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ABSTRACT

Advances in polymeric nanoparticles are rapidly progressing and offers new opportunities for targeted treatment of cancer.
Nanoparticulate drug-delivery systems are capable of preferentially targeting large doses of chemotherapeutic agents or therapeutic
genes into malignant cells while leaving the healthy cells free. Nanoparticles (NPs) used as drug delivery systems are submicron-
sized particles or colloidal systems that are constructed from a large variety of materials such as polymers (polymeric NPs, micelles,
dendrimers), lipids (liposomes) viruses (viral NPs) as well as organo-metallic compounds. Various polymers are currently being
explored to modify the properties of polymeric matrix which enables greater encapsulation efficiency and high therapeutic load with
controlled release ability for the treatment of cancer. The present review explores the various types of polymeric NPs and the
different ways in which they can be utilized for the successful treatment of cancer. The targeting approaches namely passive
targeting and ligand based targeting using NPs have been discussed in detail and the applications of the different types of NPs in the

effective treatment of cancer has been exemplified.
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INTRODUCTION

ancer is the second most common cause of death

in the world '. The most commonly diagnosed

cancers throughout the globe are lung cancer
(accounting for 12.7% of the total number of cases),
breast cancer (10.9%) and colorectal cancer (9.7%) and
the most common type of cancer leading to death are
lung cancer (18.2% of the total), stomach cancer (9.7%)
and liver cancer (9.2%) °.

The implementation of nanomedicines in the field of drug
delivery has led to exciting advances in the treatment of
cancer. The barriers associated with the conventional
cancer treatment includes non-specificity that causes off-
target toxicity, thus destroying healthy cells, poor
circulation times resulting in decreased efficacy and drug
resistance leading to decreased intra-tumoural retention
. In this context, polymeric nanoparticles (NP) offer
numerous advantages including high drug loading,
controlled release profile, improved stability and
prolonged circulation times with greater cellular uptake *.

NPs have shown great promise as drug-delivery vectors
that are capable of preferentially targeting large doses of
chemotherapeutic agents or therapeutic genes into
malignant cells while leaving the healthy cells free®. NPs
that are used as drug delivery systems are submicro-sized
particles (3-200nm) or colloidal systems of submicron size
(<1um) are constructed from a large variety of materials
such as polymers (polymeric NPs, micelles, dendrimers),
lipids (liposomes) viruses (viral NPs) as well as organo-
metallic compounds °. Polymer systems offer immense
flexibility in customization and optimization of

nanocarriers to efficiently deliver new therapeutics and
provide an integral step in aiding their progression to
clinical practice Furthermore, advances in the
development of polymeric NPs has also opened up new
dimensions for the treatment of cancers as they can
simultaneously target multiple sites on tumour cells and
enables better specificity and selectivity, thus reducing
the need for higher dose and harm to the patient 8,

The aim of the review is to explore the various types of
polymeric NPs and the different ways in which they have
been utilized for the successful treatment of cancer. The
two primary ways for the targeted delivery of anticancer
drugs by the NPs (passive targeting and ligand based
targeting) has been highlighted and the application of the
different types of podlymeric NPs in the effective
treatment of cancer has been exemplified.

Pathways of Targeted Delivery of NPS

There are primarily two ways for the delivery of an
anticancer drug to the target site by the NPs which are
passive and ligand targeting (Figure 1).

Passive targeting

Certain patho-physiological conditions, for example leaky
vasculature, pH, temperature, and surface charge around
the tumour are used for passive targeting of NPs .

Enhanced permeation and retention (EPR) effect

The unique pathophysiologic characteristics of tumour
vessels are exploited by nano-particulate systems for
passive targeting when the tumour volume exceeds
2mm3, nutrition intake, waste excretion, and oxygen
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delivery is impaired due to limited diffusion °. New blood
vessels are generated by these rapidly growing cancerous
cells. This phenomenon is called angiogenesis (or
neovascularization). Some features of angiogenesis are
irregular tortuosity, basement membrane abnormalities
and the deficiency of pericytes lining up the endothelial
cells. Due to such impairments, gaps in the leaky vessels
are formed which range from 100 nm to 2um depending
upon the tumour type . Poor lymphatic drainage also
occurs in these tumours since there is high interstitial
pressure at the core of the tumour rather than at the
periphery. Thus, leaky vasculature and poor lymphatic
flow together results in enhanced permeation and
retention (EPR) effect. As the sizes of NPs are smaller than
the fenestrated blood vessels, they preferentially localize
in the cancerous cells and thus remain entrapped in the
tumour because of their higher retention ability as
compared to the normal tissues. %10

Delivery of

nanoparticles

Passive

Ligand based

Targeting e

Figure 1: Approaches for Targeted Delivery of NPs'.
Tumour microenvironment

The microenvironment around the tumour cells which is
different from the normal cells can be utilized for passive
targeting. The rate of metabolism is high in rapidly
dividing cancer cells. An acidic environment is formed
since these cells use glycolysis to maintain the supply of
nutrients and oxygen " pH-sensitive nanoparticulate
systems are developed in a way so that they remain
stable at a physiologic pH of 7.4 but then degrade for the
release of the active drug target tissues have in lower pH
values 2. Hyperthermia is associated with many
pathological conditions such as the human ovarian
cancer. The design of a thermo-sensitive polymeric
system consists of a polymer that exhibits a low critical
solution temperature (LCST). Precipitation of the polymer
occurs if the temperature in the tumour is above LCST
with subsequent release of the drug. Using ultrasound or
photothermal means, it is possible to induce localized
hyperthermia in tumours B

Certain enzymes are also released by matrix
metalloproteinases (MMPs) cancer cells. These are
associated in the survival and movement mechanisms of
the cancer cells *

Surface Charge

Surface charge is a critical factor for passive targeting of
the tumour. Tumour cells have relatively high negative
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surface charge compared to normal cells. Therefore
cationic nanoparticulate systems can be used that
electrostatically bind to negatively charged phospholipid
headgroups that are expressed on tumour endothelial
cells *°. The nature of polymeric surface charge (anionic,
cationic or neutral governs cellular internalization and
subcellular localization of the nanoparticulate systems
and thus is responsible for the cytotoxicity potential of
polymeric NPs. Cationic NPs have proven to be successful
in delivering small interfering RNA (siRNA) to silence
target gene in cancer cells and have also improved
anticancer activity of Paclitaxel e

Ligand Based Targeting

In this type of targeting, ligands are conjugated at the
periphery of the nanoparticulate system to bind with the
proper receptors at the target tumour site. The targeting
ligands can be classified as proteins (antibody and its
fragments), peptides, nucleic acids (aptamers), or small
molecules and others (vitamins and carbohydrates).
These generally bind to the receptor that is over
expressed by the tumour cells or vasculature'. These
targeting ligands greatly influence cellular uptake of NPs
which in turn is enhanced by the process of endocytosis.
Due to the long circulation of NPs the NPs are able to
efficiently deliver the therapeutic agent to the tumour
site by EPR phenomenon 18

Antibody based targeting

Antibodies fall into the category of targeting ligands
owing to their availability and their attributes as specific
and in vivo targeting ligands without depending on
tumour enhanced permeability and retention (EPR) 2
The two epitope binding sites present in a single molecule
of antibody permits greater selectivity and binding affinity
for the target of interest 2

Various therapeutic antibodies have been developed and
approved by the FDA such as Rituximab (Rituxan®) for
non-Hodgkin’s lymphoma treatment Rituximab (Rituxan®)
2l Trastuzumab (Herceptin®) for breast cancer
treatment®, Bevacizumab (Avastin®) designed to inhibit
angiogenesi523, and Cetuximab (Erbitux®) for advanced
colorectal cancer treatment®. However, these antibodies
are expensive to manufacture, and variations may occur
from, batch to batch. Potential immunogenic responses
may also be induced by antibodies and therefore to
mitigate this response, antibodies have been engineered
to produce humanized, chimeric, or fragmented forms of
antibodies®.

One of the most common pharmaceutical carriers for
targeted drug delivery is immune-liposomes (antibody-
directed liposomes). They have the unique ability to
encapsulate  both  hydrophilic and  hydrophobic
therapeutic agents and their preparation is relatively
simple. In vivo lung cancer targeted immuno-liposomes
was developed by Wu et al ».
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However, there are certain challenges associated for the
targeting of NPs such as antigen binding (monoclonal
antibodies/mAb should have high target specificity and
the NPs should not affect the desired specificity),
conjugation (antibody-nanoparticle/Ab-NP linkage should
be highly efficient and site specific) and circulation time
(the mAb-NP conjugate linker must be stable when
circulating in the body). Immunogenicity and purity are
additional factors as well. The body is likely to recognize
the antibodies as foreign particles and thus can nullify the
action of the targeted NPs. Therefore, many conjugation
techniques can be utilized such as exploiting lysine side-
chain amines and cysteine sulfhydryl groups that produce
heterogeneous mixtures of targeted NPs, each with
different molar ratios of antibody and NPs (Ab:NP), with a
safe pharmacokinetic profilelg.

Peptide based targeting

Due to smaller size, low immunogenicity and ease of
manufacture at relatively low costs, peptides are
considered to be attractive targeting molecules’®. There
are various methods for identifying peptide-based
targeting ligands. Generally, peptides are obtained from
the binding regions of the protein of interest. It is also
possible to identify peptide based-targeting ligands by
utilizing phage display techniques. In the phage display
technique, a phage display screen is used for the
bacteriophages to display a range of targeting peptide
sequences in a phage display library (approximately 10"
sequences) and a binding assay is used to select the
target peptide527.

At present Cilengitide, which is a cyclic peptide that has a
binding affinity for integrin is under phase Il clinical trials
for the treatment of non-small cell lung and pancreatic
cancer *®. Adnectins are a new class of therapeutic
proteins based on the fibronectin and designed to bind
with high affinity and specificity to relevant targets. An
adnectin for human VEGF receptor 2, a 40 amino acid
thermostable and protease-stable oligopeptide, is under
phase | clinical trials for several oncology indications
(Lipovsek, 2010). Even though peptides have certain
disadvantages such as target affinity being low and easily
susceptible to proteolytic cleavage, these conditions can
be avoided by synthesis of the peptides with D-amino
acids *°. Peptides have been recently used to design
multifunctional NPs for the purpose of targeted cancer
imaging and therapyzo. A breast tumour targeted
nanodrug was designed to transfer siRNA to the human
breast cancer which allowed the non-invasive monitoring
of siRNA delivery concurrentlyzg.

Aptamer based targeting

Oligonucleic acids (RNA or DNA) which have unique three-
dimensional structures and the potential to bind with
many biochemical targets from small molecules to large
proteins are known as aptamers™. Aptamers that are
capable of binding to a target of interest are selected
through Systematic Evolution of Ligands by Exponential
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enrichment (SELEX)*. The method involves rounds of
target binding, partitioning binding from non-binding
sequences, and multiplication of the enriched binding
sequences the bioactive forms of target proteins on the
surface of the cell*’. Aptamers which have a high affinity
and specificity for a target can be selected from libraries
of 10" random oligonucleotides.

Aptamers have greater advantages in terms of NPs
targeting compared to antibodies. They can be
synthesized with a specific functional moiety of
carboxylate, amino, sulfhydryl or aldehyde at only one
end of the nucleic acid that serves as an aptamer. This
type of synthesis allows for conjugations which are site
specific without the production of heterogeneous
mixtures and with hardly any variations from batch to
batch™. Aptamers exhibit non-immunogenic properties,
are non-toxic and can be modified for stability in
circulation®. The aptamers can be selected in vitro and in
vivo and can be subjected to repeated and reversible
denaturation. Since aptamers are not animal or immune-
response dependent, they can be chosen against weak
immunogenic targets and toxins™". They have a much
smaller size (150kDa) in contrast to antibodies and they
can produce compact structures which enable them to
bind clefts, binding sites and enzymatic active sites®

More than 200 aptamers have been isolated till present35.
Example of FDA approved aptamer is Pegaptanib
(VEGF.e5) in 2004 for the treatment of neovascular
macular degeneration. Another aptamer which is a
nucleolin targeted aptamer is under phase Il clinical
trial*®. However, due to the degradation of the nuclease,
rapid blood clearance may occur which can be lethal to
the patient. This problem can be overcome by
modification of pyrimidine at 2’-fluorine position or
chemical modification with PEG can be done to increase
bioavailability and pharmacokinetic propertie537.

2’-fluoro-pyridine-RNA aptamers which are produced
against the extracellular domain of prostate-specific
membrane antigen (PSMA) are considered to be the best
aptamers for targeted delivery38. Self-assembled
polymeric NPs of doxorubicin have been delivered by
using these aptamers™’.

Small- molecule based targets

The small molecules with variable structures and
properties are cheaper to produce and have proven to be
a class of the more prevalent targeting ligands conjugated
to NPs. The different types of small molecules used are
folate,zocarbohydrates, riboflavin, EGFR, transferrin and
lectins™.

Folate

Folate, a water soluble vitamin B6, is one of the most
widely studied molecules for drug delivery as they are
inexpensive, non-toxic, non-immunogenic with high
binding affinity, stability upon storage and during
circulation and are easily conjugated to nanocarriers™. It
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is an essential vitamin in humans for cell division and
embryonic development *’. The folate receptor has been
considered as a potential tumour marker that binds
vitamin folate and folate-drug conjugates with a high
affinity and transfers these bound molecules into the cells
through receptor-mediated endocytosis“. Since folate
receptors are overexpressed in cancers, folate allows for
the targeted delivery of imaging and therapeutic agents
to the tumour due to its high binding affinity for the
folate receptors. Certain theranostic agents have been
produced by the combination of folate with drug delivery
vehicles or inorganic NPs®. A new folate receptor-
targeted nanoparticle formulation of Paclitaxel was
formulated using heparin as a carrier (heparin-folate-
Taxol (Paclitaxel), HFT) and was tested in animal models
which showed more potent activity against the growth of
tumour xenografts compared to binary heparin-Taxol or
the free Paclitaxel drug 2,

Carbohydrates

Carbohydrates are another type of small molecule
targeting ligands which can distinguish selectively the cell
surface receptors such as lectin ”, Hepatocytes have a
high density of the asialoglycoprotein receptor (ASGP-R)
(500,000 receptors per celll and easily binds
carbohydrates such as galactose, mannose, arabinose
which can effectively act as liver-targeted drug delivery
systems *.

Riboflavin

An essential vitamin for cellular metabolism is riboflavin
and thus, the carrier protein of riboflavin (RCP) is highly
upregulated in metabolically active cells*. Therefore, an
endogenous RCP ligand known as the flavin
mononucleotide (FMN), was used for the metabolically
active cancer or endothelial cells*. FMN- coated ultra-
small super paramagnetic iron oxide nano particles
(FLUSPIO) synthesized by Kiessler and co-workers to be
used as MRI/optical dual probes for cancer detection
which was stabilized by guanosine monophosphate46. An
intense fluorescence emission was observed at 530 nm
due to FMN. Through MRI, TEM and fluorescence
microscopy of PC3 cells and HUVEC cells the cellular
uptake of FLUSPIO was investigated in vitro. After 1-hour
incubation with FLUSPIO and non-targeted USPIO, both
PC3 and HUVEC cells depicted a higher R2 relaxation rate.
This uptake was reduced by the competitive blocking of
RCP with free FMN. After the incubation period, a green
fluorescence in the cells was observed. This suggested
that since there was endosomal localization of the NPs
indicating that FMN could be considered as a building
block for imaging and therapeutic agent for tumours®.

Epidermal Growth Factors

The EGFRs are part of a group of tyrosine kinase
receptors. These receptors are highly upregulated on
tumour cell surfaces. EGFR binds to six known
endogenous ligands, namely: EGF, transforming growth
factor-a, amphiregulin, betacellulin, heparin-binding EGF,
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and epiregulin®’. When EGFR is activated by one of these
ligands intracellular signalling processes are stimulated
which increases tumour growth and progression involving
multiplication, angiogenesis, invasion, and metastasis.
Overexpression of EGFR is evident in breast, lung,
colorectal, and brain cancers 8

Transferrin

Transferrin is a serum non-heme iron-binding
glycoprotein which acts as a transporter which aids in the
transport of iron through blood and into proliferating cells
by its attachment to the transferring receptor. When the
transferrin  internalizes via  receptor  mediated
endocytosis, iron is released in the acidic environment of
the cell. The receptor is very important since it is
responsible for iron homeostasis and regulation of cell
growth. Therefore, due to the increased demand for iron
as compared to the normal cells, transferrin receptors are
overexpressed in metastatic and drug resistant cancer
cells which make them an attractive target for cancer
therapy and tumour-specific drug delivery49. Transferrin-
conjugated paclitaxel loaded [poly(lactic-co-glycolic-acid)
polymer] NPs inhibited cell growth to a greater extent
compared to free paclitaxelSO. Transferrin conjugated to
liposomes promoted transfection efficacy of glycoprotein
p53 leading to sensitization of transfected cancer cells >

Lectins

Lectins are proteins that can identify and bind specifically
to the carbohydrate moieties of glycoproteins present on
the extracellular side of plasma membrane. The
glycoproteins of cancer cells are different from the ones
expressed on the normal cells ! Therefore, lectins can be
used 4als targeting molecules for site-specific delivery of
drugs .

Lectin targeting based on lectin-carbohydrate interaction
can be characterized into two types, known as direct
lectin targeting and reverse lectin targeting1'4l. Direct
lectin targeting incorporates lectins into NPs as ligand to
target cell surface carbohydrates and reverse lectin
targeting that involves conjugating nano-system with
carbohydrate moiety to target lectins. Lectin based

targeting is primarily applied for targeting colon®?,

Polymer Based Nanocarriers for Targeted Cancer

Therapy

Polymeric NPs offer numerous advantages for drug
delivery by enabling high loading efficiencies and ability
to target tumours to provide enhanced antitumour
efficacy through triggered release inside tumours with
minimum side effects *'. Additionally, these NPs provide a
shielding effect by protecting the drugs from rapid
clearance by liver, kidney and reticuloendothelial system
which enhances stability of the drug and target specificity.
The polymers used for the development of these
nanocarriers may be either natural or synthetic’. The
polymeric NPs can be classified as solid polymeric NPs,
polymeric micelle, polymer conjugate, dendrimer,
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polymersome, polyplex and polymer-lipid hybrid system".
The different types of NPs characterized by their unique
physicochemical structures and their applications in the
treatment of cancer have been discussed in the following
sections.

Polymeric NPs

Polymeric NPs are solid colloidal systems in which the
therapeutic agent is either dissolved, entrapped,
encapsulated or adsorbed onto the constituent polymer
matrix". The structures of polymeric NPs depend on the
process of formation of NPs and vary from nanospheres
to nanocapsules. Nanospheres are matrix systems in
which the drug is dispersed throughout the particles
whereas nanocapsules refer to vesicles in which the drug
is entrapped within an aqueous or oily cavity which is
further surrounded by a monolayer of polymeric
membrane *.

A wide range of polymers can be used to fabricate
polymeric NPs which includes natural or synthetic
substances composed of macromolecules such as poly
(lactide-coglycolide), polyethylene glycol, poly (lactic
acid), poly(e-caprolactone), albumin, chitosan, and poly
(alkyl cyanoacrylates)®. The composition of the NPs
varies for the delivery of specific drugs to the surface of
specific cells® .The first step for using a polymeric carrier
is to ensure that the polymeric structure is biodegradable
and can retain its properties in vivo for a prolonged
period of time. Biodegradability is a critical factor so that
polymeric carriers are degraded into smaller fragments
that can be metabolized and excreted from the body. In
comparison with other drug delivery systems, polymeric
nano-carriers are non-toxic, non-immunogenic, relatively
easier to synthesize, cheaper, water soluble and provide
better biodegradability and biocompatibilityss,

A nanoparticle formulation of paclitaxel which contains
serum albumin as a carrier, commercially known as
Abraxane, has been used for the treatment of metastatic
breast cancer’’. Abraxane has not only been used for
metastatic breast cancer but also has been assessed in
other clinical trials for non-small-cell lung cancer (Phase I
trial) and advance non-hematologic malignancies (Phase |
and pharmacokinetics trials)41

NPs loaded with paclitaxel (PTX) and tamoxifen (TMX)
containing biodegradable polyethylene oxide (PEO)
conjugated with poly(e-caprolactone) (PCL) proved to be
efficient in overcoming multidrug resistance in the
treatment of ovarian adenocarcinoma. Substantial
enhancement in antitumour efficacy was observed and
there was hardly any toxicity associated upon intravenous
administration of nanoparticulate formulations of PTX-
TMX in combination with PEO-PCL.

An aptamer-functionalized poly (lactide-coglycolide)
conjugated with polyethylene glycol (PLGA-PEG) NPs was
developed against prostate-specific membrane antigen
(PSMA) overexpressing cancer cells by Cheng et al. The
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delivery of the NPs to the tumours was increased by 3.77
fold in 24 hours compared to NPs without the aptamer™.

Polymeric Micelles

Polymeric micelles are formed as a result of self-
assembling of amphiphilic di- or tri- block copolymers into
spherical nanosized core/shell structure in aqueous
media*’. The hydrophobic core acts as a reservoir for
hydrophobic drugs and allows for encapsulation of
anticancer drugs whereas the hydrophilic shell is
responsible for stabilizing the hydrophobic core which
makes the polymer water-soluble and an attractive drug
delivery system for intravenous route of administration.
The hydrophilic layer also provides stealth property to the
system which prolongs the circulation time of the micelle
in the blood as it averts the uptake by the
reticuloendothelial system Y The micelles that are
derived from polymer have greater stability and lower
critical micellar concentration value(in order of 10° M)
when compared to surfactant-based micelles®®. The
loading of the drug within the micelle can be carried out
in two ways -physical encapsulation and chemical
covalent attachment °".

Recent studies on few of the micellar based anticancer
drugs have shown their potential as drug carriers in
oncotherapy®®.  Genexol-PM (PEG-poly(D,L-lactide)-
paclitaxel) is the first polymeric micelle formulation of
paclitaxel. It is cremophor-free (i.e. free from poly-
ethoxylated castor oil which is used in other formulations
of paclitaxel). This particular polymeric micelle
formulation has undergone Phase | and pharmacokinetic
studies in patients with advanced refractory 6,
Multifunctional polymeric micelles coupled with targeting
ligands and imaging and therapeutic agents are being
developed as well®.

Curcumin was encapsulated using polymeric micelles of
cross-linked and random  copolymers of N-
isopropylacrylamide with N-vinyl-2-pyrrolidone and PEG
monoacrylate. Anticancer efficacy was observed in vitro
when compared with free curcumin against human
pancreatic cancer cells lines by these newly formulated
micelles *

Cisplatin incorporated within PEG-polyglutamic acid block
copolymer micelles showed 20-fold higher blood
circulation and accumulation in solid tumours compared
to free cisplatin in lung carcinoma cells. It provided
sufficient stability that led to prolonged circulation and
showed sustained drug release pattern after
accumulation at the delivery site through enhanced
permeability retention effect. Furthermore, complete
destruction of the tumour occurred and no significant loss
in body weight was observed after treatment with
polymeric micelles compared to free cisplatin which
causes approximately 20 percent loss of body weight and
tumour survival at an equivalent dose®.

Polymeric micelles consisting of PEG-phosphatidyl
ethanolamine conjugated to antitumour monoclonal
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antibody that had a nucleosome-restricted specificity for
different cancer cells were developed for target-specific
delivery of Paclitaxel (PTX). These immune micelles were
able to recognize and efficiently bind to various cancer
cells such as the murine lung carcinoma cells,
lymphomacells and human breast adenocarcinoma cell
lines in vitro. The tumour specific immune-micelles
loaded with PTX demonstrated an increase in
accumulation of PTX in the tumour and enhanced the
inhibition of the growth rate of the tumour upon
intravenous administration into mice with lung carcinoma
by a factor of 2.5 times compared to free PTX or TAXOL in
non-targeted micelles®.

Folic acid was coupled with doxycycline loaded PEG-PLGA
micelles by covalently attachment of the ligand through
its y -carboxyl group to form polymeric micelles.
Enhanced cellular uptake as well as cytotoxicity against
human nasopharyngeal epidermal carcinoma cell lines
was observed in comparison to non-targeted micelles. In
addition, there was a two times reduction in the rate of
tumour growth showing significant improvement in
antitumour activity in contrast to non-targeted micelles®’.

In order to overcome multidrug resistance (MDR) in
human breast cancer, pluronic copolymers were studied
as micellar carriers for delivery of Paclitaxel. Pluronic
micellar paclitaxel resulted in a remarkable decrease in
ICso of Paclitaxel in multidrug resistance cell lines when
compared with free Paclitaxel, thus proving its potential
to cause cytotoxic effects in multidrug resistance cells
compared to nonresistant cell lines. Enhanced uptake by
the folate receptors led to greater internalization of the
polymeric micelles and therefore pluronics based micelles
to overcome MDR and folate-mediated uptake can be
applied for the treatment of MDR solid tumours®.

Dendrimers

A dendrimer is a synthetic polymeric macromolecule of
nanometer dimensions. They are composed of repeatedly
branched monomers that extend from the central core
resembling a tree-like structure™*.

They can serve as attractive carriers for anticancer
therapeutics because of their distinct properties such as
mono-disperse size, modifiable surface functionality that
facilitates the encapsulation/ conjugation of therapeutic
agent in the internal cavity or on the surface multivalency
as well water solubilitysg.

Poly (glycerol succinic acid) dendrimers were investigated
as potential carriers for Campotothecin. Camptothecin
encapsulated dendrimer exhibited anticancer activity
which was assessed by using the human breast
adenocarcinoma (MCF-7), colorectal adenocarcinoma
(HT-29), non-small-cell lung carcinoma (NCI-H460), and
glioblastoma (SF-268). When compared to camptothecin
dissolved in dimethyl sulfoxide, the dendrimer carrier
camptothecin demonstrated an increased cytotoxicity as
well as a decrease in ICsq in two-to-seven-fold range.
Cellular uptake was also increased by 16-fold compared
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to the free drug in MCF-7 cells’®. Melamine based
dendrimers reduced the organ toxicity of anticancer
agents such as methotrexate and 6-mercapturine which
causes hepatotoxicity. Alanine transaminase levelALT)
was reduced to 27 percent in case of methotrexate
encapsulated dendrimers, while for 6-mercaptopurine
was reduced to 36 percent as compared to the non-
encapsulated drugs .

Poly (e- caprolactone) and polyethylene glycol (PEG) were
explored as a carrier for the anticancer drug etoposide
and showed comparable toxicity to free etoposide when
tested on porcine kidney cells. The dendrimer most
widely used as a scaffold is poly-amido amine dendrimer.
A polyamidoamine (PAMAM) dendrimer was conjugated
with cisplatin formed by sodium carboxylate synthesizing
dendrimer palatinate which released platinum slowly in
vitro. The dendrimer Pt was 8-fold less toxic than the free
drug and showed higher activity against melanoma
bearing mice when compared to the free drug upon
intraperitoneal administration. Free Cisplatin was inactive
after IV administration to treat melanoma whereas the
dendrimer-Pt showed anticancer activityn.

Polymersomes

Polymer vesicles composed of synthetic amphiphilic block
copolymers that are self-assembled and contain separate
hydrophilic and hydrophobic blocks are known as
polymersomes. They are similar to liposomes in terms of
architecture and structured design but have greater
stability, storage capability and enhanced circulation time
compared liposomes even though structurally they are
similar. Doxycycline (DOX) can be encapsulated within the
aqueous center of the polymer vesicles. The efficiency of
DOX-loaded PEO-block-PCL in terms of its therapeutic
activity was studied in xeno-transplanted tumour-bearing
mice and their potential to retard tumour growth was
assessed. When compared to commercially available
DOXIL, which is a clinically administered liposomal
formulation of DOX, DOX-loaded polymersomes were
able to inhibit the tumour growth in a similar manner’>.

For breast cancer therapy polymersomes based on
phosphazene were researched on as the delivery systems
of hydrophilic DOX hydrochloride or hydrophobic DOX
base which allowed higher encapsulation of DOX or DOX-
HCI. In comparison to free DOX-HCL, the DOX-HCL loaded
polymersomes increased life safety upon in vivo
administration of these polymersomes in mice with
xenograft tumours’®. Efficient passive delivery to human
breast tumour-bearing mice can be obtained by co-
encapsulation of PTX (in hydrophobic bilayer) and DOX (in
hydrophilic core) by utilizing polymersomes. The dual
drug loaded polymersome increases the synergistic
anticancer effect, increases the suppression of the
tumour and also shows a higher maximum tolerated dose
as compared to the free drug ”°.

Bio-resorbable polymersomes were developed for
efficient and targeted delivery of cisplatin to human colon
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cancer cells that overexpress a(5)B(1) integrin °. PEO-
block-poly(y-methyl-e-caprolactone) polymersomes were
attached with a(5)B(1) integrin specific targeting peptide
named PR_b which enabled target binding and enhanced
uptake into the cancer cells. As a comparison to the
conventional RGD-targeting peptides which bind to
different types of integrins. Higher cytotoxity was
observed in colon cancer cells. Self-assembled
polymersomes from PEO-b-poly(butadiene) di-block
copolymers functionalized with PR_b employed for
delivery of therapeutic protein named tumour necrosis
factor-a(TNF-a) to prostate cancer cells. PR_b
polymersomes attached to the asB;integrins which were
expressed on prostate cancer cells led to efficient
internalization of polymersomes and enhanced cytotoxic
potential compared with non-targeted polymersomes”.

Polyplexes

Polymeric systems which formed as a consequence of
condensation and/or complexation of gene or siRNA
through electrostatic interactions between the cationic
groups of the polymer and the negatively charged nucleic
acids are termed as polyplexes. The nucleic acids are
protected from enzymatic degradation by the polyplexes
and prevent the release at off-target sites. Transfection
with the negatively charged cell surface may be enhanced
by the polyplexes which contain an excess of positive
charge. Site-specific delivery of therapeutic nucleic acids
to the tumour sites is a promising strategy for the
treatment of cancer’®.

Poly-I-lysine based vector was investigated for cancer-
specific gene therapy by modifying the polymer (Zhao,
Tanaka, & Kim, 2014). In order to impart endosome
escape property, the polymer was modified with histidine
group and with cationic peptide moiety to help in the
formation of polyplex with pDNA and act as a substrate
for protein kinase (a(PK(a) which is specifically activated
in cancer cells. After application of the polyplexes into
cancer cells, protein kinase responsive gene expression
was observed which extended for 24 hours "°.

Polyplexes using phosphorylcholine-modified
polyethyleneimine (PEIl) has been utilized for efficient
delivery of DNA in cancer therapy. These polyplexes
enabled selective uptake by the liver cancer cells
compared to PEGylated polyplexes and showed gene
expression in liver cancer cells six folds greater than
normal cells .

The ability of galactose-modified trimethyl chitosan-
cysteine-based polymeric vectors to deliver siRNA were
explored. The result showed that the polyplexes were
efficient in persistent gene knockdown when in human
liver cancer and human lung cancer cells. In addition,
greater retardation of tumour growth, angiogenesis
inhibition and apoptosis induction was observed with the
use of these polyplexes "°. For the delivery of prostate
cancer cell-specific VEGF siRNA, a polymeric system was
developed in which PElI was joined with the prostate
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cancer cell-targeting peptide by a PEG linker, to form
stable polyplexes by condensing siRNA. Higher gene
silencing ability was demonstrated by these newly formed
polyplexes because of targeting peptide-mediated
specific internalization in human prostate carcinoma
cells®.

Polymer hybrid systems
Polymer-lipid hybrid system

When polymeric NPs and liposomes are enjoined
together, the resulting system is known as polymer-lipid
hybrid system. The polymer-lipid hybrid system is
composed of a biodegradable hydrophobic polymeric
core that encapsulates water- soluble anticancer drugs
for sustained-release action, which is surrounded by a
hydrophilic shell responsible for providing stealth
property that prevents them from recognition by the
immune system and prolongs the systemic circulation. A
third component known as the lipid monolayer is also
present as part of the system that separates the
hydrophobic core and hydrophilic shell to prevent
diffusion of encapsulated agent and reduce the rate of
water penetration into the NPs. This hybrid system offers
the advantages of both the polymeric NPs and liposomes
which are greater amount of drug encapsulation and
loading efficiency, desirable sustained release drug

profile, better stability and enables surface
functionalization for targeting cancer cells 8
An example of a polymer-lipid hybrid system is

complexation of cationic doxorubicin with anionic
soybean-oil-based polymer dispersed with lipid (stearic
acid) in water. This particular hybrid system exhibited
effective delivery of the anticancer drug doxorubicin and
enhanced cytotoxicity by eight-fold against P-gp-
overexpressing human breast cancer cell line.
Furthermore, the incorporation of doxorubicin within the
polymer-lipid hybrid nano-particulate showed enhanced
uptake of the drug and retention in P-gp-overexpressing
cells than free drug 8,

Polymer-surfactant hybrid system

Surfactants are agents that are responsible for reducing
interfacial tension between two or more components in a
system, thus promoting miscibility, colloidal stability,
dispersion between water and oil, NPs and polymers, NPs
and analytes (Heinz, et al., 2017). A polymer-surfactant
nano-particulate hybrid system was developed by
Chavanpatil et al. that comprised of sodium alginate as
the polymer and dioctyl sodium sulpho-succinate as the
anionic surfactant. The hybrid system resulted in
enhanced cytotoxicity as a result of increased cellular
uptake and drug accumulation in drug-resistant cells
compared to doxorubicin solution®.

Polymer cyclodextrin hybrid system

Cyclodextrins are glucopyranose units which are linked
with a bonds®>. The natural cyclodextrins are named as a,
B, v, based on the number of glucopyranose units, for
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example a cyclodextrins contain 6 units of glucopyranose
andB and vy cyclodextrins contain 7 and 8 units
respectively.

Cyclodextrins have a truncated cone shaped appearance
and are polar exterior owing to the presence of primary
and secondary hydroxyls groups as shown in Figure 4. The
interior of the cyclodextrins is apolar which enables them
to incorporate hydrophobic molecules within the cavity
and form an inclusion complex in the molar ratio 1:1, 1:2
or 2:1 drug: cyclodextrin. Various physicochemical
properties, such as the taste, solubility, stability, odor,
side effects and physical state of the guest molecule can
be altered using this cyclodextrin inclusion complex.
Therefore, cyclodextrins has been widely used as
excipients since it improves solubility of poorly water
soluble drug, enhances the physical or chemical stability
of active ingredient and avoids the side effects of drugs in
parenteral, oral, nasal, buccal, topical and mucosal
formulations *°.

It seems a promising approach to formulate NPs directly
from cyclodextrins owing to the idea that cyclodextrins
with amphiphilic property self-assemble at interfaces.
Since natural or hydrophilic cyclodextrins are being used
in NPs as coating material or in conjugation with polymers
for the controlled release of drugs, amphiphilic
cyclodextrins could also be used individually as a
nanoparticle. Even though amphiphilic cyclodextrins can
be acquired by the chemical grafting of long aliphatic
chains to the primary and /or secondary faces with ester,
ether, thio, fluoro or amido bonds, they can still form
inclusion complexes with lipophilic drugs. Cyclodextrins
can also form nanoparticle by techniques such as
nanoprecipitation, double emulsion and detergent
dialysis technique587.

A transferrin-modified, cyclodextrin polymer-based
system for delivery of siRNA was formulated by Bellocget.
al. The hybrid system is composed of a cyclodextrin
polycation condensed with nucleic acid along with the
presence of polyethylene glycol at the surface for
increasing the stability in biological fluids as well as
transferrin used for targeting of cancer cells. The
conjugate transferrin-PEG-adamantane self assembles
with the NPs by admnatane(host) and cyclodextrin (guest)
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inclusion complex formation, resulting in a a four-fold

enhancement of leukemia cells compared to non-
88

targeted NPs™.

Polymer conjugates

Polymer conjugates refer to water-soluble polymers
either conjugated to anticancer drugs or proteins. They
are considered as new chemical entities as they have a
pharmacokinetic profile which differs from that of the
parent drugl. Protein used carrier systems provide
selective drug targeting and solves enzyme-induced
degradation problem, thus increasing stabilityse. Proteins
also offer numerous advantages such as decreased
immunogenicity, greater plasma half-life and prolonged
systemic circulation L

Polymer-drug conjugation promotes tumour targeting
using the phenomenon of EPR effect and enables
endocytic capture at cellular level, culminating in
lysosomotropic drug delivery LA targeting moiety or
inclusion of a targeting ligand or antibody in polymer drug
conjugate allows for specific targeting of tumours >

Internalization usually takes place through receptor-
mediated endocytosis. For example, an endosome is
formed after the invagination plasma membrane engulfs
the complex of the folate-targeted conjugate bound with
the folate receptor on the cell surface. These endosomes
are then transferred to target different organelles. The
drug is released from the conjugate when the interior pH
value of the endosome becomes acidic and the lysozymes
are activated. Given that the drug has the suitable physic-
chemical properties to cross through the endosomal
membrane, it enters the cytoplasm. The released drugs
are then taken up by their preferred target organelle.
During this time, the folate receptor which was released
from the conjugate starts a second round of transporting
by binding to new folate-targeted conjugates by returning
to the cell membrane®.

The polymers used in the fabrication of polymer-drug
conjugates include linear polymers such as N-(2-
hydroxypropyl) methacrylamide copolymers,
polyglutamic acid, PEG and polysaccharides (dextran)
with drugs (DOX, PTX, camptothecin and platinate). The
clinically approved polymeric NPs are listed in Table 1.

Table 1: Clinically approved polymeric nanomedicine for oncologic treatment.

Polymeric . . . I - .
PIatyforms Product Description Therapeutic Agent Commercial Name Indication Administration Reference
’ . Zinostatin® (Stimal Hepatocellul .
SMANCS Neocarzinostatin inostatin® (Stimalmer) <& (.uce war Intra-arterial &
carcinoma
Acute Intravenous
PEG-| asparaginase Asparaginase Oncaspar ® lymphoblastic ) ! %
Polymer- . intramuscular
X leukemia
protein .
) Prevention of
conjugate )
neutropenia
PEG-GCSF GCSF Neulasta®/PEGFllgrastim associated with Subcutaneous o1
cancer
chemotherapy
. Methoxy-PEG-poly .
Polymeric . . Metastatic breast
Y (d,l-lactide)- Paclitaxel Genexol®-PM Intravenous o
micelle cancer

paclitaxel micelle
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CONCLUSION

The greater scope of chemically modifying the polymeric
system has increased its potential to be utilized for
targeted drug delivery of many therapeutic agents
especially for the treatment of cancer. The therapeutic
agent is either conjugated to the surface of the
nanoparticle or can be encapsulated within the polymeric
core. The targeted delivery of NPs can overcome the
problems associated with the conventional cancer
therapy such as lack of water solubility, nonspecific bio-
distribution and lack of selectivity resulting in non-
specific toxicity towards normal cells and lower dose of
drugs delivered to cancer cells leading to poor
bioavailability and low therapeutic indices. The NPs can
be designed for optimal size and surface characteristics to
prolong their circulation time in the bloodstream to
improve the biodistribution of cancer drugs. Various
polymers are currently being explored to modify the
properties of polymeric matrix which enables greater
encapsulation efficiency and high therapeutic load with
controlled release ability for the treatment of cancer.
Passive and active targeting strategies are used to deliver
drugs to the target sites. NPs can utilize the enhanced
permeability and retention effect and the tumour
microenvironment to selectively target the anticancer
drug to the cancer cells. In addition to this passive
targeting mechanism, active targeting strategies using
ligands and antibodies can increase the specificity of
these therapeutic NPs. NPs can be used to decrease or
overcome drug resistance which hinders the efficiency of
molecularly targeted and conventional chemotherapeutic
agents by escaping recognition from P- glycoprotein, one
of the main mediators of multidrug resistance.
Furthermore, progression in nanoscale imaging will allow
for the development of multifunctional “smart” NPs that
can facilitate personalized cancer therapy as they are
capable of detecting malignant cells (active targeting
moiety), visualizing of their location in the body (real-time
in vivo imaging), destroying the cancer cells specifically
and harming the normal cells leading to minimum side
effects (active targeting and controlled drug release) and
monitoring the outcome of treatments in real time.
Although, a number of polymeric NPs have been clinically
approved for oncologic treatment, yet these NPs for
functionalization with targeting ligand must be evaluated
and the safety of these nanocarriers must be assessed
before proceeding to clinical study.
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