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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(r-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
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the cationic lipid DOTAP and cholesterol, have been well characterized as gene
delivery systems and have progressed in clinical trials. For example, DOTAP—
cholesterol complexed with a plasmid encoding a tumor suppressor protein,
FUS], is currently in phase II for the treatment of nonsmall-cell lung cancer [43].
Polyethylenimine (PEI) is among the most studied polymeric materials for gene
delivery. PEI-DNA complexes are currently in stages I and II of clinical trials for
local gene therapy of ovarian, pancreatic, and bladder cancers [42,44,45]. To
improve its stability and biocompatibility, PEI has been also modified with other
polymers. A PEG-PEI-cholesterol lipopolymer, complexed with plasmid DNA
encoding the human gene for interleukin 12 (IL-12), is currently under clinical
investigation for ovarian and colorectal cancer treatment [46,47].

Despite the significant efforts, nonviral gene therapy is still clinically challeng-
ing and requires a better understanding of the fate of nanodrugs after adminis-
tration. The barriers for effective delivery of nucleic acids by synthetic vectors
depend on the target organ and on the route of administration. In general, local
administration has fewer barriers compared with systemic delivery. After intra-
venous injection, the vector—nucleic acid complex is distributed to organs via
blood circulation and simultaneously undergoes elimination. In addition, cells of
the reticuloendothelial system 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 mem-
brane barrier, translocate into the cytoplasm, and release its cargo to its intra-
cellular 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 cyto-
plasm (Figure 3.1b) [34].

The need to develop vectors for nucleic acid-based therapeutics initiated the
idea of organelle-specific drug delivery, as an attractive strategy to increase the
therapeutic index of a drug. Intracellular targeting has been recently attempted
for other novel therapeutic molecules, including the delivery of proapoptotic
compounds to mitochondria, and the delivery of enzymes to defective lyso-
somes [48—50]. Although in its infancy stages, the intracellular spatial control of
drug-containing nanoparticles is expected to sharply increase the therapeutic
efficacy of nanodrugs and thus allow their clinical application.

3.2.1.1 Making Nanodrugs Smarter: Multifunctional Nanodrugs

The first generation of nanodrugs described earlier was mainly designed to over-
come a single challenge, for example, increase drug stability, prolong plasma cir-
culation half-life, or the need to passively target specific organs taken the
advantage of the accompanied pathological changes [1]. Advances in the devel-
opment of pharmaceutical nanotechnology has led to possibility of engineering
multifunctional nanodrugs that can perform more than one task (concurrently
or sequentially) [51,52] to efficiently deliver their payload (single or multi-
ple) [53,54] to the target site. For the purpose of this chapter, multifunctional
nanodrugs have been classified into three main categories: targeted, responsive,
and diagnostic/theranostic nanodrugs.
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Targeted Nanodrugs

Actively targeted nanodrugs represent the first group of multifunctional nano-
drugs and can be accomplished by the attachment of targeting ligands on their
outer surface, such as monoclonal antibodies, antibody fragments, peptides, and
aptamers. It has been well established that the best way to prevent shielding of
the targeting ligand by the polymeric coating layer (e.g., PEG) is to chemically
attach the targeting moiety to the distal end of the polymer chain that is coating
these nanodrugs (Figure 3.2a) [55]. An example of such actively targeted nano-
drug is PEGylated doxorubicin-loaded liposomes that have human epidermal
receptor 2 (HER2) monoclonal antibody attached to their surface [56]. These
liposomes were successfully used to target HER2-overexpressing tumor cells in
mice [56] and are currently under phase I/II clinical testing for HER2-positive

breast cancer patient [57,58].

It is important to clarify that active targeting of long circulating nanodrugs is
not necessarily independent from passive targeting and in most of the cases
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Figure 3.2 Making nanodrugs smarter (a) tar-
geted nanodrugs. The ideal design of targeted
nanodrugs is to attach the targeting ligand to
the distal end of the polymeric coating layer in
order to reserve its binding capacity. After
binding with target cells, activation of recep-
tor-mediated uptake process of nanodrug
occurs, carrying therapeutic payload into the
target cell. (b) Responsive nanodrugs are
designed to release their cargo in the vicinity
of the target tissue (such as a tumor) in
response to external stimuli (such as heat) or
internal stimuli (such as a change in pH). (c)
Image-guided nanodrugs. The selective

uptake of Feridex® nanoparticles by normal
hepatic cells compared to tumor cells, allows
malignant tissue to be easily distinguished by
appearing as a bright spot compared to the
surrounding normal tissue. Encapsulation of
MR contrast agents that can change signal
intensity based on the interaction with sur-
rounding water molecules allows real-time
monitoring of drug release. The increase in MR
signal after release of encapsulated MR con-
trast agent and drug from liposomes provides
information about spatial and temporal drug
release.
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these two phenomena are closely connected. This is because the accumulation of
targeted nanodrugs to the pathological tissue is mainly dependent of the EPR
effect (passive targeting), while the interaction with the target cell will be driven
by ligand-mediated interaction (active targeting) [52]. Therefore, any improve-
ment in therapeutic activity is not due to higher accumulation of actively tar-
geted nanodrugs in the diseased site per se, but due to the activation of
receptor-mediated uptake process (cellular internalization) of nanodrugs carry-
ing therapeutic payload into the target cells [59]. As a result, the premature loss
of the therapeutic payload prior to binding and uptake by target cells (drug
retention/stability) [60] and the rate of drug release (bioavailability) [61] are very
crucial to increase the therapeutic activity compared to nontargeted nanodrugs.
In the case of HER2-targeted liposomes, for example, previous studies in mice
have shown that their overall tumor accumulation did not increase compared
to nontargeted liposome. However, the intratumoral microdistribution and
cellular localization of targeted anti-HER2 liposomes were different due to their
cellular internalization capacity. Significant fraction of HER2-targeted liposomes
was observed within cancer cells, compared to nontargeted liposomes mainly
found in stromal cells [56]. There are many factors that affect the efficiency of
targeted nanodrugs such as vascular permeability, tissue penetrability, binding
site barrier, receptor density, targeting ligands affinity to their target, and inter-
action with plasma proteins [62]. Therefore, targeted nanodrugs have shown to
have the best therapeutic effect when directed toward easily reached target, such
as tumor vasculature, micrometastasis, blood cancer [63], and when combined
with permeability enhancers [51,63]. The clinical progress of targeted nanodrugs
has been much slower compared to nontargeted ones and only few examples
have progressed into the clinic such as HER2-targeted liposomal doxorubicin
(MM-302) for HER2-positive breast cancer (Phase I/II) [57,58] and Docetaxel-
loaded polymeric nanodrugs targeted against prostate-specific membrane anti-
gen (Phase I/II) [64]. The main reason behind that is the substantial increase in
the manufacturing cost, such as the production of high-quality antibodies. The
therapeutic benefits achieved from targeted nanodrugs have to be considerably
higher than what can be achieved from nontargeted counterparts to justify their
approval [18].

Responsive Nanodrugs

The second group of multifunctional nanodrugs combine responsive functional-
ity to several stimuli. This can be achieved by the inclusion of specific compo-
nents that respond (in a “smart,” responsive manner) to different types of
stimuli that can change their properties or behavior (Figure 3.2b). Smart nano-
drugs can be designed to respond to triggers at the cellular levels, such as pH-
sensitive nanodrugs to trigger the release of their payload in the late endosome
or lysosomes or to facilitate the escape from the lysosome to the cytoplasm.
Alternatively, many other formulations were designed to take advantage of the
specific microenvironmental changes at the tissue level of certain pathological
conditions such as low interstitial pH [65], changes in the level of certain
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enzymes (phospholipase A2 [66] and matrix metalloproteinases [67]), or altera-
tion in the level of glutathione (redox-responsive nanodrugs) [68]. Among these
pathological changes, neoplastic conditions remained the main focus in addition
to other diseases such as inflammation, infection, and ischemia [52]. Stimuli-
responsive nanodrugs can also respond to external triggers from outside the
body (external stimuli), for example, changes in temperature, light, magnetic
field, or ultrasound [69]. Interest in designing stimuli-responsive nanodrugs
increased with the realization that more efficient delivery strategies are needed.
One example on that is the need to provide a tailored release profile (triggered
release) with excellent control on the time, duration, and site of drug release.
This is mainly because the early generation of nanodrugs, such as Doxil, has
been clinically approved to reduce drug-associated toxicity rather than improv-
ing efficacy [70].

The concept of stimuli-responsive nanodrugs was first suggested in late
1970s, and was based on hyperthermia (external trigger) induced-release of
methotrexate from thermosensitive liposomes. That early example was demon-
strated to be four times more efficient to deliver drug to heated tumor compared
to nonheated control tumors [71]. Shortly after, many other examples of smart
responsive nanodrugs followed [69,72-74]. In another widely explored type of
responsive nanoparticle-based approach, the acidic environment of some tumor
interstitial spaces [65] or endosomes has been utilized to design pH-sensitive
systems. The inclusion of pH-sensitive components is essential in the design of
this type. PEGylated poly(L-histidine) copolymer self-assembles into a stable
form of polymeric micelles at neutral pH, but as the pH drops to 6.5 or less,
protonation of histidine residues in the poly(r-histidine) block occurs resulting
in destablization of the micelle structure and release of the incorporated drug.
The generation of high local drug concentration in the tumor interstitium or at
the cellular level has proved to be effective when resistance to certain drugs is
likely to happen, for example, due to drug efflux [75,76]. Redox-responsive nano-
drugs is another type of smart systems that respond to the differences in the
redox potential such as the changes in glutathione level. Glutathione level
increases significantly by more than 100-fold intracellularly compared to extrac-
ellular environment and in tumor tissue compared to healthy ones [68,77].
Disulfide bonding is one of the most widely used chemical strategy in the design
of redox-responsive nanodrugs, since it is prone to rapid cleavage by glutathione
to attain redox sensitivity [77]. Many examples have been described in this
regard by the inclusion of disulfide bonds either in the core [78] or in the
shell [79] of micelles and the lipid component of liposomes [74] that lead to
rapid structural disassembly and release of encapsulated drugs. Although con-
ceptually promising, in practice only a few examples of responsive nanodrugs
have progressed to clinical evaluation. In particular, internal triggers are often
seen harder to control because of the variability from one patient to another or
even within the same tissue, such as the variability in the degree of pH changes
at the tumor site. On the other hand, external triggers could be better controlled
and indeed most of the progress that has been made in responsive systems has
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been in that area [69]. To that end, we would like to mention two examples of
externally triggered nanodrugs, currently in clinical trials. These two examples
are similar in concept, but very different in design. The first example is
ThermoDox®, a liposomal doxorubicin formulation that releases drug in
response to external mild hyperthermia (41-45 °C) [80]. The responsive nature
of ThermoDox® is based on the presence of lipids, such as dipalmitoylphospha-
tidylcholine and lysolipids, with a suitable phase transition temperature that
undergo changes from gel-to-liquid phase and stabilize long-lasting pores in the
liposomal membrane for the drug to be released, in response to mild increase in
temperature [81]. These changes in the liposomal structure lead to ultrafast
release of encapsulated drug in the tumor vasculature [82] and showed efficient
tumor growth control in several tumor models in mice [83,84] and currently
been tested in human patients [85]. Initial data from phase III clinical trial for
hepatocellular carcinoma (HCC) with optimum radiofrequency ablative heating
have shown 58% improvement in overall survival [86,87]. ThermoDox® is also
currently clinically tested with other external heating techniques such as high-
intensity focused ultrasound (HIFU) for HCC [88] or with external microwave
hyperthermia for recurrent chest wall breast cancer. NanoTherm® is another
example of an externally responsive nanodrug that has advanced to clinical test-
ing for magnetic thermal ablation. NanoTherm® consists of aminosilane-coated
superparamagnetic iron oxide nanoparticles with 15nm core diameter. It is
important to stress here that the nanomaterial (iron oxide nanopartciles) is play-
ing the key therapeutic role in this example. In this particular case, the nano-
drugs is directly introduced into the solid tumor mass and externally activated
by external exposure to alternating magnetic field. The changes in the polarity
of the applied magnetics force up to hundred thousand times per second caused
the iron-oxide nanoparticles to significantly increase their core temperature. The
temperature in the tumor can be controlled by changing the duration of expo-
sure to the oscillating magnetic field to achieve intratumoral temperature in the
ablative region (>50°C) that can directly destroy cancer cells. NanoTherm® is
currently clinically tested for glioblastoma multiforme [89] and prostate
cancer [90].

Diagnostic/Theranostic Nanodrugs

The third group of multifunctional nanodrugs comprises those having additional
imaging functionality either for diagnostic purposes only or in combination with
therapy (theranostics) (Figure 3.2c). The inclusion of imaging component in the
design of nanodrugs enables not only the track of their pharmacokinetics, accu-
mulation in the target organ and off-target (healthy tissues), but also allows the
efficacy of the therapy to be monitored noninvasively and in real time [54]. Due
to the significant potential this group of nanodrugs holds, many examples of
nanodrugs for image-guidance and theranostic purposes have been reported and
the progress is still exponential. Although widely different in functionality, the
design of these nanodrugs can be divided into two main categories: (a) those
based on traditional nanodrugs (such as liposomes and micelles) that can be
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functionalized with contrast imaging modalities [53]; and (b) those that are built
on a template nanoparticle, such as gold and iron oxide, that have intrinsic imag-
ing properties but can be further modified with a second imaging modality or
therapeutic molecule [52,91].

Diagnostic These types of nanodrugs include those designed for purely diagnos-
tic purposes, utilizing the potential diagnostic advantages offered compared to
low-molecular-weight contrast agents. These possible benefits can be summa-
rized as (a) flexibility in the chemical composition and size to improve bio-
compatibility; (b) improved biological stability and reduced clearance rate to
prolong the time window for imaging; (c) capability of active targeting via sur-
face modification with specific ligands; and (d) ability to design multifunctional
contrast agents by using a combination of more than one contrast agent, for
example, for magnetic and optical imaging [92]. Feridex®, a colloidal aqueous
dispersion of iron oxide nanoparticles associated with dextran that was approved
by the FDA for magnetic resonance (MR) imaging. The size and paramagnetic
properties of iron oxide nanoparticles offer unique advantages compared to
other MR contrast agents such as gadolinium chelates. Feridex® nanoparticles
are between 80 and 150 nm, therefore, their renal clearance is reduced and their
uptake is diverted toward the reticuloendothelial system resulting in rapid accu-
mulation in the liver and spleen. Consequently, hepatic imaging was the first
application of these nanoparticles for detection of hepatic cancer [93]. In addi-
tion, the uptake of iron oxide nanoparticles by activated inflammatory cells such
as macrophages and activated microglia makes them excellent contrast agent for
imaging inflammatory processes associated with some pathologies such as multi-
ple sclerosis, stroke, and brain tumors [91].

Theranostic One of the key advantages that nanodrugs offer is improved local-
ization of the therapeutic molecules to the target site, particularly after systemic
administration. Determination of their pharmacokinetic profile and accumula-
tion into target sites is of significant usefulness [54]. An example of this is the
use of radioactive isotope indium-111 to label PEGylated liposomes to monitor
their accumulation in the tumor tissue in patients with different cancer types
such as breast, head and neck, and Kaposi’s sarcoma [94]. This technology has
been able to demonstrate in real time that 50% of the PEGylated liposomes were
still in systemic circulation 48 h after administration. It also proved that radio-
labeled liposomes localized efficiently into the tumor, but the level of accumula-
tion varied considerably from one tumor type to another [94]. In the case of
doxorubicin-loaded PEGylated liposomes, a significant percentage of liposomes
can be taken up by circulating and tumor-associated macrophages. Since these
macrophages are known to play an important role in the clearance mechanism
of liposomes, the direct cytotoxic effect of drug-loaded liposomes on the macro-
phages (following drug release inside the macrophages) can extensively change
the pharmacokinetics and distribution of liposomes [95]. The use of theranostic
nanodrugs can also guide the patient selection process in clinical practice
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(personalized medicine). This will help to justify only those patients that show
evidence of high drug accumulation in the desired target site, and good thera-
peutic response to the initial treatment cycles, should be considered for continu-
ation. Otherwise, replacement or adding alternative therapeutic options should
be taken into account [54].

Another important advantage that theranostic nanodrugs offer is the ability to
monitor drug release. In order for a nanodrug to be therapeutically effective, the
encapsulated drug should be released once accumulated at the pathological site.
MR contrast agents such as gadolinium and manganese have been highly useful
for this purpose as their signal depends on the interaction with the surrounding
water molecules. The MR signal generated can vary significantly when these
agents are encapsulated within a nanoparticle (limited interaction with water
molecules), compared to that obtained after the release of the contrast agent
(free interaction with water molecules). One such example are paramagnetic
temperature-responsive liposomes, consisting of GA(HPDO3A) — a clinically
approved MR contrast agent (ProHance®) — coencapsulated with doxorubicin
inside the aqueous space of liposomes [96,97]. The expectation is that even
more efforts will be invested in developing theranostic nanodrugs, and that these
systems and strategies will contribute substantially to realizing the potential of
personalized medicine.

33
Conclusion

Nanopharmacy as new discipline brings together the chemical, physical, and
engineering sciences with pharmaceutical sciences aiming to generate nanoscale
systems of diagnostic and therapeutic value. Initial efforts intended to improve
the performance of already existing therapeutics. The conversion of therapeutic
agents to nanodrugs requires a comprehensive understanding of both nanomate-
rial design and disease pathophysiology. The encapsulation of chemotherapeu-
tics into nanosized delivery systems has been a successful strategy to obtain high
drug accumulation in target disease sites and decreased off-target drug-associ-
ated toxicities. In addition, reformulation of poorly soluble drugs into nanosized
particles (e.g., Abraxane) has enabled the development of therapies for cancer by
improving drug bioavailability.

Besides improving the efficacy of already established therapeutic molecules,
the application of nanotechnology in pharmaceutical science has enabled the
development of new therapies. Nanomedicine-based gene therapy has opened
the avenue to treat disorders by delivering nucleic acids intracellularly. Smart
nanodrugs of different chemistry are being developed to enable targeting and
design of responsive nanoparticles to microenvironment changes (pH, enzymes)
or external stimuli (temperature, light, magnetic fields). Incorporation of the
imaging component in the development of nanomedicines is increasing the
potential to couple therapy with diagnostic capabilities. Imaging modalities have
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opened up an entirely new avenue to design sophisticated nanopharmaceuticals
that can simultaneously achieve diagnosis and therapy.

Due to the complexity of their mode of action, the assessment of safety and

risk/benefit of new nanopharmaceuticals remains challenging at the present:
new tools for nanocharacterization and testing strategies for quality and safety
assessments remain to be defined. Undoubtedly, the emergence of nanophar-
macy will contribute to solution of unmet needs in the development of new
nanoscale technologies, aiming to improve clinical outcomes in a variety of clini-
cal settings. At present, the major field of application is in oncology; however,
nanomedicines will most likely have many more possibilities in the treatment of
neurology [98] and immune disorders [99].
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