore, hydrophilic
gold nanoparticles containing formulations F5, F6 and F7 released drug in less than 5 hours, whereas hydrophobic gold
nanoparticles showed prolonged release up to 25 hours.

As a wide variety of polymers and lipids are available, LPHN can be prepared to theoretically
load any therapeutic moiety. Nucleic acid based therapeutics i.e. plasmid DNA, antisense
oligonucleotide, small interfering RNA and small hairpin RNA, have shown promise to cure
many diseases. LPHN have emerged as nonviral carriers for nucleic acid products with low
toxicity, immunogenicity and cost of production. Cationic polymers and lipids have been
widely investigated for this purpose. Cationic groups can bind negatively charged nucleic acid
molecules and deliver to target cells. Zhong et al. [104] prepared LPHN with biodegradable
PLGA and two cationic lipids i.e. 1, 2-dioleoyl-3-trimethyammonium-propane (DOTAP) or
3B-[N-(N’,N'-dimethylaminoethane)-carbamyl]cholesterol (DC-Chol). LPHN were prepared
by two either with cationic lipid core so that DNA is loaded inside core or with cationic lipid
shell so that DNA is loaded on surface. The in vitro evaluation was done in human embryonic
kidney cells. They found that LPHN with DNA on surface showed higher transfection effi-
ciency than those with DNA inside core. Next, they prepared LPHN with polymer both inside
core and on the surface which showed efficiency similar to that of LPHN with DNA on sur-
face. This study concluded that LPHN can show transfection efficiency about 600 times higher
than unbound DNA. However, cationic lipids and polymers may have some problems on
their own. They may interact with biological components, be nonbiodegradable or toxic after
systemic administration. These factors are controlled by hydrophobic chain length, nature of
cation group and linkage. To solve these problems, Shi et al. [54] prepared novel LPHN with
four distinct layers. First is a hollow core i.e. aqueous droplet containing nucleic acid which is
coated by an inner lipid layer of cationic lipid ethylphosphocholine.

The cationic lipid orients itself in such a way that cationic group faces inward and its hydro-
phobic chain faces outward. Third layer is formed by ester terminated PLGA. It is a hydropho-
bic polymer that intermingles with protruding chains of cationic lipid. Finally, self-assembled
lecithin and DSPE-PEG form outer coating to facilitate transfection and to impart stealth
property to LPHN. This LPHN system release loaded siRNA in sustained manner up to 6
days and enhanced gene expression in mice.
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A recent trend in drug delivery research has focused on the development of human-like vesic-
ular drug delivery system. This concept emerged when exosome were found to be responsible
for cell to cell communication in tumors and regulate tumor microenvironment. It was believed
that exosomes isolated from patients may be filled with antitumor drugs and injected back
to the patients for personalized treatment. As isolation of exosomes from patients is compli-
cated and very costly, this dream was realized by synthesizing surface antigens of exosomes
by genetic engineering and grafting on the surface of drug containing liposomes or other
vesicular systems [5]. In addition to this, many bacterial and viral antigens have been used.
These antigens are used for the delivery of vaccine and act as immune adjuvant i.e. enhance
immune response to vaccine. Moreover, polymeric core produce better adjuvant effects than
lipid core. Bershteyn et al. [105] prepared PLGA core and phospholipid bilayer coated LPHN
that were stabilized by PEG for simultaneous loading of antigen and adjuvant. The protein
adjuvant was covalently bonded on surface and lipophilic adjuvants, such as monophospho-
ryl lipid A and a-galactosylceramide, which were loaded in lipid bilayer. Immune response
was shown at dose as low as 2.5 ng which was detectable after 100 days. It was also found
that a-galactosylceramide shows rapid rise in antibody titer whereas monophosphoryl lipid
A produced response in sustained manner. Interestingly, coloading of both adjuvants with
antigen further increased antigen titer by 12 fold. These results show that LPHN can reduce
dose of antigen to reduce cost and side effects.

Term LPHN may also be extended to nanoparticle systems consisting of two or more polymer
at least one of which is lipophilic. A hydrophilic shell may be applied to drug containing hydro-
phobic (or lipophilic) polymeric core to impart mucoadhesion or to make them stealth. For
example, PEG or chitosan coating has been widely used to improve circulation life of sustained
release solid lipid nanoparticles [106]. On the other hand, a hydrophobic polymer shell may be
formed over hydrophilic polymer core to enhance LPHN absorption through biological mem-
branes. This approach is especially useful for oral administration of therapeutic macromolecules
[107]. Recently, Liu et al. has synthesized supramolecular vectors for gene delivery. First, ada-
mantyl-terminated polyethyleneimine was admixed with [3-cyclodextrin to encapsulate nucleic
acid, i.e.,, DNA or siRNA which was further coated with adamantyl-PEG. The supramolecular
vector was stabilized by host-guest interaction. This LPHN system showed low toxicity and
high transfection efficiency during in vitro experiments. Graphene is another two-dimensional
framework of carbon atoms that is investigated for hybrid applications. When treated with suit-
able reagents, it can be oxidized, hydroxylated, carboxylated or halogenated. These functional
groups can be conjugated with different materials desired for biomedical applications [108].

4.2. Inorganic/organic hybrid nanoparticles (IOHN)

IOHN are synthesized from organic and inorganic materials. Most commonly, core is made
of inorganic materials and the shell of an organic material is applied to improve its phar-
macokinetic parameters. On the other hand, inorganic shell may be applied to the core of
organic materials to impart different properties. IOHN are interesting because they offer
properties of both materials. Like organic polymer, they can be functionalized with different
groups. Like metallic nanoparticles, inorganic shell provides physical and chemical stability
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to polymeric core. Generally, the inorganic portion is developed by reduction of metal ions
to zerovalent state. Inorganic core is synthesized by mixing metal ions solution with a reduc-
ing agent with or without heating. However, inorganic shell may be synthesized either by
reduction of metal ions on polymeric core or by deposition of preformed metal colloids on
organic core.

Methods for synthesis of organic core and shell have already been discussed in detail in a
chapter. We have prepared IOHN consisting of gold core with fatty acid shell. First, gold
nanoparticles were synthesized with lecithin bilayer (hydrophilic surface) and lecithin
monolayer by acid treatment (hydrophobic surface). The gold nanoparticles were added
to molten fatty acids and emulsified with aqueous surfactant solution. Upon cooling, we
found that gold nanoparticles with hydrophobic surface are more stable as compared to
gold nanoparticles with hydrophilic surface [109]. The presence of gold nanoparticles in core
enhanced drug release rate from lipid nanoparticles. This can be attributed to the presence
of gold nanoparticles that push drug toward periphery and reduce diffusion path length
(Figure 1). In another study, we prepared an organic core of lecithin and inorganic shell of
gold nanoparticles. First, lecithin nanoparticles were prepared and loaded with drug. Next,
preformed gold nanoparticles were adsorbed on its surface. We found that drug release was
controlled by both gold nanoparticles. Gold nanoparticles retard release of drug due to phys-
ical barrier. Lecithin controlled release of anti-inflammatory drug from core in pH-depen-
dent manner [110]. Gold is also known to possess anti-inflammatory effect. In this study,
gold shell was found to synergize anti-inflammatory effect of encapsulated drug diacerein
by many folds (Figure 3).

Various organic materials have been used to prepare IOHN to improve their performance.
The materials that are used to synthesize or stabilize nanoparticles may impart specific func-
tion. The most pronounced function is enhanced penetration inside target cells which in turn
controls toxicity of IOHN. Freese et al. [47] studied toxicity of gold nanoparticles with dif-
ferent organic coatings with neutral, positive and negative charge. The results showed that
IOHN with positive charge coating shows more internalization in cells, and thus, higher tox-
icity. The cell membrane has a negative charge, whereas the IOHN are positively charged
particles. This charge difference triggers the rapid binding to the cell surface and internaliza-
tion of these IOHNSs. As gold can cause toxicity at higher dose, higher internalization in cell
will lead to high toxicity [111].

Metallic nanoparticles smaller than 100 nm are usually responsive to different stimuli, a
technique that has been widely employed in diagnosis and therapy. IOHN with metallic
core can be used for thermotherapy of cancer whereby IOHN produces heat when exposed
to external magnetic field. Similarly, metallic moieties, i.e., nanoparticles or tagged poly-
mers, can be bound to core of organic materials. These nanoparticles will be targeted to
cancerous tissues and magnetic moieties will produce hyperthermia under external stimuli.
When core of organic material is loaded with drug, inorganic part can release the drug by
hyperthermia-mediated degradation of core after reaching the target site [5]. In addition
to magnetic field, inorganic nanoparticles are also responsive to infrared and ultrasound
waves. This makes IOHN interesting candidates for biomedical imaging of targeted tis-
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Figure 3. Efficacy of anti-inflammatory drug encapsulated in lecithin core-gold shell hybrid nanoparticles; (A) Anti-
inflammatory effect of diacerein is synergized in the presence of gold as compared to pure drug, diacerein. PEG-AuNP
=PEG coated gold nanoparticles, LD-NP = diacerein loaded lecithin nano[articles, L PEG-AuNP = Lecithin nanoparticles
surface coated with PEG coated gold nanoparticles, L Cit-AuNP = Lecithin nanoparticles surface coated with citrate
coated gold nanoparticles, L B-AuNP = Lecithin nanoparticles surface coated with sodium borohydrate coated gold
nanoparticles, LD PEG-AuNP =L PEG-AuNP loaded with diacerein, LD Cit-AuNP =L Cit-AuNP loaded with diacerein,
LD B-AuNP =L B-AuNP loaded with diacerein. (B) represents decrease in swelling as measured by Vernier caliper before
(a,b,c d, e f, g)and 3 hafter (b',c’,d’, e, f', g") from untreated (b), diacerein (c), PEG-Au NPs (d), LD PEG-Au NPs (e),
LD Cit-Au NPs (f), and LD B-Au NPs (g) treatments groups, while a is normal rat paw.

sues. More recently, multimodal IOHN have ensured imaging and drug release from the
same system after systemic administration. This target can be achieved in two ways. First,
magnetic field of low frequency or intensity is applied for imaging of IOHN. Once in cancer
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tissue, intensity or frequency is increased to produce hyperthermia-based cell killing or
drug release [112]. Secondly, inorganic materials responsive to more than one stimulus can
be used. One stimulus aids in imaging, whereas second stimulus will lead to drug release
or thermotherapy [113].

IOHN have also been prepared with hollow core enclosed inside a hybrid shell. Hollow core
IOHN can be prepared by many ways. First strategy is to make layer of inorganic or organic
material which is then stabilized by other component of IOHN system. Similarly, it can con-
sist of a mixed shell of inorganic and organic materials enclosing hollow core. Metal-tagged
polymers with amphiphilic nature self-assemble to form micelles in aqueous solution or after
reaching the target microenvironment [114]. Whole virus or virus capsid has been investigated
as drug delivery systems by many researchers due to its inherent high penetration in cells.

Portney et al. [115] hybridized virus capsid with quantum dots and single-wall carbon nano-
tubes to yield hybrid structures that can find various applications. These hybrid structures
are very stable to chemical and mechanical stress. IOHN with metallic core and organic
shells have been widely investigated for diagnostic application. Although, organic shell
usually employed to improve the pharmacokinetics and targeting properties of the metallic
nanoparticles but may be beneficial by enhancing the diagnostic efficiency of the system. The
most prominent example is nucleic acid-based biosensors with metallic core. When metallic
nanoparticles aggregate, they show blue shift due to increase in size. Metallic core is coated
with single-stranded DNA (ssDNA) that can identify specific sequence on target DNA and
bind it. In bioassay, when metallic nanoparticle conjugated ssDNA start bind target DNA,
they come close to each other and test solution color changes from red to blue. This indicates
the presence of target DNA as visualized by naked eye or through UV-visible spectropho-
tometer [116].

4.3. Metalloprotein hybrid nanoflowers (MPHNSs)

Although MPHN can be categorized as inorganic-organic hybrid NP, they are discussed here
separately due to difference in structure and many fold increased surface area. The flower-like
structure of MPHN is due to the presence of proteins that stabilize metallic crystals in the struc-
ture. Proteins act as glue and hold metallic crystals in a pattern which mimics flower petals.
Unlike inorganic-organic hybrids, synthesis of MPHN occurs in three stages. First stage is the
growth stage in which metal ions bond with proteins through amide bond. This acts as nucle-
ation site leading to growth of primary crystals. In the second stage, metalloprotein crystals
aggregate to form larger structures bearing primary petals like structures. Finally, anisotropic
growth on metalloprotein aggregates leads to formation of complete petals. Generally, their
size lies in the range of 2-30 pm which is another reason to differentiate MPHN from OIHN.
MPHN is mostly used for bioassay whereby desired enzyme is conjugated with metallic part.
Encapsulation efficiency of enzymes in MPHN has been achieved up to 66%. Enzyme load-
ing above or below this limit decreases encapsulation efficiency. Nevertheless, enzyme effi-
ciency of MPHN varies between 85% and 1000%. Enzyme efficiency higher than free enzyme
is due to many reasons. MPHN shows high surface area due to petal-like projections. The
petals also have hole-like spaces between them that may be up to 100 nm in diameter. It is
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also observed that immobilized enzyme shows cooperative interaction to enhance enzyme effi-
ciency. Similarly, metal ions, such as copper, calcium and manganese, may also help enzyme
in catalysis. Copper (Cu*) is the most widely used metal with different enzymes. Cu* and lac-
case enzyme MPHN have been developed for detection of phenols. The prepared MPHN was
adsorbed on filter, and a mixture of phenol and 4-aminoantipyrine was added to it. Laccase-
assisted reaction of both compounds produced red antipyrine dyes in 5 minutes. The changes
in color will be visible with the naked eye, and UV-visible spectrophotometer can be used for
quantitative detection. The MPHN-coated filters are reusable and are much faster than chro-
matography and mass spectrometry based methods. Likewise, MPHN of Cu*" and horseradish
peroxidase was prepared for detection of phenol and hydrogen peroxide. This MPHN was
able to detect very low amounts of phenol (1 tM) and hydrogen peroxide (0.5 uM) as change in
color was observed with the naked eye. It has been found that hydrogen peroxide induces cell
death at concentration higher than 50 uM and the limit of detection of free enzyme is around
20 uM. Thus, these MPHNSs will be very efficient to detect slight changes in hydrogen peroxide
efficiently even below its threshold level. Cu* and trypsin MPHN have been used to carry out
proteolysis which is an important step in protein identification. The enzyme efficiency of proteo-
lytic MPHN is similar or superior to free enzyme but are fast and reusable.

Another form of nanoflowers is synthesized using deoxyribonucleic acid (DNA) which, like
proteins, possesses high number of nitrogen molecules and serves as a template for nano-
flowers. In one study, a drug and a dye molecule was bonded to DNA that was used to
synthesize nanoflowers. These nanoflowers showed multimodel property of drug delivery
and imaging by using FRET technology. More recently, capsular MPHNs have been pre-
pared with improved characteristics. This technique involved coating of MPHN with prot-
amine and silica. Then, metallic core is removed from capsular MPHN system. Capsular
nanoflowers show higher enzyme efficiency and improved stability in harsh environmental
conditions.

4.4. Mesoporous silica hybrid nanoparticles

Silica has been widely used in drug delivery due to its nontoxic and biocompatible nature.
Silica shell has been applied to metallic nanoparticles to reduce their toxicity in various bio-
medical applications. Mesoporous silica nanoparticles (MSNPs) are silica materials with
mesopores of up to 50 nm. They are also termed as hollow mesoporous silica nanoparticles
due to the fact that mesopores are hollow. The advantages of MSNP are enhanced surface
area and that hollow mesopores can be loaded with therapeutic molecules. First, MSNPs
were loaded with drugs. Later, MSNPs were used for the delivery of different dyes and mac-
romolecules such as enzymes. MSNP hybrids have been prepared with both organic and
inorganic materials. One problem with the use of MSNP is the leakage of drugs from pores.
Sreejith et al. [117] used graphene oxide (GO) coating on MSNP to prevent leakage of drugs.
After drug loading, GO coating is applied which acts as blanket to physically block the pores.
GO coating also prevents encapsulated drug from environmental degradation. In addition to
applications in drug delivery, MSNPs are also used for diagnosis and imaging.

Maiji et al. [118] prepared MSNP-GNP (gold nanoparticle) hybrids for detection of hydrogen
peroxide. They coated MSNP with graphene oxide, and GNPs were coated on this surface.
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The hybrids were first used for electrochemical detection of hydrogen peroxide in the pres-
ence of other biological molecules. Later, MSNP-GNPs were successfully used for in vivo
imaging in mice. MSNP surface can be modified with different functional groups that provide
opportunities to form hybrid with different materials [118].

5. Conclusion and future prospects

Hybrid nanocarriers provide a novel platform that synergizes the effects of therapeutic and
diagnostic agents through tunable properties such as particle size, structure, composition,
preparatory method and easy surface and charge modifications. Here, we describe the dif-
ferent parameters related to development, optimization as well as characterization to obtain
a robust platform for the drug delivery and other biomedical applications. We can still try to
focus some unmet challenges of this novel drug delivery system. These challenges include
development and optimization of the application of target ligands in appropriate ligand den-
sity that will improve the pharmacokinetics as well as pharmacodynamics profiles of all the
drugs loaded in these hybrid nanoparticles either single or in combination with other thera-
peutic and diagnostic agents. Similarly, development of these hybrid nanocarriers at large
scale has received less attention. So it is a key parameter to translate the system for large-scale
applications by using the different methods mentioned in the section of method of prepara-
tion especially the one-step self-assembly method that is likely to improve the production in
a facile and economic manner.
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