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3.1
Introduction

Nanopharmaceuticals consist of a pharmaceutically active molecule or substance
(“pharmacon”) adsorbed onto, conjugated to, or encapsulated within a nano-
scale-based material, the size of which falls into a size range similar to intra- and
extracellular biological structures [1]. The principal goal of nanopharmacy is to
create novel agents with improved therapeutic efficacy utilizing nanoscience.
This can be achieved either by using novel therapeutic molecules (small mole-
cules, proteins, peptides, nucleic acids) or by reformulating existing ones (i.e.,
poorly soluble drugs and antibodies) [2,3]. In most cases, the broader aim is to
increase the bioavailable drug concentration at the desired (e.g., target) site,
while simultaneously minimizing toxic responses by reducing off-target
effects [4,5]. Nanopharmaceuticals have been developed to address conditions
for which traditional pharmaceutical treatments are ineffective (e.g., antibacterial
resistance), diseases for which therapies are available but should be more
adjusted to the patient’s needs (cardiovascular diseases, cancer) and diseases for
which therapeutic interventions are not available (e.g., stroke and Alzheimer’s
disease) [6].

Nanoparticles are of immense scientific interest because their properties differ
from the bulk material or the isolated atoms and molecules used to fabricate or
assemble them. For example, gold nanoparticles have different optical properties
from atomic gold, as they are highly efficient in absorbing and scattering light.
Gold nanoparticle size also commonly influences the light-induced collective
oscillation of electrons on the metal surface, a phenomenon known as surface
plasmon resonance. With increased gold nanoparticle size, the surface plasmon
resonance wavelength shifts to longer wavelengths. This unique property is only
one example that has been exploited in cancer research for the development of
multiple imaging, diagnostic, and therapeutic purposes [7]. Nanopharmacy
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requires the interdisciplinary contribution from fields ranging from chemical sci-
ences to biology and from physics to pharmacology. This is not entirely
unexpected, since different and new scientific disciplines evolve constantly.
Gene therapy is another example of a research field waiting to mature into a
clinical discipline, where various disciplines need to converge toward the
achievement of the same goal: effective delivery of biologically active nucleic
acid sequences for the genetic treatment or alleviation of various pathological
conditions.

The design of delivery systems is largely dependent on a variety of factors that
are intricately related to each specific therapeutic or diagnostic application. The
ability to fine-tune the pharmacological properties (biodistribution, tissue
uptake, and pharmacokinetics) of biologically active molecules through their
reformulation using nanomaterials is considered of utmost importance. There
are various technologies and approaches that allow such fine-tuning and optimi-
zation. First, the route of administration affects nanoparticle biodistribution and
provides an initial level of targeting. Second, surface functionalization of nano-
particles with specific moieties modifies their pharmacokinetic profile (e.g.,
PEGylation). Tissue uptake and cellular internalization of nanoparticles can also
be controlled by decorating the outer surface of nanoparticles with targeting
moieties. This can take place through molecular surface modifications, either in
the form of chemically conjugated targeting ligands or proteins adsorbed from
the local environment, that have the ability to dramatically alter the nature of
the cellular interactions. Lastly, the engineering of nanoparticles designed to
release their payload in response to various stimuli, can also provide an alterna-
tive method to target specific tissues [3,8]. The potential of nanopharmacy is
challenged though from the high expectations linked to new discoveries, rapid
nanotechnology advancements, and the need for short-term deliverables. Sensa-
tionalism is also another challenge. Components represented as “nano” com-
monly attain either the connotation of a “wonder” technology, full of promises
of revolutionizing therapy, or in direct contrast, as an unparalleled threat to
safety. Both connotations have very little basis in scientific reality, and do not
take into consideration that some of the most stringent requirements for thera-
peutic efficacy and safety already govern the approval of new nanopharmaceuti-
cals in a process that can lasts for decades. The clinical translation of
multicomponent, sophisticated nanodrugs with chemical and biological func-
tionalizations, such as targeting moieties, remains challenging and requires the
use of already existing safety, efficacy, and quality assessments tools as well as
the development of new testing strategies [6].

In short, nanopharmacy is an emergent, multidisciplinary field with great
potential and expectations, however, will require time and persistent investment
in order to allow maturation into clinical reality. A plethora of studies at the
preclinical and clinical levels are currently carried out for new nanopharmaceut-
icals, some of which may have different and intriguing mode of action due to
complex mechanisms involving the interplay among mechanical, chemical, phar-
macological, and immunological components. This chapter aims to offer an
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overview of how nanotechnology advances can impact the design and develop-
ment of novel pharmacological agents and contribute to the emerging field of
nanopharmacy.

3.2
First Generation of Nanopharmaceuticals: From Drug Molecules to Nanodrugs

Early efforts in nanopharmacy were focused on improving the properties of
already existing therapeutic agents, aiming to improve their pharmacokinetics,
reduce the adverse effects arising from them, and specifically target them at the
site of action. A multitude of materials has been investigated as drug delivery
systems, including biological substances, such as proteins and phospholipids, as
well as chemical substances, such as polymers, metals, carbon, and silica [9].
This section, based on the example of two clinically used anticancer agents, dox-
orubicin and paclitaxel, will highlight the major advantages associated with the
formulation of therapeutic agents into nanoparticle-based moieties.

Nanoscale delivery systems have been explored for a diverse range of applica-
tions, with oncology being the most notable beneficiary to date. One of the
major challenges to the treatment of solid tumors is the accumulation of the
drug at the target tissue, while avoiding healthy tissue damage. The encapsula-
tion of chemotherapeutic agents inside nanocarriers has been an established
strategy to reduce the drug-associated toxicity to normal tissues and to simulta-
neously increase their accumulation into highly vascularized solid tumors [10,11].
Nanocarriers selectively accumulate into the tumor tissue as a result of the path-
ophysiological characteristics of the tumor, namely, leaky vasculature and poor
lymphatic drainage. This phenomenon is known as enhanced permeability and
retention (EPR) effect (Figure 3.1a) [12,13]. Key to the passive accumulation of
nanocarriers at the tumor site is their long blood circulation time. Nanoparticles
are recognized as foreign bodies and are opsonized by the cells of the reticulo-
endothelial system (mononuclear phagocyte system, MPS), and thus the availa-
bility of the drug at the required site is diminished [14,15]. A major
breakthrough was the surface coating of nanoparticles with the hydrophilic poly-
mer polyethylene glycol (PEG), which imparts steric stabilization and reduces
the interaction of NPs with serum proteins, resulting in a substantial increase in
the circulation time [16,17]. Because of the ability of these nanocarriers to avoid
uptake by the MPS cells, they were termed “stealth” drug delivery systems.

Among the nanosized drug delivery systems, liposomes were the first and the
most extensively used nanopharmaceuticals for cancer therapy [18]. Liposomes
can be described as “spherical phospholipid vesicles consisting of one or more
concentric lipid bilayers enclosing an aqueous core” [19]. Their ability to
encapsulate hydrophilic molecules in their aqueous inner space [20] as well as
hydrophobic molecules in their phospholipid bilayer membranes [21], makes
them very attractive as drug delivery systems. They are now considered to be
the most clinically established nanotechnology platform, with more than
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Figure 3.1 From drug molecules to nano-
drugs. (a) Passive targeting of nanodrugs-EPR
effect. Nanocarriers selectively accumulate
into the tumor tissue as a result of the patho-
physiological characteristics of the tumor,
namely, leaky vasculature and poor lymphatic
drainage, phenomenon known as enhanced
permeability and retention effect (EPR). (b)
Intracellular targeting. After intravenous injec-
tion, the vector: nucleic acid complex is dis-
tributed to organs via blood circulation and

addition, cells of the reticuloendothelial sys-
tem attempt to degrade and eliminate the
vector, which is recognized as foreign. After
extravasation, the vector is transported across
the interstitial space to the target cells, where
it has to cross the cell membrane barrier,
translocate into the cytoplasm, and release its
cargo to its intracellular therapeutic site. To
exert its action, DNA has ultimately to reach
the nucleus of the target cell, while the action
of RNA molecules occurs in the cytoplasm.

simultaneously undergoes elimination. In

12 liposome-based drugs approved for clinical use and many more in various
stages of clinical trials [1,18]. Their success can be attributed to their ability to
extensively accumulate into regions of enhanced vascular permeability and for
their ability to reduce the side effects of encapsulated drugs [22]. The significant
reduction in the cardiotoxicity of the anticancer agent doxorubicin (anthracy-
cline antibiotic) after its encapsulation in PEGylated liposomes led to the devel-
opment of the first nanodrug, Doxil®, approved by the FDA in 1995 for the
treatment of AIDS-related Kaposi’s sarcoma [23]. PEGylated liposomal doxoru-
bicin shows superiority to free doxorubicin clinical performance owing to (a)
prolonged circulation time due to the surface functionalization of liposomes
with PEG, (b) stable retention of the drug inside the liposomes while in circula-
tion, (c) increased tumor accumulation attributed to the EPR effect, and (d)
decreased cardiac toxicity [23,24].

In addition to the adverse effects, the use of conventional drugs is often hin-
dered by their insolubility in aqueous solutions [25]. The conversion of poor
water-soluble drugs into nanodrugs, by their conjugation with macromolecular
polymers or proteins, has been a successful strategy to avoid the use of organic
solvent-based formulations, often associated with serious and dose-limiting tox-
icities. An example of a highly hydrophobic drug, successfully formulated into
nanoscale delivery systems, is the anticancer agent paclitaxel. Abraxane®, albu-
min-based, 130-nm-sized nanoparticles conjugated with paclitaxel was licensed
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in 2005 for the treatment of metastatic breast cancer and in 2012 as a first-line
treatment for advanced nonsmall-cell lung cancer. Albumin-based nanoparticles,
similarly to other nanocarriers, passively accumulate at the side of solid tumors,
via the EPR effect. In addition, dissociation of albumin nanoparticles into indi-
vidual drug-bound albumin molecules has been found to facilitate specific albu-
min-receptor-mediated uptake by the endothelial cell walls of tumor
microvessels that further increases the intratumor concentration of pacli-
taxel [26—28]. Another nanosystem developed for the delivery of paclitaxel is
Opaxio®, approved in 2012 for the treatment of glioblastoma. Opaxio®, consists
of paclitaxel covalently linked to solid polymer-based nanoparticles, composed of
poly(L-glutamic acid). When bound to the polymer, then paclitaxel is inactive,
thus, preventing paclitaxel-associated toxicity to healthy tissues. The success of
this formulation is based on the enzymatic hydrolysis of the polymer after the
accumulation of the nanoparticles inside the solid tumor, which results in the
release of active paclitaxel from the polymeric backbone [29,30].

In addition to albumin- and polymer-based solid nanoparticles, micelles pro-
vide an alternative for parenteral administration of poorly water-soluble drugs.
Micelles are self-assembled spherical nanoparticles with a hydrophobic core and
a hydrophilic shell, made of amphiphilic copolymers [31]. An example of micel-
lar formulation product available in the market is Genexol-PM, approved in
South Korea for breast cancer and small-cell lung cancer. Genexol-PM consists
of 20-50 nm micelles formed by the self-assembly of polyethylene glycol and
polylactide polymers, the core of which contains paclitaxel. The co-polymer
increases the water solubility of paclitaxel and allows delivery of higher doses
than those achievable with paclitaxel alone [32].

In brief, the conversion of therapeutic molecules into nanodrugs requires a
comprehensive understanding of both, the nanomaterial design and disease path-
ophysiology. Nanosized delivery systems offer the opportunity to reformulate
conventional active molecules in order to improve their bioavailability, efficacy,
and toxicity profile.

3.2.1
Making New Therapies Happen: The Example of Nucleic Acid Therapeutics

Besides improving the efficacy of already established therapeutic molecules,
nanotechnology has enabled the development of new therapies. The example of
gene therapy is a great case to illustrate the pivotal role of nanotechnology for
the clinical translation of novel therapeutic strategies. Gene therapy can be
described as the exogenous introduction of nucleic acids (DNA or RNA) into
specific host cells, to intentionally modulate gene expression in order to treat or
prevent pathological conditions. The treatment of inherited monogenic diseases
caused by a single-gene defect by the introduction of a functional copy of the
gene represents the prototype of gene therapy and has been referred to as “gene
replacement.” Other gene manipulation strategies are now at the preclinical
stage of investigation, including gene knockdown by RNA interference (RNAi),
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gene addition, and gene editing with enormous therapeutic potential [33]. From
the drug delivery point of view, nucleic acids have unfavorable physicochemical
characteristics as therapeutic agents and the use of a delivery vector is a neces-
sity for their clinical application [34].

One of the main challenges for the systemic delivery of nucleic acids is their
short half-life due to the degradation by serum nucleases. In addition, the high
molecular weight and negative charge of unmodified nucleic acids hamper their
cellular uptake. The administration of nucleic acids requires the development of
safe and efficient delivery vectors with the ability to target nucleic acids to the
region of interest provide protection from nuclease degradation, shield
recognition by the immune system, and limit excretion through the kidneys.
The two main approaches for nucleic acid therapy are based on viral and non-
viral delivery vectors, with ~70% of gene therapy clinical trials carried out so far
using modified viruses, such as retroviruses, lentiviruses, adenoviruses, and
adeno-associated viruses [35,36].

The ability of viruses to insert their genetic information into mammalian host
cells has been successfully utilized for gene delivery. Viral nanoparticles used in
gene therapy are engineered from viruses by replacing most of their pathogenic
genes with a therapeutic gene cassette, while retaining their infectious
nature [37]. The world’s first gene therapeutics, Gendicine and Oncorine (ade-
noviral-vector based), were approved in China, for the treatment of neck and
head cancer, in 2003 and 2006, respectively. In 2012, the European Medicines
Agency recommended for the first time a gene therapy product, Glybera (adeno-
associated viral vector based), for the treatment of lipoprotein lipase deficiency.
Although, viral vectors have substantially advanced nucleic acid delivery, several
limitations are associated their use, including their immunogenicity, mutagenesis
after random integration into the host genome, limited nucleic acid capacity, and
difficulty of vector production. Synthetic nonviral vector systems have the poten-
tial to address many of these limitations, particularly with respect to safety. Size-
independent delivery of nucleic acids, simpler quality control, and ease of prepa-
ration are some of the advantages that nonviral vectors can offer. However, only
few nonviral vectors have progressed into clinical trials, and none of these vec-
tors has been approved by regulatory authorities. This is mainly due to the
compromised therapeutic efficiency of nonviral vectors compared to viral
vectors [35].

Liposomes were the first nonviral gene delivery systems to reach clinical trials.
It was first described, in 1980, that liposomes could entrap and deliver DNA to
monkey kidney cells [38]. Few years later, Felgner et al. demonstrated that syn-
thetic cationic liposomes could complex DNA and facilitate efficient transfection
of various mammalian cell lines [39]. Since then, the development of nonviral
vectors is rapidly expanding, with a broad spectrum of nanoconstructs being
under preclinical investigation, including polymeric nanoparticles, carbon-based
materials [40], and peptides [41]. Among the various synthetic vectors, cationic
lipids and polymers are the most studied nonviral delivery vesicles so far with
few being currently under clinical investigation [42]. Liposomes, formed from






