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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‐



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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Introductory Chapter: Drug Delivery Concepts

Sabyasachi Maiti and Kalyan Kumar Sen
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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 

© 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,
distribution, and reproduction in any medium, provided the original work is properly cited.



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.

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.

Advanced Technology for Delivering Therapeutics2



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.

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.

Advanced Technology for Delivering Therapeutics2

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 
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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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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.
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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 as large as 500 nm size can be internalized by nonphagocytic cells via  energy-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 
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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 γ-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.
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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.

• It is 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 μm, 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.

Figure 1. Drug entry through transcellular and paracellular pathways.

Targeted drug delivery is classified into two categories. They are

1. Passive 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 CoFe2O4,
NiFe2O4, and MnFe2O4, exhibit superior performance compared to other magnetic materials
but highly toxic to cells. The most widely used iron oxide as magnetic cores are magnetite
(Fe3O4) and maghemite (γ-Fe2O3), 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 PEI, 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
a magnetic 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 (γ-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].
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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 II to VI and III 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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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–IV [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‐ (C6‐C10 in chain length) or long‐chain (C12‐
C24 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‐
tion 

Composition and description  Commercial name  Supplier 

Oil  Medium‐chain triglycerides (C8‐C10): Fractio‐
nated coconut oil and palm seed oil, triglycer‐
ides of caprylic/capric acid 

Miglyol 812, 810, Capmul
MCM, Captex 355, etc. 

Gattefosse corporation,
France; Abitec Corp.,
Janesville, USA;
Sasol GmbH, Witten,
Germany; Nikko Chemicals Co.,
Tokyo, Japan;
Cremer Oleo GmbH & Co. KG,
Hamburg, Germany;
Lipoid, Germany; BASF Co.,
Germany 

Long‐chain triglycerides (C14‐C22):
Vegetable oils are glyceride esters of mixed
unsaturated long‐chain fatty acids, commonly
known as long‐chain
triglycerides 

Soybean oil, sesame oil,
corn oil, olive oil,
peanut oil, cottonseed oil,
rapeseed oil, etc. 

Mixed mono‐, di‐ and triglycerides:
Novel semisynthetic medium‐ and
long‐chain derivatives. Esters of propylene
glycol and mixture of mono‐ and diglycerides
of caprylic/capric acid 

Imwitor 988, Imwitor 308,
Maisene 35‐1, etc. 

Polar oil: Some excipients which are
traditionally thought of as hydrophobic
surfactants, such as sorbitan fatty acid
esters 

Span 80, 85, etc. 

Nonionic
surfac‐
tant  

Water insoluble: Oleate esters, such as poly‐
oxyethylene (20) sorbitan trioleate, PEG‐6‐sor‐
bitan oleate and polyoxyethylene (25) glyceryl
trioleate are commonly used in the pharma‐
ceutical
industries 

Polysorbate 85 (Tween 85),
TO‐106 V, Tagat TO, etc. 

Water soluble: The popular castor oil
derivatives with saturated alkyl chains result‐
ing from hydrogenation of materials derived
from a vegetable oil. Other
derivatives include polysorbate 80 which are
predominantly ether ethoxylates and
phospholipids 

Cremophor RH40, Cremo‐
phor EL, HCO30, Tween
20, 80, poloxamer 407, vari‐
ous Labrasols, Labrafac
Labrafils, Gelucires, Soy
phosphatidylcholine, etc. 

Cosol‐
vent 

The most popular water soluble cosolvents
are propylene glycol, polyethylene glycol,
ethanol and glycerol. Others are diethylene
glycol monoethyl ether,
propylene carbonate, tetrahydrofurfuryl
alcohol, polyethylene glycol ether 

PG, PEG 300, PEG 400, 600,
transcutol, glycofurol,
etc. 

Other
exci‐
pient 

Many oil‐soluble antioxidants  α‐Tocopherol, β‐carotene,
butylated hydroxytoluene
(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 GI 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 α‐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].

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 <50 nm [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 0–250 nm 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.

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
1 in 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, it is 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 2 h
and subsequently shifted into simulated intestinal fluid (SIF, pH 6.8) for another 2 h.

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 (I988); 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 15 min, 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 III 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.

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 gastric lipase 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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with log 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) 1.5 1.5

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
IVIVC is usually 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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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-
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ferent morphology and different structural components Figure 1.
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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 (SiO2) 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 

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.
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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].
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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 WPC/
WPLGA 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 
(GG918) 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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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 
3β-[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.

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.
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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 α-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 α-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 β-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 

Advanced Technology for Delivering Therapeutics72



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 α-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 α-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 
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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 IOHNs. 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-

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

73



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 

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 h after (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.
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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 (MPHNs)

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 μm 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 (Cu2+) is the most widely used metal with different enzymes. Cu2+ 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 Cu2+ and horseradish 
peroxidase was prepared for detection of phenol and hydrogen peroxide. This MPHN was 
able to detect very low amounts of phenol (1 μM) and hydrogen peroxide (0.5 μM) 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 μM and the limit of detection of free enzyme is around 
20 μM. Thus, these MPHNs will be very efficient to detect slight changes in hydrogen peroxide 
efficiently even below its threshold level. Cu2+ 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.

Maji 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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Abstract

Even though the direct nose-to-brain drug delivery has many clinical benefits, there are
limited  successes  in  delivering  medication  aerosols  to  the  olfactory  mucosa  with
standard inhalation devices. In this study, different delivery techniques were assessed
in  terms  of  their  capacities  to  deliver  drug  aerosols  to  the  olfactory  epithelium.
Specifically, the feasibility of electric field guidance of charged aerosols to the olfactory
mucosa was evaluated in an image-based nose model both numerically and experi-
mentally.  Multi-sectional  nasal  cast  replicas were fabricated using a 3-D printer to
measure the olfactory deposition rates and visualize the deposition distributions. An
intranasal  deposition test  platform was developed that  comprised an electric  field
guidance system, a dry powder charging device, and a point-release nozzle. Numerical
simulations were conducted using both ANSYS Fluent and COMSOL. We demonstrated
that it is feasible to control charged particles inside the human nose use an external
electric  field.  Both  the  point-release  technique  and electric  field  guidance  of  drug
particles  are  essential  in  attaining  optimal  olfactory  doses.  Consistent  deposition
patterns were achieved between in vitro experiments and computational simulations.
Future investigations are warrnated for further improvements of olfactory delivery
through  refining  the  particle  generation,  charging,  and  releasing,  and  navigation
systems.

Keywords: intranasal drug delivery, olfactory region, particle point release, electric
field guidance, charged particles, nose-to-brain drug delivery
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1. Introduction

Drug delivery for treating neurological disorders such as brain tumors is often forestalled
by the blood-brain-barrier (BBB), a network of endothelial cells with tight junctions in the
brain's capillaries. The BBB, which can effectively protect the central nervous system (CNS)
from pathogens, also prevents therapeutically agents from the diseased tissues in the CNS
[1]. For years, the BBB has thwarted the utilizations of many new neurological medications
for the treatment of CNS diseases such as brain tumors, depression, and Alzheimer's disease
[2, 3].

Intranasal drug delivery to the olfactory epithelium is a noninvasive technique in which
medications can bypass the BBB and enter the brain, eliciting a quick uptake and action onset
of the therapeutic agents [3, 4]. However, there are many challenges that preclude effective
drug delivery to the olfactory region. Very low doses can be delivered to the olfactory region
(<1%) via the nasal route using standard nasal devices such as nasal pumps and sprays [5, 6].
It is primarily due to the complicated structure of the human nose, which is composed of
convoluted, narrow, and passages. The olfactory mucosa is located at the uppermost part of
the nose and is poorly ventilated due to its secluded location [7, 8]. As a result, standard nasal
devices have limited success in olfactory drug delivery in that they rely on aerodynamic forces
or particle inertia to drive medications to the target area [9]. After administration, particles
travel passively with the nasal airflow. Thus, the behavior and fate of these aerosols are
primarily dependent on their release positions and initial speeds. Due to the complex nasal
structure, most of the medications will be trapped by the nasal valve and turbinate, with very
few left that can make their final journey to the olfactory mucosa [10].

Nasal deposition of inhaled aerosols in humans has been extensively investigated both
experimentally and numerically. Despite the high variability among subjects, these studies
have persistently demonstrated that intranasal drug delivery can be influenced by multiple
factors, including patient breathing, nasal devices, administration technique, and drug
formulation. Furthermore, local or cellular-level deposition has been shown to be a more
appropriate parameter than the total deposition in predicting adverse health effects or
therapeutic outcomes. However, reports of local doses are still rare in comparison with
extensive reports of total deposition fractions in the literature.

New techniques have been under active investigation to improve the olfactory delivery
efficiency. Wang et al. [11] proposed to insert a catheter into the nose and administer drugs
beneath the olfactory region. However, due to its invasive nature, this method has the risk to
damage the wall tissues when guiding the catheter to the olfactory proximity, and patient
compliance is expected to be low. Gizurarson [12] tested a nozzle with a narrow spray angle
in hope that aerosols can penetrate into the posterior nose and the olfactory mucosa. A high
pressure was necessary for this technique to overcome the nasal resistance so that particles can
penetrate into the superior meatus. Hoekman and Ho [13] proposed to use a swirling flow in
additional to the narrow spray plume so that particles can penetrate deeper into the upper
posterior nose. Persistent higher doses in the olfactory region with swirling flows were
measured in rats relative to nonswirling flows. However, extrapolating rat data to humans is
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difficult because of large interspecies discrepancies [14]. For instance, the olfactory region of
a Sprague-Dawley rat covers 45% of the nasal surface, while only 5.2% of the human nasal
surface is lined by the olfactory epitheliums in humans [15]. Realizing that a particle released
into the nostril at a different location will follow a specific path, Si et al. [6] release drug particles
from a selected site in the nostril (termed as point release). Improved dosage in the olfactory
region was demonstrated using the point releasing than the traditional whole nostril releasing;
however, the improvements are limited and still fall short of the doses to be clinically
significant. Considering all the techniques aforementioned, it is noticed that once the particles
are released into the nose the particle motions are dictated solely by the aerodynamic force.
Due to the complex structure of the nasal structure, most particles will deposit in the nasal
valve and turbinate region and only a low percentage of particles penetrate into the olfactory
region.

Previous studies have suggested that charged particles under an appropriate electric field
can improve nasal and pulmonary drug deliveries [16–18]. Improved dosing of charged par-
ticles has been demonstrated in the respiratory tract of both humans and animals [19–29].
Noticing that low olfactory deposition mainly result from the lack of control over particle
dynamics in the nose, Xi et al. [25] numerically investigated the transport and deposition of
charged particles under different electric strengths and showed that significantly enhanced
olfactory dosage is practical by optimizing the electric field strength and particle releasing
locations. Similarly, enhanced olfactory dosing can also be attained by using magnetic con-
trol of ferromagnetic particles. Preliminary computational simulations predicted a 45.0%
deposition fraction for ferromagnetic particles, and the optimal particle diameter is around
15 μm [25].

One issue of intranasal drug delivery of nebulized droplets or small particles is the unwanted
dosages into the lungs. One strategy to address this issue is the bi-directional delivery method,
which administers medications into one nostril when the patient blows into the apparatus [30].
This method takes advantage of the nature that the soft palate lifts up during exhalation
through the mouth, which closes the oropharynx and separates the nasal cavity from the rest
of the respiratory tract. As a result, particle penetration into the lungs can be avoided.
Moreover, the particles enter one nostril and exit from the other, which allows an increased
time for drug deposition. This method did show an increase in medications depositing in the
nasal cavity but failed to provide a practical way of dispensing an appreciable amount of
medications to the olfactory region [31, 32]. It is hypothesized that by combining the electric
guidance of charged particles with the bi-directional strategy, the olfactory dosage can be
further enhanced.

The objective of this chapter is to improve the targeted delivery of neurological medications
to the olfactory region using both computational modeling and in vitro experiments in an
image-based nasal airway model. Different strategies were explored to control the intranasal
particle motions in order to maximize the dose to the olfactory region and minimize the drug
losses in other regions. These strategies include point release, vestibular intubation, deep
intubation, and electric guidance of charged particles. Effect of breathing conditions, such as
normal inhalation and bi-directional breathing, was also considered.
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2. Design of experiments

2.1. Image‐based reconstruction of nasal airway model

First, building anatomically accurate airway models is crucial for the assessment of the health
outcomes of inhalation therapies. Figure 1 illustrates the procedures of the translation from
medical images into a high-quality computational mesh or in vitro casts of the nose-pharynx.
To reconstruct the 3-D nasal airway model, MRI scans (512 × 512 pixel resolution) of a healthy
53-year-old male were used. The multislice MRI images were segmented using MIMICS
(Materialise, Ann Arbor, MI) to convert the raw image data into a set of cross-sectional contours
that define the solid geometry (Figure 1a). A surface geometry was reconstructed based on
these contours in Gambit (Ansys, Inc.). This surface geometry as shown in Figure 1b was
subsequently imported into ANSYS ICEM (Ansys, Inc.) for meshing. In general, unless for
extremely high-quality image data, a solid model that is directly reconstructed from medical
images cannot be used for computational meshing due to the artifacts and resolution limits
inherent in current imaging techniques. Considering the high complexity of the nasal airway
structure, an unstructured mesh was generated with fine boy-fitted cells in the near-wall
region (Figure 1c). This nasal geometry has been reconstructed with minimal surface smooth-
ing and was intended to accurately represent the nasal anatomy of human adults. More details
of image-based model development can be viewed in a recent video article from our group
[33]. This model was also manufactured into hollow casts for in vitro studies using 3-D
prototyping techniques (Figure 1d).

Figure 1. Procedures of translating medical images into computational mesh and in vitro casts. First, MRI scans were
segmented to reconstruct the airway surface model. Second, high-quality computational mesh was generated with fine
near-wall cells. Hollow in vitro cast replicas were also fabricated using 3-D printing technique and were used for exper-
imental deposition studies. In order to study deposition distributions, the nasal cavity was divided into different re-
gions: vestibule-valve region (VV), turbinate region (TR), nasopharynx (NP), and olfactory region (OL) that was at the
very top of the nasal cavity (yellow color in middle panel).

2.2. Computational fluid‐particle transport models

2.2.1. Airflow and particle dynamics

Depending on breathing activities, multiple flow regimes, such as laminar, transitional, or fully
turbulent, can exist in the human respiratory tract. The two-order turbulence models have been
shown to adequately capture the main flow features and particle transport if a fine body-fitted
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2. Design of experiments
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subsequently imported into ANSYS ICEM (Ansys, Inc.) for meshing. In general, unless for
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Figure 1. Procedures of translating medical images into computational mesh and in vitro casts. First, MRI scans were
segmented to reconstruct the airway surface model. Second, high-quality computational mesh was generated with fine
near-wall cells. Hollow in vitro cast replicas were also fabricated using 3-D printing technique and were used for exper-
imental deposition studies. In order to study deposition distributions, the nasal cavity was divided into different re-
gions: vestibule-valve region (VV), turbinate region (TR), nasopharynx (NP), and olfactory region (OL) that was at the
very top of the nasal cavity (yellow color in middle panel).

2.2. Computational fluid‐particle transport models

2.2.1. Airflow and particle dynamics

Depending on breathing activities, multiple flow regimes, such as laminar, transitional, or fully
turbulent, can exist in the human respiratory tract. The two-order turbulence models have been
shown to adequately capture the main flow features and particle transport if a fine body-fitted
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mesh is used near the wall [34]. In particular, the low Reynolds number (LRN) k‐ω model has
been widely adopted in computational studies of respiratory flows. It has been validated in
many studies to be able to accurately predict the particle transport and deposition in the oral
airway [35, 36], nasal cavity [8], and lungs [37, 38]. Moreover, the LRN k‐ω model was dem-
onstrated to accurately predict the flow regime transition when the turbulent viscosity
approaches zero [39]. Governing equations for the turbulent kinetic energy (k) and dissipation
rate (ω) can be found in Wilcox [39].

Transport of monodisperse aerosols was solved using the discrete Lagrangian tracking
algorithm through the integration of the particle dynamic equation. Spherical shape was
assumed for each particle. The particle diameters range from 0.2 to 5 μm, which have very low
Stokes numbers (Stk = ρpdp

2UCc/18μDh << 1), with ρp being the density of the particles (1.0 g/
cm3), U being the fluid velocity, Cc being the Cunningham slip factor [40], and Dh being the
nostril effective diameter. The governing equation of Lagrangian tracking is

( ) ( ) , , ,1i
i i i i Brownian i lift i electric

p c

dv f u v g f f f
dt C

a
t

= - + - + + + (1)

where ui is the airflow velocity, vi is the particle speed, f is the drag coefficient, and τp = ρp

dp
2/18μ is the particle characteristic time to respond to flow variations. The drag coefficient f

was based on the equation of Morsi and Alexander [41]. Gravity and Saffman lift force were
also included for particles >1 μm [42]. Brownian motion effects were included for submicron
particles [35]. It was assumed that particle motion had no effect on the flow field, i.e., a one-
way coupling between fluid and aerosols in light of the dilute concentration of pharmaceutical
aerosols. The impact of the anisotropic flow fluctuations near the wall was also included by
applying an anisotropic turbulence model as described by Matida et al. [43]:

andn v vu' f 2k / 3 f 1 exp( 0.002y )x += = - - (2)

In the above equation, fv is a damping component normal to the airway wall and ξ is a random
number generated by the Gaussian probability density function.

2.2.2. Electric field and electric force

For the direct current (DC) field, the electric potential, UDC, is attained by solving the Poisson's
equation,

0 0r Ue e-Ñ × Ñ = (3)

where ɛ0 and ɛr are the absolute (F/m) and (dimensionless) permittivity of the free space,
respectively. The zero value on the right-hand side of the equation means no space charge. For
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the alternating current (AC) field, the AC potential is computed by solving the conservation
of electric currents [44]:

( )0 0rj Vs we e-Ñ × + Ñ = (4)

In the above equation, σ is the electrical conductivity and ω is the alternating frequency (Hz).
Considering that the equations for both DC and AC fields are linear, the total electric field can
be obtained by superposing the DC and AC fields.

The electric force as a function of the electric field can be expressed as

( ),i electrophoretic DC ACf neE ne E E= = + (5)

where n is the nondimensional charge number and e is the elementary charge (e = 1.6 ×
10−19 C). EDC and EAC are the intensity of the DC and AC electric fields, respectively, which
are calculated as follows:

( ); [ ]j t
DC ACE U E real Ve w= -Ñ = - Ñ % (6)

The symbol  means that the AC potential is a complex variable.

2.2.3. Numerical methods

To solve the concomitant flow‐electric‐particle multiphysics involved in each of the cases
considered, ANSYS Fluent (Canonsburg, PA) and COMSOL (Burlington, MA) were employed
to simulate the airflow, electric field, and particle tracing. User‐supplied functions (UDFs) in
the language of Fortran ad C were developed for the calculation of mass flux to the wall, initial
particle profile, Brownian force [45], near‐wall velocity interpolation [36], and anisotropic
turbulence effect [43]. Body‐fitted computational mesh was generated to resolve the large
gradients of flow velocities near the airway surface. Local mesh refinement was made consid‐
ering the complex anatomy of the nasal cavity. A grid independence study was performed by
evaluating various grid densities, such as 0.4, 0.8, 1.2, and 2.2 million computational cells. The
variation in predicted deposition fraction was 1% or less when changing the grid density from
1.2 to 2.4 million. Therefore, the computational mesh of 1.2 million cells was implemented for
all subsequent simulations.

2.3. Experimental setup and materials

2.3.1. In vitro test platform

The in vitro test platform for intranasal delivery of charged particles has four components: a
particle charging apparatus (Figure 2a), a three‐dimensional replica of a normal human nasal
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cavity, voltage supplies to induce electric fields, and a scale to quantify deposition. A powder
coating system (Powder System Solutions, Nolensville, TN) was modified to charge the dry
powders. Copper plates and DC power supplies (MPJA, Lake Park, FL) were implemented
to produce external electric fields. A high-precision electronic scale (Sartorius) was utilized
to quantify the deposited mass of aerosols. A microscope (AmScope B120C-E1) was used to
estimate the diameter of the charged particles. Details of the sectional nasal cast preparation
and experimental procedures are described below.

Figure 2. In vitro experiments to test the feasibility of electric-guided olfactory drug delivery: (a) experimental setup
and (b) two delivery strategies: normal and bi-directional. In both delivery strategies, drug particles are administered
into the right-side nostril. However, particles exit the airway through the trachea in the normal delivery and exit
through the left nostril in the bi-directional delivery.

2.3.2. Multisectional nasal cast

A multisectional nasal replica was prepared that allows quantitative measurement of regional
deposition as well as direct visualization of deposition distributions. After developing the
nasal airway geometry model as listed in 2.1, Magics (Materialise, Ann Arbor, MI) was utilized
to create the nasal cast wall with a constant layer of 4 mm. The nasal replica was divided into
several parts: the nasal vestibule and valve, turbinate, and nasopharynx, as shown in
Figure 1b. Step-shaped grooves were created at the ends of each replica section for proper
sealing and easy assembly. To visualize deposition distributions within the nasal cavity, the
nasal replica was cut open along the top ridge of the right nasal passage to disclose the septum
and turbinate in the right nose. In order to characterize the olfactory doses, the section
representing the olfactory mucosa was separated from the other region. An in-house 3-D
printer with a resolution of 16 μm (0.0006 in) (Stratasys Objet30 Pro, Northville, MI) was
utilized to fabricate the nasal casts using polypropylene (Veroclear, Northville, MI) that has a
clear color and allows for a smooth surface.

2.3.3. Experimental procedures

Dry powders of 30 μm in size (matte black powder coat paint) were selected in this study for
their easy availability and excellent charging properties. and easy ava. The modification made
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to the powder coating system integrated a charging reservoir (a 2-L bottle) to the nozzle of the
charging gun (Figure 2a). An additional metal wire was added to extend the charging rod to
the reservoir exit, with the wire's length being parallel with the direction of the flow of solid
particles. A high voltage supply (Spectracoat coating system), which has an adjustable
potential output of 0–100 kV, was connected to the rod. The solid particles were distributed
out of a 4-mm-diameter nozzle and subsequently distributed into a multisectional nasal cast
replica. Three copper-plated electrodes (A, B, C) were attached to the top of the nose replica,
and one copper-plated electrode (D) was attached to the bottom of the replica. Charged dry
powders were distributed from the powder coat gun for 20 seconds per trial. For the normal
delivery, particles were administered into one nostril and exited through the nasopharynx
(Figure 2b, upper panel). In contrast, for the bi-directional delivery, the bottom of the pharynx
was blocked to simulate the uplifted soft palate, while particles were administered into one
nostril and exited through the other (Figure 2b, lower panel). A vacuum pump (Robinair 3
CFM, Warren, MI) was connected to the exit of the nasal replica in each test case to simulate
the respiration. An in-line flow meter (Omega, FL-510, Stamford, CT) was used to monitor the
volumetric flow rate.

2.3.4. Statistical analysis

The variable of interest in this study was the ratio of the olfactory dosage to the vestibule-
turbinate dosage (i.e., olfactory-nasal dosage ratio). Results were represented as the main ±
standard deviation (SD), with SD being calculated from five trials for each scenario. Statistical
analysis software Minitab (State College, PA) was applied to analyze the deposition data.
Tukey's method and analysis of variance (ANOVA) were implemented to assess the data
variances. The difference was considered statistically significant if the p-value was <0.05.

3. Results

3.1. Numerical (ANSYS Fluent) assessment of olfactory delivery with nasal intubations

Figure 3a shows the motion of 1 μm particles inside the nasal airway predicted using ANSYS
Fluent. It is observed that particles that are released from the tip of the nostril move along the
upper nasal cavity, while particles from the base of the nostril move along the nasal floor. At
an inhalation rate of 20 L/min (normal breathing condition), it takes around 0.02–0.03 seconds
for the particles to be delivered to the olfactory region after administration (Figure 3a). Faster
movements of particles are noted in the middle passages and slow-moving aerosols are
observed in the near-wall region. The numerical model in this study had been validated by
comparing to in vitro deposition data measured in a comparable nasal replica. Good agreement
was obtained between the numerically predicted and in vitro measurements in comparable
nasal casts by Cheng et al. [46, 47] (Figure 3b). It is emphasized that the computational nasal
airway model in this study and the in vitro nasal casts in Cheng et al. [46] were reconstructed
from the same set of MRI images.
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Figure 3. Nasal particle motion and model validation. (a) Snapshots of particle motion at varying instants. (b) Good
agreement in nasal deposition between the numerical predictions and experimental measurements of Cheng et al. [46,
47].

In this study, we first tested the feasibility of optimizing particle release positions (smart
delivery concept) for intranasal olfactory drug delivery. Two protocols were tested, with the
first termed as “vestibular intubation” where particles are released from a selective point in
the vestibule (Figure 4a), while the second protocol being the “deep intubation” with the
nebulizer nozzle inserted directly below the olfactory mucosa (Figure 4a). In principle,
particles released into the upper vestibule moves along the upper nasal passage and therefore
are more likely to deposit in the olfactory region. The computational simulations also confirm
that it can deliver higher doses to the olfactory region for both particle sizes considered (150
nm and 1 μm). Furthermore, the deposition pattern appears to be focused close to the olfactory
region. Considering the deep intubation protocol, the nozzle was inserted right below the
olfactory mucosa so that filtration by the nasal valve and turbinate can be avoided. Therefore,
elevated doses were predicted in the olfactory proximity with nonsignificant doses in the
middle and inferior turbinate regions.

Figure 4. Two delivery protocols with selective particle releasing: vestibular intubation and deep intubation. (a)
Streamlines and surface deposition. (b) Olfactory deposition rate with the vestibular and deep intubations in compari-
son to the conventional delivery method, which releases drugs to the entire nostril (control case).
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The olfactory doses between the vestibular and deep intubation protocols, as well as the
conventional delivery method, were compared on the basis of deposition fraction per area
(%/cm2) (Figure 4b). The surface area of the olfactory mucosa in this study (Figure 1c) is 6.8
cm2. Overall speaking, both intubation protocols significantly enhanced the olfactory targeting
while the deep intubation outperformed the vestibular intubation. However, it is noted that
even using the deep intubation method, very low fractions of administered dose (0.16%/cm2

or 1.09% in the olfactory region) were delivered to target, while nearly 99% was lost in other
regions, causing tremendous waste and potentially significant unwanted side effects. There-
fore, further efforts are needed to explore strategies that can precisely target drug particles to
the olfactory region while minimizing drug loss to other tissues.

3.2. Sar‐Gel visualization of nasal deposition distributions

Sar-Gel visualization of the local deposition inside the nasal replica is displayed in Figure 5
for two common nasal spray products (Astelin and Nasonex). The angle of the spray plume
was approximately 35o ± 0.8o for Astelin and 20o ± 0.5o for Nasonex. The majority of spray
droplets were trapped by the narrow flow-limiting nasal valve. It is noted that the drug
distribution is largely dictated by the physical properties of spray droplets. The high filtration
by the slit-shaped nasal valve can be attributed to the high inertia of spray droplets that have
large sizes (70–90 μm) and exit from the spray pumps with relatively high speeds. Dripping
was absent in Astelin that had a wide spray plume angle, while dripping was observed in
Nasonex that had a narrow plume and was prone to cause local droplet accumulation
(Figure 5a vs. 5b). Deposition of Astelin appeared to be more dispersed than Nasonex.

Figure 5. Deposition pattern in the nose with two nasal spray products: (a) Astelin and (b) Nasonex. The majority of
spray droplets deposit in the nasal vestibule and valve region and cannot reach the olfactory region.

A commercially available jet nebulizer (Philips Respironics InnoSpire) was utilized to evaluate
particle deposition in the nose. Nebulized aerosols were released into the nostril at an orien-
tation 15o from the vertical direction. As shown in Figure 6, most administered droplets
deposited in the anterior nose (vestibule and valve regions). Aerosol deposition in the middle
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and inferior turbinate was also observed, but at a lower level than the anterior nose. Almost
no aerosol deposited in the superior meatus and olfactory region (dashed blue ellipse). The
above deposition distribution is similar as that reported in Laube [48] who observed predom-
inant doses in the anterior nose. Both Figures 5 and 6 corroborate the observation that
conventional nasal devices cannot deliver adequate doses to the olfactory mucosa, and thus
advanced drug delivery systems are warranted in order to achieve clinical significant olfactory
delivery.

Figure 6. Sar-Gel visualization of the nasal deposition pattern using a standard nebulizer. Even though some nebulized
aerosols escape the nasal valve filtration, most of them deposit in the turbinate region and only a very small fraction
reaches the olfactory region.

3.3. Multiphysics (COMOL) simulations of olfactory dosing delivery of charged particles

3.3.1. Electric‐guided olfactory delivery diagram

The principle of olfactory drug delivery under electric guidance is illustrated in Figure 7. There
are four essential functions in this device: (1) generation, (2) charging, (3) focusing, and (4)
navigation of the pharmaceutical aerosols (Figure 7a). A head brace can be added to fix the
device relative to the patient's head. Commercially available nebulizers (droplets) and dry
powder inhalers can be used to generate aerosolized particles [49]. Particle charging was
achieved by letting particles going through a charging chamber, and the acquired charge
number can be controlled by varying the voltage supply to the charging chamber [50]. The
focusing chamber is composed of several slits [51], with the first slit having a positive voltage
and the last one having zero voltage. When the positively charged dry powders travel through
these slits, a repulsive force from the slit pushes the dry powders inward to form a focused
beam; simultaneously, the forward component of the repulsion accelerates the aerosol beam
to a certain exiting velocity. The benefit of knowing the initial speed of particles is that the
deposition pattern can be estimated beforehand so that the optimal delivery protocol can be
selected. Another benefit is that drug delivery will be more independent of the breathing
condition if the initial particle velocities are much higher than the respiratory airflow velocities.
This feature is very desirable for inhalation therapy for seniors or people with breathing
problems or low compliance capability. After particles were administered into the nose, they
will experience an external electric force and divert from their original course. For optimal
drug delivery to the olfactory region, particles should move along the middle passage of the
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nose to minimize wall losses (Figure 7b). In this chapter, we will evaluate whether it is feasible
to enhance the olfactory doing through electric guidance of charged particles with charge levels
and electric potentials that are safe to humans.

Figure 7. Diagram of electric-guided olfactory drug delivery. (a) Charged particles will be attracted toward the olfacto-
ry region by an applied electric field. (b) For optimal olfactory drug delivery, particles should travel along the middle
plane of the nasal passage.

3.3.2. Idealized 2‐D nose model

The proposed delivery protocol was first evaluated in an idealized 2-D nose configuration. The
inhaled airflow field in the nose is shown in Figure 8a. There are three streams due to the
obstruction of the inferior and middle turbinate. The upper flow stream is further divided by
the superior turbinate. Only a small fraction of inhaled airflow was ventilated into the
uppermost olfactory region. Due to poor olfactory ventilations, inhaled particles are unlikely
to be conveyed to the olfactory region by convection or inertia. It is also observed in Figure 8a
that stream traces initiating from the posterior naris move toward the nasal floor, while those
from the anterior naris move toward the upper passage (superior meatus). It is hypothesized
that pharmaceutical agents released into the at the naris tip have a larger chance to deposit
into the olfactory mucosa.

To generate a desirable external electric field, four electrodes were put on top of the nose. The
electrode voltages were specified to be −3, −8, −12, and 0 V, respectively (Figure 8a). The small
electric potential (3 V) above the nasal vestibule was intended to impart particles an upward
attraction. The electric potential above the middle nose was increased to −8 V to attract particles
further toward the olfactory mucosa. The electric potential close to the olfactory region was
around −12 V in order to catch the charged aerosols. Figure 8b shows the numerically predicted
electric field (E-field), which changes from nearly 0 V at the nostrils to about −12 V at the
olfactory region.

From Figure 8c, electric guidance of charged particles significantly increased the olfactory
dosing, which was two orders of magnitude higher in comparison with that when an electric
field was absent. Figure 8d displays particle transport in the nose 1 second after administration.
The majority of particles (∼95%) deposit in the olfactory mucosa. As a comparison, only 0.77%
deposit in the olfactory region without an electric field.
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Figure 8. Computational modeling of electric-guided delivery in a 2-D nose model. (a) Airflow field, (b) electric field,
(c) comparison of the olfactory deposition rates with and without electric guidance for conventional and point-release
delivery techniques, and (d) particle trajectories with and without electric force for the point-release technique. Elec-
tric-guided delivery of charged particles can enhance the olfactory doses by two orders of magnitude relative to the
case without an electric field.

3.3.3. Realistic 3‐D nose model

A comparison of deposition patterns in the image-based 3-D nose model with and without
electric guidance is shown in Figure 9a. The charge number of the particles is 5000, and the
particle size is 0.5 μm. With an appropriate electric field, 3.7% of inhaled particles reached the
olfactory mucosa (Figure 9a). However, only 0.06% of administered aerosols delivered to the
olfactory mucosa without electric guidance.

Figure 9. Computational modeling of electric-guided delivery in an anatomically accurate 3-D nose model. Particle
deposition patterns were compared with and without electric forces for (a) the entire nostril release method (conven-
tional delivery) and (b) the point-release method. (c) Significantly improved olfactory doses were achieved with elec-
tric guidance for both the conventional and point-release techniques. Electric-guided delivery increased the olfactory
doses by approximately two orders of magnitude than without an electric field.
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To further improve drug delivery to the olfactory mucosa, particles are released into a small
point in the anterior nostril to minimize the filtration by the nasal valve and turbinate. With
appropriate electric field strength, a majority (92%) of administered particles were dispensed
to the olfactory region (red ellipse) that would have otherwise landed in the upper posterior
nose in the absence of an electric field (Figure 9b, right vs. left). A careful study of the deposition
distribution in the upper nose (green square, Figure 9b) shows that more aerosols are deposited
on the turbinate wall (outer side) than on the septum (inner side). To minimize deposition in
the turbinate, a lateral force is required to keep the aerosols from depositing onto the turbinate.

3.4. In vitro experiments of electric‐guided olfactory delivery

3.4.1. Normal inhalation delivery

Particle deposition of charge particles was assessed in the realistic nose replicas. In order to
generate a desirable electric field, two positive electrodes (25 and 100 V) were placed above
the nose, and one electrode was placed below the nose as the ground. Figure 10 compares
deposition patterns of particles without and with electrostatic charges. For neutral particles,
most inhaled particles deposited in the anterior nose while a small amount of particles reached
the olfactory mucosa, which resembles the droplet deposition pattern visualized by Sar-Gel
images (Figure 5). By contrast, significantly improved olfactory dosing was measured for
charged particles under an external electric field (blue-dashed ellipse, Figure 10b). Meanwhile,
filtration by the nasal vestibule and valve region was perceivably lower.

Figure 10. Particle deposition patterns in the 3-D nasal cast (a) without electric guidance versus (b) with electric guid-
ance. Electric guidance of charged particles led to decreased deposition in the nasal valve region and noticeably en-
hanced deposition in the olfactory region.

3.4.2. Bi‐directional delivery

The distribution of particle deposition using the bi-directional method is shown in Figure 11.
High particle accumulations were observed in the upper nose of the right nasal passage,
indicating there is an effective electric field guidance of charged particles to the olfactory
region. It was also noted that particle deposition in the two passages was apparently different

Advanced Technology for Delivering Therapeutics102



To further improve drug delivery to the olfactory mucosa, particles are released into a small
point in the anterior nostril to minimize the filtration by the nasal valve and turbinate. With
appropriate electric field strength, a majority (92%) of administered particles were dispensed
to the olfactory region (red ellipse) that would have otherwise landed in the upper posterior
nose in the absence of an electric field (Figure 9b, right vs. left). A careful study of the deposition
distribution in the upper nose (green square, Figure 9b) shows that more aerosols are deposited
on the turbinate wall (outer side) than on the septum (inner side). To minimize deposition in
the turbinate, a lateral force is required to keep the aerosols from depositing onto the turbinate.

3.4. In vitro experiments of electric‐guided olfactory delivery

3.4.1. Normal inhalation delivery

Particle deposition of charge particles was assessed in the realistic nose replicas. In order to
generate a desirable electric field, two positive electrodes (25 and 100 V) were placed above
the nose, and one electrode was placed below the nose as the ground. Figure 10 compares
deposition patterns of particles without and with electrostatic charges. For neutral particles,
most inhaled particles deposited in the anterior nose while a small amount of particles reached
the olfactory mucosa, which resembles the droplet deposition pattern visualized by Sar-Gel
images (Figure 5). By contrast, significantly improved olfactory dosing was measured for
charged particles under an external electric field (blue-dashed ellipse, Figure 10b). Meanwhile,
filtration by the nasal vestibule and valve region was perceivably lower.

Figure 10. Particle deposition patterns in the 3-D nasal cast (a) without electric guidance versus (b) with electric guid-
ance. Electric guidance of charged particles led to decreased deposition in the nasal valve region and noticeably en-
hanced deposition in the olfactory region.

3.4.2. Bi‐directional delivery

The distribution of particle deposition using the bi-directional method is shown in Figure 11.
High particle accumulations were observed in the upper nose of the right nasal passage,
indicating there is an effective electric field guidance of charged particles to the olfactory
region. It was also noted that particle deposition in the two passages was apparently different

Advanced Technology for Delivering Therapeutics102

(right panel, Figure 11). In the right passage, particle deposition was more uniformly distrib-
uted, and a large portion of particles appeared to be pulled toward the electrodes. By contrast,
the majority of particles in the left passage deposited in the inferior nose while much fewer
particles reached the upper nose, presumably due to the gravitational effect.

Figure 11. Deposition pattern in the right nasal passage and nasopharynx with the bi-directional delivery method. Ap-
preciable deposition of particles was observed in the olfactory region. Because particles travel through the right and
left passages in sequence, more particles were observed in the right passage than in the left passage.

Figure 12. Comparison of the olfactory-to-nasal dosage ratio with and without electric guidance for the normal and bi-
directional delivery strategies. *p-value < 0.05.

Figure 12 shows the comparison of the olfactory-to-nasal dosage ratio between the cases with
and without the electric field guidance. The particle releasing time is 20 seconds, and the results
are presented as the mean ± SD from five trials. With electric field guidance, significantly
improved olfactory depositions were obtained for both delivery strategies, i.e., by a factor of
5 for the normal delivery and by a factor of 3 for the bi-directional delivery. The effect of the
delivery method was also examined in the absence of an electric field; the olfactory dose using
the bi-directional method was 2.8 times that under the normal method. However, with electric
field guidance, the bi-directional olfactory dose was only 1.6 times the normal dose.
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4. Discussion and conclusion

In this chapter, we presented a series of efforts in our lab aiming to improve the olfactory
targeting of neurological medications. Both numerical and experimental tests were conducted
to this aim by exploring various delivery strategies. Results of this study show that it is feasible
to achieve clinically relevant olfactory doses using electric guidance of charged particles. All
three protocols were demonstrated to give improved olfactory doses even though the im-
provement differs among the three. Compared to standard nasal devices, the point-release
methods (vestibular and deep intubations) delivered approximately two order of magnitude
higher doses to the olfactory region for both 150 nm and 1 μm particles. But even using the
optimal delivery protocol (deep intubation), the olfactory dosage (1%) is still not adequate
(∼1%) to be clinically practical for the purpose of direct nose-to-brain drug delivery. In contrast,
active control of drug particles using an externally applied electric field has been demonstrated
to deliver much higher doses to target than the case without an electric field. An olfactory
deposition fraction of 16% was measured with electric guidance under bi-directional breathing
conditions.

The ability to dispense medications to the olfactory epithelium has tremendous superiority
over convention inhalation devices in treating neurological diseases. A significantly enhanced
olfactory dosing remits or eases the prevailing problem of too low olfactory doses. Second,
reduced particle deposition in regions other than the olfactory region can minimize adverse
side effects in those regions. Third, charged particles under the control of an external electric
force will be are less dependent on respirations, making it suitable for seniors or subjects with
comprised breathing capacities [52, 53]. The feature of robust delivery with electric guidance
is especially appealing when the administration of medications requires long durations.

The electric delivery device is envisioned to have two major parts: a head-mounted nasal mask
and a particle charging system. The nasal mask holds the electrodes and fixes the electrode
relative to the patient head (Figure 13a). One example of the particle charging system is

Figure 13. Electric-guidance olfactory delivery diagram and conceptual device designs. (a) A delivery system consists
of two parts: a nose-mounted apparatus to generate desired electric field and a device to generate, charge, and point-
release particles. (b) The conceptual delivery device uses a jet nebulizer and has an upright position.
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illustrated in Figure 13b that contains a nebulizer, a charging ring, and a point-release nozzle.
A prototype of this conceptual design was built using an Object30 Pro 3D printer (Figure 13b).
An ideal design will generate small sized aerosols (<4 μm) at a slow speed and with high levels
of electrostatic charges. Our preliminary test of this device, however, failed to produce such
aerosols. Further testing and refinement are warranted to optimize the performance of this
device.

Limitations of in vitro tests in this study include large particle size (30 μm), high exiting
velocities of charge dry powders, large point-release area, and limited number of nasal models.
Dry powders of 30 μm were selected because of the limited availability of dry powders
satisfying both geometric and electrostatic requirements herein. Smaller aerosol particles are
more sensitive to the guidance of electric forces and thus will lead to better doses in the
olfactory region. A slow-moving particle will have longer residence time to respond to electric
controls and is more likely to reach the target. In this study, the point-release catheter has a
diameter of 4 mm and needs to be decreased to produce more site-specific doses. The nasal
airway model was reconstructed from MRI images of one subject only and could not account
intersubject variability. Future in vitro experiments and numerical simulations with more
realistic scenarios are necessary to optimize the performance of electric-guidance delivery
systems.

In conclusion, drug delivery of charged particles to the olfactory mucosa was assessed using
both experiments and computations. Specific findings are as follows:

1. Complex nasal structure and no active control of particle motion in the nose are the two
reasons lead to low doses in the olfactory region.

2. Conventional nasal devices, such as nasal drops, sprays, and nebulizers, fail to dispense
clinically significant doses to the olfactory region.

3. The concomitant use of particle point release and electric field guidance can significantly
enhance olfactory doses. With appropriate electric field and particle properties, a dose
enhancement of two orders of magnitudes was predicted in both idealized 2-D and MRI-
based 3-D nose models.

4. In vitro tests demonstrated a significantly higher olfactory dose using electric field
guidance. There was a 5.2-fold increase for the normal delivery strategy and a 3.0-fold
increase for the bi-directional strategy.

5. Future studies to refine the aerosol generation, charging, releasing, and guidance systems
are warranted to further enhance the olfactory delivery.
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Abstract

Transdermal drug delivery (TDD) is a painless method of low-dose drug delivery. The
advantages and disadvantages of transdermal drug delivery methods are named and
basic methods such as using chemical enhancers, iontophoresis and electrophoresis are
introduced. One of the promising methods make use of plasma which is generated in
atmospheric pressure mostly in volume or on surface dielectric barrier discharge (DBD)
or in plasma jet. As the plasma produces various particles according to the used gas,
UV  radiation  and  heat,  their  effects  on  skin  and  barrier  function  are  described.
Improvement of transdermal drug delivery of hydrophilic drug galantamine hydro-
bromide (GaHBr) using microplasma electrode is introduced.

Keywords: microplasma, plasma jet, plasma drug delivery, skin, stratum corneum

1. Introduction of atmospheric plasma for medical application

Medical applications of atmospheric plasma have been intensively studied [1]. These studies
have reported numerous applications, such as for sterilization [2, 3], decomposition of harmful
substances [4] and surface treatments [5–7]. In recent years, this area of research has been focused
on the practical utilization of atmospheric plasma in the medical filed, such as for blood
coagulation [8, 9], wound healing [10–12] and cancer treatment [13–15]. On the other hand,
dermatology is one area of medicine where atmospheric plasma applications are currently used
in practice [16], such as in a device to treat acne or wrinkles [17] and to treat stretch marks in
combination with ultrasonic waves [18, 19]. As explained above, various research and devel-
opment efforts have been conducted in the application of plasma medicine; however, we do not
yet know whether plasma irradiation can be used to treat various symptoms. Though, the basic
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mechanisms of cell response [13–15] and the bacterial sterilization process [2, 3] have been
studied intensively, effectiveness of plasma medicine in treating depression, which is a social
problem in contemporary countries such as Japan, and Alzheimer’s disease,  which is an
increasing problem in aging societies, has not still been investigated. The use of plasma medicine
to treat various other diseases, such as cerebral infarction and high blood pressure, also requires
additional investigation. Reactive oxygen species (ROSs) and reactive nitrogen species (RNSs)
could play important roles in the beneficial effects of plasma medicine. Mechanisms underlying
these effects could be quite complicated because of the physiological activation in the body by
ROS signalling [20]. Fundamental research to elucidate the cellular response is currently under
investigation. In contrast, reactive species generated in plasma or exposed liquid medium have
demonstrated efficacy for treating various cancers, but not for the previously mentioned mental
disorders, other associated symptoms or diseases such as diabetes, cerebral infarction and high
blood pressure [21]. Fortunately, mechanisms of depression and Alzheimer’s disease have been
revealed in detail. The inhibited production of neurotransmitters (serotonin, noradrenalin and
dopamine) causes depression, and Alzheimer’s disease occurs because of the deposition of a
peptide called amyloid-ß on the cerebral cortex. Research and development of effective drugs
for treating mental disorders are proceeding [22]. These drugs are administrated orally; however,
the effects of many of these drugs are delayed because of absorption in the small intestine.
Moreover, as is the case with oral administration, absorption of drugs in additional locations is
different for each person. Thus, administration by injection is used if a precise or high dose of
drugs is needed [23, 24]. Administration of poorly absorbed drugs is also the same. However,
frequent injections are not desirable in the view of a patient’s quality of life (QOL). We can point
out the following questions to guide the future of plasma medicine and develop it into a strong
tool for the treatment of various symptoms:

1. Is plasma medicine an effective method for treating various symptoms?

2. If not, what combination of drugs in addition to plasma irradiation will be required?

3. Can plasma irradiation be an effective method for drug administration?

As mentioned in many of the references, recent studies of plasma medicine are mostly focused
on direct or indirect actions of the active species. Hence, clinical cases, such as Alzheimer’s
disease, diabetes, cerebral infarction and high blood pressure, have not yet been investigated
to determine whether reactive species and plasma medicine could be an effective treatment.
Applying plasma medicine for treatment of various symptoms, we have been considering
plasma irradiation as a method to deliver appropriate drugs [25]. One instance of this use is
the enhancement of percutaneous absorption by atmospheric microplasma irradiation.
Percutaneous absorption is a drug administration method in which drugs are absorbed into
the skin or body. In this sense, this method is similar to an injection; however, there is no need
for a needle in plasma irradiation. Administering drugs in ways that do not require needles
could increase patient QOL and reduce the rate of infections. In addition, percutaneous
absorption has several advantages, such as preventing metabolism of the drug [24] and
stabilizing the concentration of drug in the blood [26]. However, it has disadvantages as well,
such as the limitation of the molecular weight of the drug [27] and the need for moderate
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solubility of the drug in lipids [28]. The stratum corneum layer inhibits drug penetration
because the skin acts as a barrier to guard our body from foreign substances.

2. Advantages and disadvantages of TDD

Transdermal drug delivery (TDD) is an alternative to oral and parenteral routes of adminis-
tration. It can offer some advantages over other methods of drug delivery [29, 30]:

1. Reduction of dosing frequency, due to longer duration of delivery.

2. Lower dosing of drugs.

3. Circumvention of first-pass inactivation by liver that can metabolize drugs.

4. Reduction of gastrointestinal irritation.

5. Lower probability of over or under dosing.

6. No pain.

7. No risk of infection by a contaminated needle or via wounds caused by a needle.

8. Suitable for patients with problems of swallowing.

Disadvantages of TTDS:

1. Only some drugs are permeable through the skin.

2. Limited to drugs with a daily dose 10 mg and less.

3. Slow drug delivery.

4. Possible skin irritation.

3. Stratum corneum structure

Stratum corneum, an upper layer of the skin, is a lipid-rich matrix with embedded corneocyte
cells, which are dead keratinocytes. Corneocytes are tied together by a protein called corneo-
desmosome (Figure 1). Renewal of stratum corneum occurs every 14 days [31]. This layer is
the first barrier for transdermal drug delivery. Lipid-rich matrix is used for transdermal drug
delivery (TDD)—intercellular pathway. The lipid-rich matrix is composed of hydrophilic
domain—head of ceramides and lipophilic domain—tails (Figure 1). The lipids in stratum
corneum include mostly ceramides (41%), cholesterol (27%), cholesteryl esters (10%) and fatty
acids (9%) with a small fraction of cholesterol sulphate (2%) [32]. The presence of ceramides
indicates that lipids will be structured [31].

The permeability of stratum corneum lipid membranes depends strongly on the ceramide
composition of these membranes. Molecular dynamics simulations show that ceramides with
shorter (four- to eight-carbon acyl chains) fatty acid chains increase skin permeability, whereas
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further shortening of the chain leads to increased resistance to penetration almost as good as
that of ceramides from healthy skin (24 carbons long on average) [33]. In order to enhance skin
permeability, mechanisms like alternation of lipids of stratum corneum and its fluidity or
creation of the disordering effect between alkyl chains of lipids of stratum corneum have been
proposed [34].

Figure 1. Stratum corneum layer with intercellular space [31].

4. Diagnostics of barrier properties of the skin—TEWL (transepidermal
water loss), TST (tape stripping test), ATR-FTIR (attenuated total
reflection-Fourier transform infrared spectroscopy)

There are wide varieties of methods available for analysing skin structure and other properties
including its barrier function, such as Raman spectroscopy [35], X-ray diffraction [36], electron
diffraction [37] and transmission electron microscopy [38]. Barrier properties of the stratum
corneum can be confirmed by the transepidermal water loss (TEWL) test, which indicates water
evaporation from the inner body through skin [21]. This test expresses the amount of water in
grams evaporated per square metre in 1 h. Stratum corneum is a barrier against water diffusion
and some other chemicals. The better the barrier function of the skin, the higher the water
content and the lower the TEWL value. The tape striping test was described for the first time
by Pinkus [39] in 1951. This method is based on removing of stratum corneum layers of the
skin. The amount of removed stratum corneum is not constant and it depends on many
parameters such as cohesion between cells, hydration or body sites [40]. This technique has
been used for evaluation of the barrier function of skin, i.e. for investigating the depth of
penetration of drugs [41], the influence of drug enhancers on stratum corneum [42], pH profiles
[43] and many others. The tape stripping test (TST) is a representative method for estimating
the barrier performance of skin and other properties of the stratum corneum [44]. When the
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Scotch tape is placed on skin and peeled off, stratum corneum layer is stuck to the surface of
the tape. Therefore, the barrier performance is decreased. Attenuated total reflection-Fourier
transform infrared spectroscopy (ATR-FTIR) is an effective method when a material which is
not well transmissive is measured, and the method can be used for liquid or solid samples.
The information tells us about several micrometres of surface; thus, it is also a useful method
for analysing skin [45, 46]. ATR-FTIR spectra can give us information about hydration of skin
[47], structure of proteins [48] and lipids [49] and about their changes during skin treatment
by chemical or other drug enhancers [50, 51]. There are several vibrational bands associated
with chemical functional groups. Vibrational bands at 2850 and 2920 cm−1 belong to CH2

symmetric and asymmetric stretching modes, respectively [52]. The absorbance of the
spectrum decreases as the thickness of the skin decreases and the wavenumber indicates a
change in chain conformation, especially a change in peak shape [49].

5. Introduction to chemical and physical transdermal drug delivery
methods

The stratum corneum provides a barrier to any chemical entering the body and only small
molecules having a molecular weight of less than 500 Da (Daltons) can passively diffuse
through the skin at rates resulting in therapeutic effects. There are several methods for
overcoming this barrier such as using chemical enhancers or physical ways using electric
current or plasma discharge.

5.1. Chemical enhancers in transdermal drug delivery

Chemical enhancers are substances that change properties of skin for better penetration of
drugs. The most well-known chemical enhancers are alcohols, fatty acids, terpenes and
azone. An increase in permeability is very often caused by fluidising the lipids in stratum
corneum. However, it is not valid for high concentration of short chain alcohols (like etha-
nol), where there was observed only a decrease of the absorbance of CH2 stretching bands
and no shift of their position; thus, there is only the extraction of lipids [53]. Many enhanc-
ers have long hydrocarbon chains, and it was found out that for fatty acids and fatty alco-
hols, enhancement is related to the length of the hydrophobic group chain [32]. Enhancer
can interact with polar head or with hydrophobic tails of lipid bilayer or with proteins. Wa-
ter increases fluidity of stratum corneum by insertion of water molecules between polar
head groups. Dimethylsulfoxide (DMSO) interacts with intercellular lipids and keratin.
Azone disrupts lipid structure, and oleic acid increases fluidity of intercellular lipids. The
most effective enhancers are those which interact with lipids and also with proteins of stra-
tum corneum [54]. Combinations of chemical enhancers have been used to maximize the
effect of the permeability of drugs, and chemical enhancers are also combined with physical
enhancing methods such as iontophoresis [55].
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5.2. Iontophoresis in transdermal drug delivery

Iontophoresis (Figure 2) is a class of noninvasive methods to increase penetrations of ions
through the skin by applying electric current using low voltages of up to 10 V (Figure 2).

Figure 2. Application of iontophoresis to skin.

Various waveforms of applied current have been investigated [56], and it has been shown that
various waveforms have various effectivities for skin permeability [57]. Iontophoresis enhan-
ces transdermal drug delivery by three mechanisms:

1. Ion-electric field interaction causing moving of drug (ions) away from the electrode
through the skin.

2. Flow of electric current increases skin permeability.

3. Electro-osmosis caused by solvent flow from the anode to cathode because of negatively
charged skin due to amino acids in cell membranes.

Iontophoresis is used for ionisable drugs, and it is most effective for molecules with weight of
up to 7 kDa [58] or 10–15 kDa according to Kalluri and Banga [59]. The disadvantages of
iontophoresis are: difficulties with stabilizing the therapeutic agent in the application vehicle,
complexity of the drug release system and prolonged skin exposure to an electric current [60].
The main changes on skin after iontophoresis are an increase of the hydration of stratum
corneum and a decrease of electrical resistance of the skin [61]. Analysis of asymmetric CH2

peak, in ATR-FTIR spectra, did not show lipid alkyl chain disorders characterised by band
shift or band broadening even at high current densities in some previous works [61–64]. On
the other hand, in the recent work of Prasad et al. [65], they observed a shift of asymmetric
CH2 band with increasing of current density that achieved 8 cm−1 at 0.2 mA/cm2. Also decreas-
ing of lipid and protein bands intensity indicates lipid and protein extraction. The spectra also
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demonstrated a split in amide II band into 1553 and 1541 cm−1. The split could be due to the
disruption in hydrogen bonding associated with the head of ceramides, breaking interlamellar
hydrogen bonding of the lipid bilayer and disrupting the barrier property of stratum corneum,
resulting in loosening of lipid-protein domains, thus allowing higher flux as compared to the
passive treatment [65]. Reversibility studies were conducted in vivo after 24 and 48 h of the
application of iontophoresis. It was observed that the recovery process had started in 24 h and
almost total recovery of epidermal as well as dermal changes was found in 48 h with low
current density DC iontophoresis. However, with iontophoresis using 0.5 mA/cm2 current
density, edema along with focal disruption of the epidermis persisted [65].

5.3. Electroporation in transdermal drug delivery

Unlike iontophoresis, electroporation (Figure 3) uses high voltage (HV) (over 100 V) pulses
for short time (in range of microseconds to milliseconds). Cells exposed to an electrical pulse
open pores in the cell membrane and allow macromolecules to enter. It was confirmed that
delivery of drugs of at least 40 kDa can be achieved [66]. The disadvantages of electroporation
are as follows: (1) if the pulses have not adequate length and intensity, pores can be too large
or cause cell damage, non-specific amount of material can be released to the cell [67]. (2) The
created pores can persist for several hours, which allow a higher amount of drug to be
delivered [30].

Figure 3. Application of electroporation application.
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6. Plasma sources used for skin treatment

Several kinds of plasma sources were used for investigation of transdermal drug delivery so
far, such as volume dielectric barrier discharge (DBD), surface DBD and plasma jet.

6.1. Volume DBD

Volume DBD (Figure 4) with one isolated electrode has been used in the study of Kalghatgi
et al. [68]. Plasma can be with direct contact with a treated object (placed between electrodes)
but with increasing distance of electrodes, ignition voltage also increases, too. This means that
very high voltages need to be used in real applications. Kalghatgi et al. used pulsed discharge
with a pulse duration of 1–10 μs. They applied 10 kV in the frequency range of 50–3.5 kHz to
HV electrode isolated by quartz glass. The skin was treated from 15 to 120 s.

Figure 4. Volume dielectric barrier discharge.

6.2. Surface DBD

Another version of DBD is surface DBD used in Shimizu et al. [23, 69]. Both electrodes were
in contact with isolator layer. Each electrode had a thickness in micrometre dimensions. These
low dimensions allowed the decrease of ignition voltage to hundreds of volts. During treat-
ment of skin, electrodes were powered by 600 V with an AC frequency of 27 kHz. Electrodes
are created by two copper grids each with a thickness of 18 μm with insulation layer between
them with thickness of 100 μm. The high-voltage electrode was covered with an insulation
layer and the grounded electrode faced the skin samples at a distance of approximately 1.5
mm (Figure 5). Thus, there was no risk of electric shock to users, even when touching the
surface of the film electrode. The waveform of the applied voltage and corresponding dis-
charge current are shown in Figure 5. Holes between electrode lines allowed gas to pass
towards the sample (Figures 5 and 6). Argon gas was supplied to the microplasma electrode
systems with a flow rate of 5 L/min through the tube that was connected to the electrode. The
exposure time was usually between 1 and 5 min (Figure 7).
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Figure 5. Top view of microplasma electrode, before discharge (left), discharge with Ar gas – 600 V (right) [69].

Figure 6. Cross section of microplasma electrode (left); waveforms of microplasma discharge (right) [69].

Figure 7. Experimental set-up with microplasma electrode [23].
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6.3. Plasma jet

Plasma jets consist usually from a gas nozzle with one, two or three electrodes [70, 71]. The
plasma jet can be realised by two ways—active plasma jets (expanding plasma contains free
and high energetic electrons) and remote plasma jets (plasma is potential free and consists
of relaxing and recombining active species from inside the nozzle) [70]. The plasma jet in
Figure 8 consists of a Pyrex tube and a central tungsten high voltage (HV) electrode. The
grounded electrode is an aluminium ring located at the end of the outer surface of the Pyrex
tube. The distance between the skin sample and the outlet of the plasma jet was set to 2 mm.
The sample was isolated from the holder by a 30-mm thick PVC isolator or without isolator
to compare the effect of the conductive layer under the skin surface as the human body is
not isolator. The treatment time of the sample was set from several seconds to 1 min. Argon,
nitrogen or argon-water vapour gases were introduced into the plasma jet. The waveform of
the voltage and current of argon plasma jet is depicted in Figure 8 [72].

Figure 8. Waveform of plasma jet discharge (left) [72] and plasma jet electrode (right).

7. Plasma effects on skin barrier and transdermal drug delivery

7.1. Chemical reactions plasma particles with the skin

If argon plasma is used for skin treatment, the plasma produces electrons, argon ions, meta-
stable and excited states. These particles can react with the skin directly. But, if argon or
nitrogen plasma is working in atmospheric air, it makes the situation more complex because
molecules of air (O2, N2, CO2 and H2O) can enter the volume of the plasma jet [73, 74]. In this
case, argon can react with skin also indirectly through the excitation or dissociation or
ionization process with air molecules. The reaction results in the creation of a number of
species. It is difficult to find the molecule causing changes in skin. Pig skins treated by argon,
nitrogen and argon/water plasma were compared by measuring ATR-FTIR spectra and
monitoring of the shift of asymmetric stretching CH2 band near 2920 cm−1. A comparison of
argon and nitrogen plasma jets has shown that argon can play a role in reactions with molecules
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of stratum corneum, but a similar effect can be achieved by nitrogen plasma itself as similar
shift can be observed. A significantly higher value of shift was observed when argon with water
vapours was used. The asymmetric stretching band was shifted 3.5 cm−1 (Figure 9). This result
indicates that the stratum corneum became the most permeable after treatment of Ar plasma
with water vapours. On the other hand, we observed low wavenumber shifts of the maxima
of amide I and amide II (Figure 9).

Figure 9. Shift of asymmetric stretching band of CH2 to higher wavenumbers for the gases used in plasma jet dis-
charge. Flow 10 L/min = (Ar*; N2), 3 L/min = (Ar; Ar+H2O).

Pig skin treated by argon microplasma shows shift of asymmetric stretching CH2 band near
2920 cm−1 after 1, 3 and 5 min of irradiation comparable with the plasma jet (Figure 10).

Figure 10. Shift of asymmetric stretching band of CH2 to higher wavenumbers for Ar gas after microplasma irradiation
[69].
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When argon flew through the water reservoir, the argon ensured a higher concentration of
water vapours in the discharge. The high shift of the asymmetric stretching band of CH2

indicates that H2O and the created OH molecules can play important roles in increasing the
shift of the asymmetric stretching band of CH2 in stratum corneum. OH could be created
mainly by two channels [75]:

2mAr H O OH H Ar+ ® + + (1)

2H O e OH H e+ ® + + (2)

Simulation of the interaction of O and OH radicals with α-linolenic acid as a representative
of fatty acid [76] showed that OH radicals most typically abstract an H atom from the fatty
acids, which can lead to the creation of a double bond and also to the incorporation of alco-
hols or aldehyde groups, increasing hydrophilic properties of fatty acids and changing the
lipid composition of the skin, causing an increase of skin permeability. Creation of these
groups increases the hydrophilic character of the lipid layer. Incorporation of oxygen to stra-
tum corneum lipids was also confirmed by increasing of C–O and C=O bonds after treat-
ment of skin layer by atmospheric plasma [77]. Also, micropores (10 nm–1 μm in size) were
observed in an artificial cell membrane system consisting of supported lipid bilayers after
DBD plasma irradiation [78]. Later, it was found out that these micropores are induced tran-
sient species such as OH and OOH formed by plasma and they caused lipid peroxidation
leading to truncated lipid chains, which induced pore formation [79]. These temporal pores
were observed in skin after DBD plasma treatment and it was allowed to penetrate large
molecules through the skin in several minutes. These pores had lifetimes of less than 5 min
after treatment [68].

7.2. Effect of heating on skin barrier

Heating of the skin can increase permeability of stratum corneum [80]. Reasons of improving
of transdermal delivery through the skin by increasing temperature are structural changes of
stratum corneum lipids. Plasma can raise skin temperature from 30°C to more than 100°C
which depends on the irradiated time, power of plasma source or used gas. Structural changes
of stratum corneum lipids occur between 20 and 40°C, from orthorhombic to hexagonal
ordered lipids. These changes can be indicated by CH2 symmetric stretching frequency with
an increase of 0.5 cm−1 in ATR-FTIR spectra or it is possible to observe by CH2 scissoring mode
where transition is revealed by splitting of the scissoring modes to produce a doublet with
components at 1473 and 1463 cm−1. Ordered lipid chains change to disordered chains at around
80–90°C. But some scientific groups identified more transitions in lipid structure [52]. For
example, four phase transitions in temperature ranges 35–42°C, 65–75°C, 78–86°C and 90–
115°C, respectively. Transitions below 75°C are reversible [81]. Between 35°C and 42°C two
transitions can occur belonging to solid fluid transition and disruption of lipids covalently
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linked to corneocites at 37 and at 40°C to ‘orthorhombic to hexagonal’ change in structure. But
too high a temperature can cause damage to the skin. Thermal conditions that cause burns of
the skin are functions of the time and method of how the skin is exposed to the heat. Longer
exposure of skin to a temperature higher than 43°C can lead to the formation of blisters [82].
It was found out that fast heating of skin can increase skin permeability without damaging
deeper tissues. Investigation of high temperatures of up to 315°C applied to skin for 100 ms,
1 s and 5 s showed small variations between drug deliveries of calcein [82]. Exposure for 1 s
or 5 s should be sufficient to equalize temperature in the full thickness of skin, but the 100 ms
exposure should have influence only on stratum corneum. Between 100 and 150°C, permea-
bility of skin was increased a few fold. This increase was attributed to lipid melting in the
stratum corneum. In the range of 150–250°C, transdermal flux increased by two orders,
attributable to disruption of stratum corneum keratin network structure. Above 300°C,
transdermal flux increased by three orders, attributable to decomposition and vaporization of
the stratum corneum [83].

7.3. Effect of UV radiation on skin barrier

The wavelength range of 100–400 nm is called UV light and is usually divided into three ranges:
UVA (320–400 nm), UVB (280–320 nm) and UVC (100–280 nm). UV light can cause damage to
skin. It is well-known that atmospheric plasma can generate wide range of UV light dependent
on the used gas [84, 85]. UVC radiation can reach only stratum corneum and it consists of
emission of excited NO molecule (200–280 nm—NO-gama system) or nitrogen molecule (120–
200 nm—LBH system) in plasma discharges. The source of UVB radiation is emission of OH
and nitrogen (second positive system of nitrogen). UVA is composed mostly of second positive
system of nitrogen. UVA and UVB can reach deeper layers of skin like epidermis and UVA
also dermis. UV radiation can cause formation of hydroxides and epoxides, hydrogenation of
double bonds and breaking of carbon chains. The effect of UV on lipids depends on their
structure, and only double bonds of fatty acids are sensitive to the formation of oxygenated
molecules by oxygen in the air. These changes can be amplified or weakened by the surround-
ing atmosphere around the treated skin. When lipids of stratum corneum like cholesterol,
cholesterol sulphate, ceramide III, linolenic acid and dipalmitoylphosphatidylcholine were
irradiated by UV light up to 240 min, peroxidative changes occurred only in lipids with double
bonds such as cholesterol and linolenic acid [86]. But the changes are not permanent and the
order of stratum corneum lipids and water-loss protection can recover after 3 days and it
returns to its initial state, thanks to repair processes in the skin [87]. Reactive oxygen species
like superoxide anion radicals, singlet oxygen, hydrogen peroxide and hydroxyl radical can
be created by UV light. For example, superoxide anion radicals are precursors to other oxygen
reactive species, and it was found that there exists a correlation between the superoxide anion
radical’s concentration and degree of oxidation of lipids [88]. UV light is also used for treatment
of some skin diseases but delivered doses have to be controlled and maintained in safety level
to not penetrate to deeper layers of skin [89].
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7.4. Acidifying effect of plasma on skin

Acidifying effect was observed after applying plasma to stripped lipids from stratum corneum.
A higher decrease of pH was observed in discharges, which produced a higher amount of
NOx species. The same effect was observed on human skin, but after 30 min after plasma
treatment, the pH of skin return to initial value [90]. The decrease of pH depends on parameters
of the plasma discharge and the treatment time. Previous work has attributed the pH shift of
water on plasma-treated lipids to the interaction of reactive species with the surface. Nitrates
formed in water droplets could form nitric acid. NOx species could adhere on lipid surface or
deposited nitric acid on the film surfaces by gaseous HNO3 [91]. The recovery of pH in the
post-plasma phase was attributed to the decrease of acidifying agents on the substrate surfaces
by both diffusion and desorption processes.

7.5. Skin etching and skin damage by plasma

The etching effect of plasma is demonstrated in Figure 11 by a cross section of the skin. The
stratum corneum layer (the white part in (a) control sample) was removed after 20 tape
stripping cycles, as shown in (b). After 30 s of atmospheric plasma jet irradiation, most of the
stratum corneum layer was removed, as shown in (c). In the microplasma case, even after 5
min irradiation (d), the stratum corneum layer remained similar to the control sample, as
shown in (a) [23]. Little difference in physical appearance was observed between the control
pig skin sample and after microplasma irradiation. For the tape stripping test, surface asperity
was decreased and after 10 s of atmospheric plasma jet irradiation, small pores (ranging from
40 to 100 μm) were observed. Physical damages on skin could be considered to arise from the
electric field or an etching effect from bombardment with charged particles [92].

Surface potential can lead to a strong electric field across the skin and finally penetrate the skin
to form holes. Holes were confirmed after longer operation (3–5 min) of atmospheric plasma
irradiation. Pores and holes are shown in Figure 12 after 10 and 30 s of operation of the plasma
jet.

This physical damage could affect the barrier function of skin samples. When the effect of
plasma jet was tested on PEN film, after 10 s of plasma jet irradiation, the surface potential
increased to about 10% of the driven voltage. After long-term operation, it reached almost the
same value as the driven voltage [23]. A similar problem could happen in electroporation but
it uses very short operation times in the range of microseconds or milliseconds. High surface
potential can induce current flow through the skin and it will increase the skin temperature
and might affect cells of skin and cause thermal damage of skin [93]. On the contrary, the surface
potential remained low in the microplasma case. The thickness of stratum corneum after 30 s
of treatment of plasma jet is equivalent to 20 times of striping by tape. This is also confirmed
by TEWL (Figure 13), which also shows the same values. On the other hand, TEWL after 5 min
of microplasma irradiation of the pig skin sample, TEWL increased to almost double its original
value, suggesting that the barrier properties were decreased through atmospheric microplas-
ma irradiation but it is less effective than plasma jet [23].
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Figure 11. Cross section of pig skin after atmospheric plasma irradiation, and tape stripping test. (a) Control sample,
stratum corneum thickness: 18.09 ± 1.64 μm; (b) tape stripping test — 20 times, stratum corneum thickness: 5.99 ± 1.24;
(c) plasma jet — 30 s, stratum corneum thickness: 3.49 ± 0.61; (d) microplasma — 5 min, stratum corneum thickness:
13.40 ± 1.46 [72].

Figure 12. Left: 10 s of treatment by plasma jet; Right: 30 s of treatment by plasma jet [72].
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Figure 13. Variations of TEWL values before and after microplasma irradiation, tape striping test and plasma jet irradi-
ation [72].

8. Improvement of galantamine hydrobromide (GaHBr) permeation by
plasma irradiation

Galantamine hydrobromide (GaHBr) (Figure 14) is an alkaloid, isolated from plant species
such as Narcissus and Lycoris species [93]. Treatment of Alzheimer’s disease occurs by
inhibition of acetylcholinesterase enzyme. The chemical structure of galantamine hydrobro-
mide is shown in Figure 14.

Figure 14. Chemical structure of galantamine hydrobromide.
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As GaHBr is a hydrophilic molecule with a low molecular weight (368 Da), usually transdermal
patches with chemical enhancers are used for transdermal delivery [94]. Using microplasma
for the first time for enhancement of transdermal delivery of GaHBr, a slight improvement was
observed with comparison of passive diffusion (Figure 15). Pig skin was irradiated for 3 min
and then a water solution with GaHBr was applied on the skin. The permeation profiles of
GaHBr through the pig skin delivered 5.35 ± 2.34 and 11.53 ± 2.89 μg/cm2 for the control and
the plasma-irradiated sample 24 h post-experiment, respectively [69]. These results lead to the
expectation that microplasma discharge can be used to enhance the skin delivery of hydro-
philic drugs and larger molecular drugs in the future.

Figure 15. Amount of penetrated GaHBr—passive diffusion and after microplasma irradiation (red circles) [69].

9. Outlook of plasma drug delivery

Plasma as a source of UV light, heat, ions, reactive radicals and metastable states could be a
successful tool for transdermal drug delivery. Each of these parameters can be used for
improvement of skin permeability. Stratum corneum can be altered by chemical reaction of
reactive oxygen species or by UV causing peroxidation of intercellular lipids. Undesirable
heating effects can be tuned by the length of the plasma pulse and then a change of the
conformation of lipids can be achieved also by increasing gas temperature in plasma. Im-
provement of permeability of skin by plasma was proved by ATR-FTIR and TEWL methods.
A plasma jet is effective in etching of stratum corneum but can cause damage to skin because
of the presence of a high electric field. We believe that plasma jet could be considered as a
trade-off relationship, i.e. accompanied by physical damage or pain on the skin, similar to
needles and creation of pores can cause risk of infection. On the other hand, microplasma seems
to be more suitable for future drug delivery because it caused lower damage of skin. Trans-
dermal drug delivery of galantamine hydrobromide by microplasma showed slight improve-
ment in comparison with passive diffusion but further investigation is needed for drug testing
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or improvement in plasma properties in the future. We suggest that the use of a transdermal
drug delivery with plasma irradiation is feasible, and thus, could be combined with appro-
priate drugs to target various symptoms such as Alzheimer’s disease, diabetes and other
symptoms that cannot be cured by applying plasma irradiation alone. This novel method will
reveal new directions for the future of plasma medicine. Our aim is to combine a safe trans-
dermal drug delivery method with a transdermal agent such as a peptide vaccine without
requiring an injection needle and causing physical damage to the skin. Safety of patients,
without causing harmful damage or physical damage to the skin, is critical for enabling this
novel technology.
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Abstract

Nowadays, biopolymers, a class of biomaterials, represent frontier area in the drug deliv-
ery systems. Drug release from nano- and microparticles is a complex process, which 
involves several steps. Uptake of nanoparticle in the intracellular is affected by numerous 
factors. Recently, gene delivery has been considered one of the promising approaches 
for the treatment of various diseases acquired genetically in human being. The use of 
biopolymers as nanoparticles in gene delivery can potentially avoid many of the safety 
concerns in the gene delivery system. In gene delivery, the genetic materials such as DNA 
plasmids, RNA and siRNA are either encapsulated inside or conjugated to the nanopar-
ticles, which protects the genetic materials until the drug reaches its target site. Treatment 
of the diseases is based on the effective delivery of the genetic materials into specific cells 
that are responsible for disease development. Various properties such as particle size, 
surface charge, morphology of the surface and release rate of the loaded molecules are 
the important parameters in the gene delivery system. In this chapter, various biopoly-
mers (cationic polymers) and inorganic non-viral-delivery vectors used in gene delivery 
used as therapeutic agents are discussed.

Keywords: gene delivery, polymers, biopolymers, delivery system, therapeutic effect

1. Introduction

Polymers are the materials that are either prepared/produced synthetically or isolated from 
natural sources. Polymers can respond based on their environmental conditions such as pH, 
temperature, ionic strength, electric field, magnetic field, chemical and biological stimuli to 
deliver the desired therapeutic agents. Recently, biopolymer is a biomaterial used in various 
delivery systems to interact with the biological system and release the therapeutic agent. 
These biopolymers are utilized in the various applications due to their biocompatibility, bio-
degradability and low immunogenicity. Among the various biopolymers, synthetic polymers 
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have well-defined structure and fine-tunable degradation kinetic and mechanical properties 
compared to the natural polymers. Recently, biodegradable nanoparticles have a major role 
in the field of health sciences especially for treating various diseases through drugs, vaccines 
and genes [1–7]. Nanoparticle in gene-delivery system has been utilized for treating various 
diseases such as cancer and haemophilia. The major challenge in the gene delivery is deliv-
ering the genetic materials such as DNA, plasmids, RNA and siRNA into the target/special 
cells to replace the damaged genes or expression inhibition of undesired genes or expression 
and production of required proteins. In gene delivery, the genetic material is either encap-
sulated inside the nanoparticle or conjugated to the nanoparticle. The nature, source and 
their physico-chemical properties of the polymers play an important role in the formation of 
desired properties of nanoparticles and to achieve a better therapeutic effect [8–12].

2. Polymeric gene delivery vector

The important property in polymeric vector is that the polymer should be non-toxic (biocom-
patible), biodegradable (hence have less toxicity) and also help to release the DNA from the 
complex into the cytoplasm. In polymeric vector, the polymer must be condensate with the 
genetic material. Condensate between the cationic polymer and genetic materials can be done 
through electrostatic interactions. By modifying the surface of NP, NP-DNA complexes can 
be formed by electrostatic binding between the positive charges of the NPs and the negative 
charges of the DNA. Only when the medium is aqueous and hydrophilic, the polymeric vec-
tor will be mobile, because the vector needs hydrophobic and hydrophilic components and be 
stabilized in an aqueous solution by forming micelles [13].

2.1. Polymer properties in polymeric gene delivery

Polymers have permanent cationic charges on its surface and are not preferred due to its 
strong condensate property with DNA, which will not release DNA into the cell. Hence, ion-
izable cationic polymers with pK values between 5 and 7 are preferred in the polymeric vector 
delivery which is shown in Figure 1.

Other important factors to be considered for the polymer in the polymeric gene-delivery vec-
tor are its molecular weight, molecular structure and composition of the polymer. Increase 
in the polymer’s molecular weight also increases its toxicity. Polymers of different molecu-
lar structures such as linear, branched, stars and dendrimers have an impact on the transfer 
genes into cells [14–18].

2.2. Preparation of polymeric gene vector

Polymeric vectors are prepared by mixing plasmid DNA with a cationic polymer. During 
condensation between plasmid DNA and polycation, plasmid DNA undergoes a confor-
mational change from a hydrodynamic size of 200–300 nm to particles of less than 100 nm. 
Plasmid DNA has a highly organized chemical structure [19–22]. A condensation between 
plasmid DNA and polycation is shown in Figure 2.
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The order of mixing and vortex speed of mixing plays an important role in the size of the 
DNA nanoparticles. DNA can be condensate, either by evaporation under vacuum or by 
freeze drying. The freeze/thaw cycle can influence the particle size of DNA nanoparticles.

The charge ratio of DNA nanoparticles is the calculated ratio of amines on the polymer rela-
tive to the phosphates on DNA at a given stoichiometry of polymer to DNA. When a cationic 

Figure 1. Gene delivery process of polymeric nanoparticle.

Figure 2. Condensation between plasmid DNA and polycation.
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polymer binds to plasmid DNA, sodium ions are displaced and the electronegative charge is 
partially satisfied. DNA condensates are normally prepared at near-neutral pH in low ionic 
strength buffer [23, 24].

3. Dendrimers

Dendrimer is a monodisperse macromolecule with perfectly branched regular structure and 
having at least one branched junction at each repeat unit 3. These dendrimers are used in 
gene delivery. The dendrimer/DNA complexes are encapsulated in a water-soluble polymer, 
and then deposited on or sandwiched in functional polymer films with a fast degradation by 
dehydration to mediate gene transfection.

Biodegradable dendrimers are commonly prepared by inclusion of ester groups in the 
polymer backbone, which will be chemically hydrolysed and/or enzymatically cleaved by 
esterases in physiological solutions. These dendrimers are large molecular weights which 
accumulate and retain in higher amounts in the tumour tissues. Dendrimer fragments are 
eliminated safely through urine.

Dendrimers are prepared through either a divergent method or a convergent method.

In the divergent methods, as given in Figure 3, dendrimer grows from a multifunctional core 
molecule to outwards. The first-generation dendrimers are derived from the core molecule 
that reacts with monomer molecules containing one reactive and two dormant groups. This 
periphery molecule is then activated to react with more monomers. This step is subsequently 
repetitive to produce layer-by-layer dendrimers for several generations.

In the` convergent approach, stepwise dendrimer is constructed, starting from the end groups 
and progressing inwards. The growing branched polymeric arms are called dendrons, which 
can attach to a multifunctional core molecule (Figure 4).

Figure 3. Formation of dendrimer by divergent methods.
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Whereas the structure Y in dendrimer is chemically active focal point and Z is the functional 
chemical group of another monomer.

3.1. Other types of dendrimers

3.1.1. Amino acid-based dendrimers

Amino acid-based dendrimers were developed to capitalize on the unique properties of the 
amino acid-building blocks, including chirality, hydrophilicity/hydrophobicity, biorecogni-
tion and optical properties. Optically active protein-mimetic dendrimers have been synthe-
sized using various amino acids, such as tryptophan, phenylalanine, glutamic acid, aspartic 
acid, leucine, valine, glycine and alanine.

Amino acid-based dendrimers can be synthesized by

1. amino acid or peptide grafting and display on the surface of a conventional dendrimer

2. attachment of amino acids or peptides to an organic or a peptide core.

3.1.2. Glycodendrimers

Carbohydrate interactions with different receptors displayed at the cell surface control a num-
ber of normal (e.g., lymphocyte activation and cell-cell adhesion) and abnormal (e.g., cell-
pathogen adhesion and cancer cell metastasis) biological processes. Glycodendrimers have 
been synthesized by coupling isothiocyanate-functionalized glycosyl and mannopyranoside 
ligands as well as an N-hydroxysuccinimide (NHS)-activated galactopyranosyl derivative to 
amine-terminated dendrimers.

3.1.3. Hydrophobic dendrimers

Dendrimers with hydrophobic interiors and a hydrophilic surface are called hydrophobic 
dendrimers. Hydrophobic dendrimer gives better encapsulation and efficient solubilization of 
hydrophobic drug molecules. Specifically, dendrimers with hydrophobic cores were proved 

Figure 4. Formation of dendrimer by convergent method.
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to effectively retain hydrophobic drug molecules in the voids of their branching architecture, 
mimicking amphiphilic polymer micelles.

3.1.4. Asymmetric dendrimers

Asymmetric dendrimers are synthesized by coupling dendrons of different genera-
tions to a linear core, which yields a branched dendrimer with a nonuniform orthogonal 
architecture.

There are two different types of dendrimeric copolymers:

1. Segment-block dendrimers—segmented with segments of different constitution.

2. Layer-block dendrimers—concentric spheres of differing chemistry [25–42].

4. Cationic polymers

DNA, when combined with sufficient amounts of cationic polymers, will condense into dis-
crete entities which are called as polyplexes [43]. The polyplexes are compact nanoparticles 
formed through electrostatic interactions between the positive charges of amines and the neg-
ative charges of DNA phosphates. The strength of DNA binding to the polymers is related to 
the N:P ratio.

The most common cationic polymers used as nonviral gene-delivery vectors include chitosan, 
PLL, polyethylenimine (PEI), poly(amido amine) (PAMAM) dendrimers and select polypep-
tides [24, 44, 45].

4.1. Chitosan

Chitosan is a polysaccharide copolymer composed of randomly distributed β-(1-4)-linked 
d-glucosamines and N-acetyl-d-glucosamines, obtained by partial alkaline deacety-
lation of chitin [46], with different molecular weights (50–200 kDa), degrees of deacety-
lation (40–98%) and viscosities [47]. Chitosan is a natural polymer, Figure 5, with linear 
polyamine, having reactive amino and hydroxyl groups, biodegradable to normal body 
constituent, safe and non-toxic, and binds to mammalian and microbial cells. The main 
commercial sources of chitosan are the crustacean shell wastes of crabs, shrimps and 

Figure 5. Structure of chitosan.
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lobsters [48]. Chitosan is soluble in aqueous solutions of some acids and some selective 
N-alkylidination. Its solubility, biodegradability, reactivity and adsorptivity of many sub-
strates depend on the amount of protonation of the –NH2 function on the C-2 position of 
the D-glucosamine unit, whereby the polysaccharide is converted to a polyelectrolyte in 
acidic media. Chitosan is considered one of the most valuable polymers for biomedical and 
pharmaceutical applications due to its biodegradability, biocompatibility, antimicrobial, 
non-toxicity and anti-tumour properties.

Chitosan effectively condenses DNA and protects it from nuclease degradation. Various con-
jugates such as thiolation, glycolation and folate chitosan are available. Chitosan is biode-
gradable, biocompatible, low immunogenicity and non-toxic at low molecular weights (10–50 
kDa). It has been suggested that the toxicity of chitosan is perhaps due to impurities in the 
chitosan polymers [49–60].

4.2. Poly-L-lysine

Poly-L-lysine (ε-poly-L-lysine), as given in Figure 6, is a small natural homopolymer of the 
essential amino acid L-lysine that is produced by bacterial fermentation. Poly-L-lysine is a 
positively charged amino acid polymer with approximately one HBr per lysine residue. The 
hydrobromide allows the poly-L-lysine to be in a crystalline form soluble in water. Adhesion 

Figure 6. Structure of poly-L-lysine.
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into the cell wall is based on the interaction between the negatively charged ions of the cell 
membrane and positive charge of poly-L-lysine. Simple electrostatic mixing of DNA and poly-
L-lysine produces DNA particles with various structures. The mode of binding between the 
poly-L-lysine and DNA is cooperative and non-cooperative binding. Condensation between 
the DNA with the PLA depends upon the PLL chain length. Increase in the length of the PLL 
chain increases the condensation [61–68].

4.3. Polyethylenimine

Polyethylenimine (PEI), as given in Figures 8 and 9, is water-soluble, linear or branched 
polymers composed of the amine group and two carbon aliphatic CH2CH2 spacer. It is a 
weakly basic aliphatic polymer and polycationic one due to primary, secondary and tertiary 
amino groups. PEIs are available in different molecular masses and forms. Various forms 
of PEIs are shown in Figure 7–9. Linear polyethylenimines contain all secondary amines, 
whereas branched PEIs contain primary, secondary and tertiary amino groups. Due to their 
high cationic charge density at physiological pH, PEIs are able to form non-covalent com-
plexes with DNA, siRNA and antisense oligodeoxynucleotide, and then brought into the 
cell via endocytosis. Once inside the cell, protonation of the amines results in an influx of 
counter-ions and a lowering of the osmotic potential, leading to bursts in the vesicle releas-
ing the polymer-DNA complex (polyplex) into the cytoplasm. If the polyplex unpacks, then 
the DNA is free to diffuse to the nucleus; however, the long PEI chains have higher effi-
ciency in gene transfection, and are more cytotoxic [69–93].

Figure 8. Structure of branched PEI.

Figure 7. Structure of linear PEI.

Advanced Technology for Delivering Therapeutics144



into the cell wall is based on the interaction between the negatively charged ions of the cell 
membrane and positive charge of poly-L-lysine. Simple electrostatic mixing of DNA and poly-
L-lysine produces DNA particles with various structures. The mode of binding between the 
poly-L-lysine and DNA is cooperative and non-cooperative binding. Condensation between 
the DNA with the PLA depends upon the PLL chain length. Increase in the length of the PLL 
chain increases the condensation [61–68].

4.3. Polyethylenimine

Polyethylenimine (PEI), as given in Figures 8 and 9, is water-soluble, linear or branched 
polymers composed of the amine group and two carbon aliphatic CH2CH2 spacer. It is a 
weakly basic aliphatic polymer and polycationic one due to primary, secondary and tertiary 
amino groups. PEIs are available in different molecular masses and forms. Various forms 
of PEIs are shown in Figure 7–9. Linear polyethylenimines contain all secondary amines, 
whereas branched PEIs contain primary, secondary and tertiary amino groups. Due to their 
high cationic charge density at physiological pH, PEIs are able to form non-covalent com-
plexes with DNA, siRNA and antisense oligodeoxynucleotide, and then brought into the 
cell via endocytosis. Once inside the cell, protonation of the amines results in an influx of 
counter-ions and a lowering of the osmotic potential, leading to bursts in the vesicle releas-
ing the polymer-DNA complex (polyplex) into the cytoplasm. If the polyplex unpacks, then 
the DNA is free to diffuse to the nucleus; however, the long PEI chains have higher effi-
ciency in gene transfection, and are more cytotoxic [69–93].

Figure 8. Structure of branched PEI.

Figure 7. Structure of linear PEI.

Advanced Technology for Delivering Therapeutics144

5. Cationic lipids

The four constituents are given as follows:

1. The cationic polar head group.

2. A hydrophobic chain that affects the physical properties of the lipid bilayer.

3. The space between two mentioned sections that improves chemical stability, biodegrad-
ability and gene transfection efficiency.

4. A backbone domain as a scaffold [19].

5.1. Monovalent cationic lipids

5.1.1. DOTMA

Chemically, it is N-[1-(2,3-dioleyloxy) propyl]-N,N,N-trimethylammonium chloride, as given in 
Figure 10, that consists of four different moieties: (1) a quaternary ammonium head group as the 
cationic head group, (2) a glycerol-based backbone, (3) two linkage bonds and (4) two hydrocar-
bon chains. Alternations can be made in the above moieties to reduce the toxicity and increase 
the gene transfection efficiencies. Replacement of a methyl group on the quaternary amine 
of DOTMA with a hydroxyl improves protein expression after gene transfection due to the 
replaced hydroxyl group in contact with the aqueous layer surrounding the liposome. Increase 
in the length of the aliphatic chain decreases the gene transfection and vice versa [94–98].

5.1.2. DOTAP

DOTAP, [1,2-bis(oleoyloxy)-3-(trimethylammonio) propane], as given in Figure 11, consists 
of a quaternary amine head group coupled to a glycerol backbone with two oleoyl chains. 

Figure 9. Structure of dendrimer PEI.
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The only differences between this molecule and DOTMA are that ester bonds link the chains 
to the backbone rather than ether bonds. The ester bonds present in the backbone are hydro-
lysable and lead to render the lipid biodegradable and reduce cytotoxicity. DOTAP cannot 
be used alone as a cationic liquid for gene delivery due to its dense positive charge, thereby 
preventing the ion exchange. Its gene-delivery efficiency can be changed by combining with 
other helper liquids [94, 99–103].

5.1.3. DC-Chol

3β[N-(N′,N′-dimethylaminoethane)-carbamoyl] cholesterol, as given in Figure 12, contains 
a cholesterol moiety attached by an ester bond to a hydrolysable dimethylethylenediamine. 
Due to the presence of cholesterol moiety, it is biocompatible and has good stability. The 
combination of DC-Chol and dioleoylphosphatidylethanolamine (DOPE) in the ratio 1:1 

Figure 10. Structure of DOTMA.

Figure 11. Structure of DOTAP.
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The only differences between this molecule and DOTMA are that ester bonds link the chains 
to the backbone rather than ether bonds. The ester bonds present in the backbone are hydro-
lysable and lead to render the lipid biodegradable and reduce cytotoxicity. DOTAP cannot 
be used alone as a cationic liquid for gene delivery due to its dense positive charge, thereby 
preventing the ion exchange. Its gene-delivery efficiency can be changed by combining with 
other helper liquids [94, 99–103].
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3β[N-(N′,N′-dimethylaminoethane)-carbamoyl] cholesterol, as given in Figure 12, contains 
a cholesterol moiety attached by an ester bond to a hydrolysable dimethylethylenediamine. 
Due to the presence of cholesterol moiety, it is biocompatible and has good stability. The 
combination of DC-Chol and dioleoylphosphatidylethanolamine (DOPE) in the ratio 1:1 
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reduces the lipoplex aggregation; it assists the DNA dissociation during gene delivery [94, 
99, 100, 103, 104].

5.2. Multivalent cationic lipids

5.2.1. DOSPA

DOSPA is a derivative of DOTMA. Chemically, it is 2,3-dioleyloxy-N-[2(sperminecarboxamido)
ethyl]-N,N-dimethyl-l-propanaminium trifluoroacetate, which is given in Figure 13. The dif-
ference between DOSPA and DOTMA is a spermine group, which is bound through a peptide 
bond to the hydrophobic chains. Spermine group allows more efficient packing of DNA due 
to its hydrogen bond interaction with the DNA [43, 94].

5.2.2. DOGS

DOGS, chemically it is di-octadecyl-amido-glycyl-spermine, structure of the DOGS is similar 
to DOSPA, as given in Figure 14. The molecular structures of both DOGS and DOSPA consist 
of a multivalent spermine head group and two 18-carbon alkyl chains. The saturated chains 

Figure 12. Structure of DC-Col.

Figure 13. Structure of DOSPA.
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in DOGS are linked to the head group through a peptide bond. The packing ability of DNA 
by DOGS is due to its large head group molecule and the length of long unsaturated carbon 
chains. DOGS have efficient packing of DNA, due to its spermine head group. The presence 
of spermine head group in DOGS leads to efficient packing of DNA [94, 105–107].

6. Neutral lipids

The commonly used neutral lipids are dioleoylphosphatidylethanolamine (DOPE), as given in 
Figure 15, and dioleoylphosphatidylcholine (DOPC), as given in Figure 16. These neutral lip-
ids are used in combination with the other cationic polymers. The gene transfection efficiencies 
of the cationic polymer are increased when it is used in combination with the helper neutral 
liquids. The increase in gene transfection efficiency is due to conformational shift to an inverted 
hexagonal packing structure like a honeycomb by DOPE at lower or acidic pH. The formation 

Figure 14. Structure of DOGS.

Figure 15. Structure of DOPE.
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of inverted hexagonal-packing structure condenses the DNA inside by electrostatic interac-
tions. During gene transfection, fusion and destabilization of the lipoplex occur which lead to 
the release of DNA from endosomal vesicles. Cationic polymers DOTAP, DC-Chol and other 
cholesterol derivatives have been incorporated with DOPE for gene transfection efficiency [94, 
103, 108–114].

7. Poly(ethylene) glycol (PEG)

Chemically, poly(ethylene) glycol (PEG) (C2nH4n+2On+1) is a polyether or polymer of ethylene 
oxide.

The physical properties of PEG vary with respect to its chain length, whereas its chemical 
properties are almost the same. It is available in different molecular weights and different 
geometries such as branched PEG, star PEG and comb PEG. PEG is non-toxic and excreted 
through kidney. Degradation of the drug can be protected due to its surface modification 
property, and it has been extensively used as liposomal targeting by liposomal coating. The 
liposomes have longer circulation time in blood, reduced macrophage uptake, higher gene 
transfection efficiencies, larger available concentration and bioavailability [94, 115–120].

8. Conclusion

Nanotechnology is a science adapted in various research areas specifically in the drug-
delivery system. At present, gene delivery system includes viral-based, non-viral-based and 
combined hybrid systems, which are widely used for the treatment of various diseases. To 
provide the desired concentration of the drug in the target site and therapeutic effect is critical 
of the drug-delivery system. Biopolymer is a biomaterial that has been utilized extensively for 
formulating genetic material into a nanoparticle either embedded or encapsulated within the 
polymeric matrix. Despite various biopolymers, choosing a suitable biopolymer, nanoparticle 
preparation procedure with desired properties can achieve the bio-distribution and effective 

Figure 16. Structure of DOPC.
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delivery of the genetic material into the target site and regulate the damaged genes to produce 
the required proteins.
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Abstract

Nuclear Medicine is a molecular‐imaging modality that diagnoses and treats diseases
with very small amounts of radioactive materials,  known as radiopharmaceuticals.
Drug  delivery  refers  to  approaches,  formulations,  technologies,  and  systems  for
transporting a pharmaceutical compound in the body as needed to safely achieve its
desired therapeutic effect. The use of nuclear medicine and radiopharmaceuticals allows
studying the in vivo behavior of developed drug‐delivery systems, and pharmacoscin‐
tigraphy is, from the beginning, one of the most promising aspects of this medical
specialty.  In  this  chapter,  we review the technologies,  fundaments,  rationales,  and
strategies  more  frequently  used  and  present  examples  of  their  application  in  the
development and evaluation of drug‐delivery systems.

Keywords: nuclear medicine, radiopharmaceuticals, drug delivery, in vivo analysis

1. Introduction

Nuclear Medicine is a medical speciality that involves the application of small amounts of
radioactive materials, known as radiopharmaceuticals, for the diagnosis and treatment of
disease, without causing any physiological effect.

Drug‐delivery strategies have been steadily being developed in order to obtain better
therapeutic results, enhance adhesion to treatment, and mitigate side effects. The ever‐
increasing complexity of the systems, combined with the regulatory demands by the Medi‐
cines Authorities, made the in vivo analysis of those systems’ behavior almost compulsory.
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The unique characteristics of Nuclear Medicine and Radiopharmaceuticals make dynamic,
noninvasive studies and therefore are frequently used in the evaluation and development of
new drug‐delivery systems. This chapter aims to review the different techniques available,
their rationale and applications, using, whenever possible, examples from the literature as
well as from the authors’ own experience.

2. Molecular imaging and Nuclear Medicine

Molecular imaging is defined as the visualization, characterization, and measurement of
physiological mechanisms at the molecular and cellular levels, in living systems. Apart from
Nuclear Medicine, it includes several other techniques, such as magnetic resonance imaging
and spectroscopy, certain ultrasound technologies, and others [1, 2].

One of the biggest advantages of molecular imaging is the ability to characterize specific dis‐
ease processes in different individuals, using noninvasive assessment and quantification; i.e.,
providing information that is inaccessible with any other imaging techniques or that other‐
wise would require more invasive procedures such as biopsy or surgery. Also, it identifies
disease in its earliest phases and determines the precise location of a tumor, frequently be‐
fore symptoms occur or changes can be detected at the anatomical level. Identifying small
differences between patients allows the tailoring of specific treatments for each individual
[1–3].

Nuclear Medicine is a molecular‐imaging modality that diagnoses and treats diseases using
radioactive materials, known as radiopharmaceuticals. Radiopharmaceuticals, at diagnostic
levels, have the ability to portray human physiology, biochemistry, or pathology without
causing any physiological effect [1, 3].

For example, it can be used to identify the presence or absence of specific receptors or molecular
changes, which are crucial for the selection of patients for certain targeted therapies [1].

This step for “personalized medicine” also allows a more precise identification of research
subjects, leading to more exact and cost‐effective clinical trials [3].

3. Detectors and imaging systems

Diagnostic imaging refers to the techniques and processes used to create anatomical and
functional images and is one of the fields in Medicine with the greater recent development [1].

The first reference to structural imaging dates to 1895, when Wilhelm Conrad Röntgen
identified electromagnetic radiation in a wavelength range now known as X‐rays. Functional
imaging started following the discovery of the scintillation scanner by Benedict Casen (using
I‐131 as a radiotracer for diagnostic imaging purpose), and developed as a diagnostic specialty
in 1958, when Hal Anger introduced the gamma camera (based on the principle of scintillation
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counting). Since then, Nuclear Medicine has considerably changed our view of looking at
disease, by showing images of radiotracer distributions, providing functional images [1, 4].

A gamma camera is single‐photon imaging equipment, also known as Anger camera or as
scintillation camera. It contains a large radiation detector, consisting of a large thallium‐
activated sodium iodide crystal—the scintillator. A collimator, placed in front of the crystal,
enables the γ‐rays to be focused onto the detector. Coupled to the crystal are photomultiplier
tubes, which detect the light pulses. The whole detection part of the equipment is shielded
from undesirable radiation. An electronic system links the photomultiplier tubes to a computer
and visual display unit [1, 5, 6, 7].

The basic principle of gamma cameras is that radionuclide concentrations in the body can be
measured in vivo, by detecting the photons emitted during their radioactive decay. The first
gamma cameras were only able to create two‐dimensional (2D) representations. But in 1963,
David Kuhl and Roy Edwards presented the first tomographic images using the Anger camera,
by acquiring multiple planar images from different angles around the body and creating a
three‐dimensional representation. This technology, called single‐photon emission computer‐
ized tomography (SPECT or SPET), is of special interest when studying complex three‐
dimensional anatomical structures [1, 6]. Besides static 2D and tomographic images, it is also
possible to obtain dynamic, sequential images of the radiopharmaceutical's variation over time
within a particular segment of the body [8].

Another indispensable nuclear‐imaging method consists of positron emission tomography
(PET). The distinction between SPECT and PET is based on the physical properties of the
radioisotopes used for imaging. SPECT (single‐photon imaging) relies on single γ‐ray photon
emitters. By contrast, PET uses positron emitters—radioisotopes that simultaneously emit two
511‐keV photons, at approximately opposite directions. These photons are detected in the PET
camera by a ring of detectors configured to detect coincidence. The registered events are then
reconstructed into a three‐dimensional image [5, 9].

Although PET offers some advantages over SPECT, such as improved resolution and increased
quantitative capabilities, SPECT is often more practical because of its wider availability and
lesser cost [3].

A typical nuclear‐imaging procedure starts with the administration of the selected radiotracer,
followed by image acquisition (through the detection of γ‐rays, X‐rays, or annihilation quanta
in PET, using either a gamma camera or a PET scanner). The resulting image illustrates the
tracer's location within the body [5, 10].

More recent developments in Nuclear Medicine include hybrid‐imaging techniques. Hybrid
imaging refers to the fusion of two (or more) imaging modalities, such as SPECT/CT, PET/CT,
or PET/magnetic resonance (MR) devices. These modalities have the advantage of condensing
molecular and anatomical information in a single examination, thus surpassing one major
drawback of highly specific tracers: the lack of anatomical landmarks within the image [3, 4].

It should be noted that Nuclear Medicine can also operate without imagery. This can be
achieved by the measurement of radioactivity in specified sites of accumulation or in biological
samples following the administration of the radiopharmaceutical [1, 8].
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4. Radiopharmaceuticals

The first radioactive tracer experiment was performed by George Charles de Hevesy in the
1920s. In the 1930s, Irene Curie and Frederic Joliot discovered artificial radioactivity. The
discovery of the cyclotron by Ernest Lawrence opened the door for the production of radio‐
tracers of practically every element, thus enabling investigators to design radiotracers for the
study of specific biochemical processes.

The European Pharmacopoeia describes “radiopharmaceutical” as any medical product
which, when ready to use, contains one or more radionuclides included for a medicinal
purpose [11].

Although the field of Nuclear Medicine evolved into a more sophisticated molecular‐imaging
technology, the term “radiopharmaceuticals” has extended to novel radiolabeled molecular‐
imaging probes [1, 4].

Most radiopharmaceuticals consist of a combination of a radioactive molecule—a radionuclide
—and a biologically active molecule or a drug that acts as a carrier and determines localization
and biodistribution. For a few radionuclides (such as radioiodine, gallium, or thallium), the
radioactive atoms themselves act as the radiopharmaceuticals [3].

The radionuclide emits radiation that is detected externally using gamma cameras or PET
cameras. Certain characteristics are desirable for clinically useful radiopharmaceuticals.
Radionuclide decay should result in emissions of suitable energy (100–200 keV is ideal for
gamma cameras) and in sufficient abundance for external detection. Particulate radiation (e.g.,
beta emissions) increases the patient radiation dose, and should be reserved for therapeutic
use. Effective half‐life should be only long enough for the intended application (usually a few
hours). The radionuclide should be carrier‐free—that is, not contaminated by other stable
radionuclides or other radionuclides of the same element. Technetium‐99m most closely fulfills
these features for the gamma camera, and fluorine‐18 for PET [2, 3].

Once a decision about a suitable nuclide has been made, an appropriate agent must be selected
to carry the isotope. There are many different radiopharmaceuticals available to study the
different parts of the body, which can be administered by injection, ingestion, or even inhala‐
tion. They are administered in sub‐pharmacological doses (<100 µg) and “trace” a particular
physiological or pathological process in the body, portraying the physiology, biochemistry, or
pathology, without affecting it or without causing any other physiological effect [2, 3]. Thus,
with the exception of some tracers in radio‐immunoscintigraphy and radiotherapy, hypersen‐
sitivity reactions against tracers are very rare, as the administered quantities are below a
threshold to trigger immune response. Even in known hypersensitivity to iodinated substances
(i.e., hypersensitivity against contrast media in radiology), iodine tracers can be safely used
for diagnosis and therapy [1].

Understanding the mechanism and rationale for the use of each agent is critical to under‐
standing the normal and pathological findings demonstrated scintigraphically.
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Radionuclide decay should result in emissions of suitable energy (100–200 keV is ideal for
gamma cameras) and in sufficient abundance for external detection. Particulate radiation (e.g.,
beta emissions) increases the patient radiation dose, and should be reserved for therapeutic
use. Effective half‐life should be only long enough for the intended application (usually a few
hours). The radionuclide should be carrier‐free—that is, not contaminated by other stable
radionuclides or other radionuclides of the same element. Technetium‐99m most closely fulfills
these features for the gamma camera, and fluorine‐18 for PET [2, 3].

Once a decision about a suitable nuclide has been made, an appropriate agent must be selected
to carry the isotope. There are many different radiopharmaceuticals available to study the
different parts of the body, which can be administered by injection, ingestion, or even inhala‐
tion. They are administered in sub‐pharmacological doses (<100 µg) and “trace” a particular
physiological or pathological process in the body, portraying the physiology, biochemistry, or
pathology, without affecting it or without causing any other physiological effect [2, 3]. Thus,
with the exception of some tracers in radio‐immunoscintigraphy and radiotherapy, hypersen‐
sitivity reactions against tracers are very rare, as the administered quantities are below a
threshold to trigger immune response. Even in known hypersensitivity to iodinated substances
(i.e., hypersensitivity against contrast media in radiology), iodine tracers can be safely used
for diagnosis and therapy [1].

Understanding the mechanism and rationale for the use of each agent is critical to under‐
standing the normal and pathological findings demonstrated scintigraphically.
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5. Nuclear Medicine: its applications

Taking advantage of the combination of individual characteristics of the patient and molecular
specificities of the disease, Nuclear Medicine aims to integrate patient‐ and disease‐specific
information [4, 8].

Apart from its major diagnostic and therapeutic roles, Nuclear Medicine is important in
establishing prognosis, assessing disease progression, identifying recurrence, selecting the
most effective therapy, monitoring therapy, and adapting treatment plans in response to
changes in cellular activity [1, 4, 8].

Additionally, Nuclear Medicine is an important tool in the development of new targeted drugs
and in the design and implementation of improved patient‐tailored therapies [1, 4, 8].

5.1. Diagnosis

Nuclear Medicine dedicates primarily to the diagnosis of medical conditions. Depending on
the type of examination, radiopharmaceuticals are administered in the most suitable way, for
example, intravenously or orally. Afterwards, external detectors capture the radiation emitted
by those radiopharmaceuticals and images are formed, showing the radiopharmaceutical
uptake distribution and, subsequently, the targeted sites.

5.2. Targeted therapy

Drugs are designed to treat diseases, correcting abnormal cellular or molecular processes [4].
In theory, any highly specific imaging tracer can be used for therapy if labeled with the suitable
radionuclide.

The term theranostics refers to substances that have both diagnostic and therapeutic roles. One
classic example is radioiodine, used to diagnose and treat some thyroid pathologies. Thera‐
nostics has played a vital role in radiation‐based therapies, especially when using targeted
radiopharmaceuticals [9, 12].

Therapeutic procedures in Nuclear Medicine use high‐dose, nonpenetrating radiation
emitting, targeted radiopharmaceuticals. Most therapies use beta‐emitters (I‐131, Y‐90, and Lu‐
177), but Auger‐, Alpha‐, or conversion electron emitters are also good candidates [3, 8]. The
targeting ligands can also be radiolabeled with suitable positron emitters such as F‐18 and Ga‐
68, for PET monitoring and evaluation purposes [9].

Theranostics agents play a major role in the development of radiopharmaceuticals, validating
its target profile and early‐disease diagnostics. They help choose the more adequate candidates
and therefore are frequently used by the pharmaceutical industry [9].

5.3. Drug and formulation development and drug‐regulatory affairs

Nuclear Medicine studies on drug delivery have been accepted by regulatory authorities as
supporting evidence in product registration dossiers such as Investigational New Drug
Applications or New Drug Applications [13].
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Nuclear Medicine stimulates and supports drug development in a noninvasive way. With the
radiolabeling of drug molecules, it is possible to monitor distribution, release, and kinetics,
through the observation of its in vivo distribution and allowing the visualization of their
metabolism in both target and nontarget sites [1, 13]. These studies can be performed in both
animals and humans.

In drug approval, most studies are performed with new chemical entities (NCEs), because
information on their metabolic outcome is required. Studies of biopharmaceuticals metabolism
using radiotracers are less frequent, because it can be difficult to substitute a radiotracer for a
naturally occurring stable isotope [6].

Regulatory drug‐testing programs that employ radiotracers are generally classified into two
groups: explorative and standard studies. Standard studies are habitually done for the majority
of NCEs, with varying characteristics, depending on the drug class and specific circumstances.
Explorative studies, although very important (even mandatory sometimes), are not usually
required. More than 80% of all drug‐safety‐testing assessment programs (by the US safety
assessment process) used radiotracers [14].

6. Drug delivery and Nuclear Medicine

Drugs are usually administered as pharmaceutical dosage forms. In the development of these
dosage forms, it is fundamental to ensure they will perform correctly. Before the submission
to the regulatory authority for approval of a new medicine, detailed testing is required. To
improve therapeutic effects and minimize toxicity, it is crucial to deliver the therapeutic drugs
to the right target, in the desired time, and in the precise concentration—a “magic bullet” [7, 9].

The controlled and targeted delivery of therapeutic drugs improves their bioavailability (either
by preventing premature degradation or by improving uptake), maintains their concentrations
within the therapeutic window (by adjusting the release rate), and reduces side effects (by
targeting disease site/cells). The ability to deliver therapeutic drugs to the target, in a minimally
invasive approach, has advanced considerably with the growth of molecular‐imaging techni‐
ques [9].

When molecular‐imaging radiotracers are part of the drug‐delivery system, they enable
monitoring of its in vivo behaviour: pharmacokinetics, distribution, release at the target site,
and excretion. Some of these evaluations (such as in vivo fate or delivery efficiency) are not
possible with a nonimage‐guided approach. Another issue with nonimaging techniques is that
much testing (bioavailability, therapeutic efficacy, and dose response) must be done in separate
experiments, which makes for a rather expensive and stressful process [9].

The use of Nuclear Medicine imaging in the study of a drug‐delivery process dates back to the
late 1970s and is well established in pharmaceutical development. Understanding drug action
and providing key information about the drug‐delivery process through a variety of routes,
Nuclear Medicine can be used in the various stages of studies [6, 9, 13]. Without radiotracers,
the comprehension of numerous biochemical processes would have been tremendously
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difficult and, in some cases, maybe impossible. Its strength lies in the quantitative nature of
the images. Only Nuclear Medicine techniques can determine the precise location of tablet
disintegration in the gastrointestinal (GI) tract, the depth of penetration of a nebulized solution
in the lungs, or for how long does the formulation stay in the cornea [6, 9, 13].

In image‐guided drug delivery assessment, the image techniques are used for determining
disease location, drug‐targeting levels and localization, and release kinetics (before and during
treatment). The type and stability of the labeling will depend upon whether the study is meant
to examine release, deposition, retention/dispersion, or is being used to monitor the effects of
physiological process [13, 15].

The majority of studies have evaluated gastrointestinal, pulmonary, and nasal drug delivery,
but ophthalmic, buccal, rectal, vaginal, and parenteral routes have also been subject of
research [6].

The required quantity of radiotracer in a drug formulation is very small and does not commit
with the performance of the delivery system. Radiolabeling must reveal high in vitro and in
vivo stability and can be performed in two different ways. The radiolabeled compound can be
directly incorporated into the preparation, or a dosage form that contains a nonradioactive
tracer can be neutron‐activated. The latter is advantageous in extensive or complicated delivery
systems, and also has the advantage of the dosage formulation being manufactured and
produced under normal conditions [7, 9]. Still, Nuclear Medicine imaging of drug‐delivery
processes involves several challenges and is affected by numerous factors such as target
expression, in vivo availability of the receptor, type of drug, enhanced permeability and
retention effect, tracer protein dose, and timing of imaging [9].

Once administered, the radiolabeled compound will be monitored in vivo over a period of time
(depending on its half‐life), using appropriate image equipment: gamma‐scintigraphy or PET.
It is then crucial to choose the most suitable radioisotopes, with fitting half‐lives to pair with
the pharmacokinetics of their drug carriers, and the most adequate imaging system [6, 9, 13].

In the last decades, most studies used gamma‐scintigraphy and Tc‐99m‐labeled radiophar‐
maceuticals containing chelating agents (such as diethylene‐triamine‐pentaacetic acid
(DTPA)), colloids (such as sulfur colloid), diphosphonates (such as hydroxymethane di‐
phosphonate (HDP)), cells and blood elements, and cellulose macromolecules [7, 13].

More recently, the use of PET is increasing, including in drug‐delivery development studies.
An important attribute of PET studies is that some of the radioactive atoms available include
radioisotopes of carbon, nitrogen, and fluorine. This makes it possible to synthesize PET
radiotracers with the same chemical structure as the unlabeled molecules, without altering
their biological function [9, 13].

Unlike radiological imaging, Nuclear Medicine allows serial images to be obtained without
submitting the subjects to higher radiation burdens, and radioactive concerns are neglected.
Besides the reliability and reproducibility of Nuclear Medicine studies on the nature and
characteristics of products, they may also be performed in the groups of patients intended to
receive the dosage forms therapeutically, which is important since the presence of pathology
can have significant impact on physiology [13].
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It is well established that diseases alter physiological processes, and subsequently biodistri‐
bution of drug formulations. Thus, studies in humans are the most relevant and Nuclear
Medicine imaging probably represents the only technique available that allows the quantifi‐
cation of drug release and pharmacokinetics in specific groups, namely patients with diseases
[13]. This know‐how has the potential for patient selection for targeted therapy and for the
monitoring of therapeutic response after the drug is delivered [9].

Targeted therapy involves the integration of multidisciplinary fields such as cell and molecular
biology, chemistry, physics, and so on. Significant advances in the field have been attributed
to the progress in nanotechnology, with the development of nanosized, multifunctional drug‐
delivery platforms. For example, a single platform can be used to detect, treat, and monitor
treatment response in tumors. These systems present several advantages, including minimal
clearance by the immune system, prolonged circulating times, attachment to suitable vectors
(peptides, proteins, antibodies, etc.) and targeting of specific receptors, and improved treat‐
ment effects by shielding entrapped drugs from degradation [9].

For example, stimulus‐responsive polymeric nanomaterials can be synthesized to mimic the
behavior of biological molecules, minimizing side effects and maximizing predictability.
Another example, the liposomal carriers (the first and most extensive studied drug‐delivery
carriers), is used in the delivery of anticancer drugs, antineoplastic agents, antimicrobial
compounds, immunomodulators, anti‐inflammatory agents, cardiovascular drugs, and so on.
Some other nanosized drug‐delivery systems that have also been developed for molecular‐
imaging purposes are metallic nanoparticles, oxide nanoparticles, polymeric nanoparticles,
and carbon nanostructures [9].

The major goal of molecular imaging is to maximize therapy effect in diseased tissues, and
reduce systemic effects and toxicity as much as possible [9].

6.1. Gastrointestinal tract studies

Despite the vast diversity of new drug‐delivery systems, oral administration is still preferred.

Most commonly, oral‐dosage forms immediately release in the stomach, but the use of more
sophisticated, modified release systems is increasing and requires new methods of evaluation.
Furthermore, regulatory authorities require evaluation of the in vivo performance of new oral
formulations.

Nuclear Medicine imaging is one of the most popular methods to investigate those GI release
systems, because pharmacokinetic measurements are often unreliable. Its combination with
pharmacokinetic studies provides accurate data about transit, absorption, and release per‐
formance of oral‐dosage formulations [7].

Nuclear Medicine imaging provides information, from both control and patient groups, on
swallowing dynamics of tablet and capsule formulations, disintegration of immediate release
formulations, gastric emptying and gastroesophageal reflux, release of enteric‐coated formu‐
lations, GI transit times, the effect of formulation size on GI delivery, visualization of targeted
release or delivery to the colon, the effects of time of dosing on delivery, local permeability

Advanced Technology for Delivering Therapeutics166



It is well established that diseases alter physiological processes, and subsequently biodistri‐
bution of drug formulations. Thus, studies in humans are the most relevant and Nuclear
Medicine imaging probably represents the only technique available that allows the quantifi‐
cation of drug release and pharmacokinetics in specific groups, namely patients with diseases
[13]. This know‐how has the potential for patient selection for targeted therapy and for the
monitoring of therapeutic response after the drug is delivered [9].

Targeted therapy involves the integration of multidisciplinary fields such as cell and molecular
biology, chemistry, physics, and so on. Significant advances in the field have been attributed
to the progress in nanotechnology, with the development of nanosized, multifunctional drug‐
delivery platforms. For example, a single platform can be used to detect, treat, and monitor
treatment response in tumors. These systems present several advantages, including minimal
clearance by the immune system, prolonged circulating times, attachment to suitable vectors
(peptides, proteins, antibodies, etc.) and targeting of specific receptors, and improved treat‐
ment effects by shielding entrapped drugs from degradation [9].

For example, stimulus‐responsive polymeric nanomaterials can be synthesized to mimic the
behavior of biological molecules, minimizing side effects and maximizing predictability.
Another example, the liposomal carriers (the first and most extensive studied drug‐delivery
carriers), is used in the delivery of anticancer drugs, antineoplastic agents, antimicrobial
compounds, immunomodulators, anti‐inflammatory agents, cardiovascular drugs, and so on.
Some other nanosized drug‐delivery systems that have also been developed for molecular‐
imaging purposes are metallic nanoparticles, oxide nanoparticles, polymeric nanoparticles,
and carbon nanostructures [9].

The major goal of molecular imaging is to maximize therapy effect in diseased tissues, and
reduce systemic effects and toxicity as much as possible [9].

6.1. Gastrointestinal tract studies

Despite the vast diversity of new drug‐delivery systems, oral administration is still preferred.

Most commonly, oral‐dosage forms immediately release in the stomach, but the use of more
sophisticated, modified release systems is increasing and requires new methods of evaluation.
Furthermore, regulatory authorities require evaluation of the in vivo performance of new oral
formulations.

Nuclear Medicine imaging is one of the most popular methods to investigate those GI release
systems, because pharmacokinetic measurements are often unreliable. Its combination with
pharmacokinetic studies provides accurate data about transit, absorption, and release per‐
formance of oral‐dosage formulations [7].

Nuclear Medicine imaging provides information, from both control and patient groups, on
swallowing dynamics of tablet and capsule formulations, disintegration of immediate release
formulations, gastric emptying and gastroesophageal reflux, release of enteric‐coated formu‐
lations, GI transit times, the effect of formulation size on GI delivery, visualization of targeted
release or delivery to the colon, the effects of time of dosing on delivery, local permeability

Advanced Technology for Delivering Therapeutics166

within the colon, disintegration characteristics likely to influence drug absorption, and
residence time of the material within the colon [7, 9].

GI nuclear studies often require both solid‐ and liquid‐phase markers, there being two
conventional approaches for the labeling of the oral‐dosage forms. One method involves
incorporating a nonabsorbable chelate of the radioactive isotope (e.g., DTPA‐Tc‐99m). The
other incorporating a radiolabeled ion‐exchange resin, which has the advantage of giving
information about the in vivo position of the radiolabeled drug, because the resin remains
within the device [7].

Figure 1. In vitro radiolabeling and evaluation of the drug‐delivery system.

In two different studies aimed at evaluating the gastroretentive behavior of pharmaceutical
dosage forms, Barata et al. used Tc‐99m‐HDP to label HMPC tablets supplemented with
calcium phosphate. The radiolabeling process consisted in soaking the tablet in a Tc‐99m‐HDP
and NaCl 0.9% solution, with activity counts of 400–600 millicuries. The addition of calcium
to the systems did not affect drug release, but significantly increased the binding of the
radiopharmaceutical to the dosage form. In fact, the dosage form remained integer and well
radiolabeled for a period of over 4 h, which was sufficient to study the gastroretentive pattern
of the produced tablets. This proved to be an easy and reproducible method of extemporane‐
ously radiolabeling tablets produced outside Nuclear Medicine Department facilities, solving
radiation‐related transportation problems (see Figure 1).

Nuclear Medicine and Drug Delivery
http://dx.doi.org/10.5772/65708

167



Figure 2. In vivo analysis of the drug‐delivery system floating behavior.

For the floating‐device study, a non‐floating tablet was labeled with Tc‐99m‐HDP, while the
floating pharmaceutical dosage form was labeled with Ga‐68 (gallium‐68), using the same
soaking method. Despite not as effective as Tc‐99m‐HDP labeling, Ga‐68 labeling was enough
to allow a clear visualization of the system. The physical properties of the two radiopharma‐
ceuticals (different energy photons) enabled the simultaneous identifying of each system over
time: initially, both in the stomach (floating in the upper part of the stomach or staying in the
antrum), then, the effective gastroretention of the floating device for over 4 h (see Figure 2).

Figure 3. In vivo analysis of the drug‐delivery system gastroretentive behavior.

In the other study, aiming to demonstrate the gastroretentive efficacy of high‐density tablets,
a similar process was used to radiolabel the produced tablets. Again, it was possible to see the
in vivo positioning of the pharmaceutical dosage form and confirm that the high‐density
controlled release strategy is effective for delivering drugs with a narrow upper GI absorption
window (see Figure 3).

These examples prove that incorporating gamma‐emitting radionuclides into a delivery device
or formulation provides an appropriate, simple method of observing the transit and residence
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within the GI tract—of particular interest in determining the time and site of release of delayed
release formulations.

6.2. Other system studies

Both SPECT and PET imaging play an increasing role in the development of new targeted
drug‐delivery systems [13].

Nuclear Medicine is being used to surpass the severe systemic toxicity of anticancer drugs,
which are usually more effective in high doses. Additionally, numerous conventional thera‐
peutic agents repeatedly fail to reach their target, rendering them ineffective. The ideal drug
should be specific for the cancer cell and devoid of systemic effects. For these reasons, the ideal
drug‐delivery system is aimed, and Nuclear Medicine, with all its already‐known advantages,
plays an important role in this area [9, 16].

PET image‐guided drug delivery allows for the treatment of a variety of diseases with minimal
systemic involvement (sparing normal cells), while monitoring its efficacy.

In cancer‐targeted treatment, chemotherapeutic drugs can be loaded onto multifunctional
drug carriers (such as liposomes, micelles, and nanoparticles) and coupled with several
targeting ligands (such as monoclonal antibodies, peptides, and antibody fragments). Carriers
are multifunctional and may also carry PET radiopharmaceuticals for diagnostic purposes.
These systems are important examples of theranostics. One example is the streptavidin/biotin
interaction that is used for binding numerous carriers to targeting proteins and antibodies.

In another approach, therapeutic radionuclides are conjugated with targeting ligands (by
means of bifunctional‐linking strategies), without any image‐enabling radionuclide. PET
imaging for the diagnosis or monitoring of therapeutic response is carried out separately, by
conjugation of the targeting ligands with suitable PET radioisotopes [9].

Investigation‐wise, PET allows the in vivo quantification and drug distribution, determining
its extraction fraction and washout from different organs/systems.

PET imaging allows the study of the first‐pass liver elimination of a drug, a fundamental
knowledge, since first‐pass metabolism excludes oral delivery of several drug molecules and
compounds.

PET studies are also useful in the understanding of the brain and of several neurological
conditions, including anxiety and depression [13]. In Parkinson's and Alzheimer's diseases,
the in vivo study of neuroreceptors binding is fundamental for the drug‐design process (ex.
enzyme/prodrug‐based delivery approach with 18F for Parkinson's disease) [9, 13].

7. Conclusion

Nuclear Medicine is a very promising field and will surely increase its relevance on diagnostics
and therapeutics in the near future. Also within the field of drug development and drug‐
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delivery systems research, it is expected to demonstrate an ever‐increasing applicability and
importance. The advent of new and more complex drugs, combined with more ingenious and
technological delivery systems, will call for a more detailed and effective in vivo studies during
the development and regulatory phases of the research and marketing authorization process.
Radiopharmaceuticals and Nuclear Medicine will therefore be predictably ever more used
with the purpose of obtaining better, safer, and more reliable drug‐delivery systems.
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developments in the field of drug delivery science and technology. The purpose of this 
book is to bring together descriptions of some selective technologies including new and 
promising nanotechnology currently being investigated for drug delivery applications. 

This book is a useful source of information for graduate and post-graduate students 
of pharmacy and biomedical science; pharmaceutical & other researchers involved in 

designing newer drug delivery systems both in academia and industry.

ISBN 978-953-51-3121-2

A
dvanced Technology for D

elivering Th
erapeutics

ISBN 978-953-51-4842-5


	Advanced Technology for Delivering Therapeutics
	Contents
	Preface
	Chapter 1
Introductory Chapter: Drug Delivery Concepts
	Chapter 2
Medicated Nanoparticle for Gene Delivery
	Chapter 3
Lipid‐Based Nano‐Delivery for Oral Administration of Poorly Water Soluble Drugs (PWSDs): Design, Optimization and in vitro Assessment
	Chapter 4
Hybrid Nano-carriers for Potential Drug Delivery
	Chapter 5
Numerical Simulation and Experimental Testing to Improve Olfactory Drug Delivery with Electric Field Guidance of Charged Particles
	Chapter 6
Enhancement of Percutaneous Absorption on Skin by Plasma Drug Delivery Method
	Chapter 7
Biopolymer in Gene Delivery
	Chapter 8
Nuclear Medicine and Drug Delivery

