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Abbreviations: PSMA, poly(styrene-alt-maleic anhydride); 
FA-SMA, folate functionalized SMA; DABA, 2,4-diaminobutyric 
acid; PLGA-OP, oseltamivir phosphate poly(lactic-co-glycolic acid); 
OP-pPEGMEMA, oseltamivir phosphate-conjugated polymeric mi-
celles

Introduction
Conventional chemotherapy is one of the standard, treatments for 

cancer patients; however, current strategies used in the clinic suffer 
from limitations such as poor aqueous solubility, elevated toxicity, 
lack of cancer cell selectivity and chemoresistance.1 The application 
of nanotechnology to deliver drugs to tumor cells is an attractive 
alternative. It allows drugs to be delivered to cancer cells specifically 
with prolonged circulation time and with a controlled drug release.2–4 
In addition, controlled drug delivery improves bioavailability by 
preventing premature degradation and enhancing uptake, as well as 
maintaining drug concentration, release rates within the therapeutic 
window, and reducing side effects.5–7 Another advantage of 
nanomaterials is the possibility to design materials with amphiphilic 
properties allowing for the solubilization of potent hydrophobic drugs 
for efficient transport and delivery. Therefore, different strategies have 
been adopted to develop nanocarriers specifically for the delivery of 
chemotherapeutic drugs. This paper will briefly introduce the use of 
nanomaterials in medicine, general methods used for the optimization 

of targeted drug carriers, and will present in detail three successful 
carriers developed for the delivery of chemotherapeutic drugs.

Nanoparticles in medicine 

Nanoparticles are nano- or micro-sized composed of metal or 
organic elements that can be fabricated from synthetic, semi-synthetic 
or natural materials for use in several applications in the field of 
medicine. Firstly, metal nanoparticles, such as gold or silver, have 
been successfully used for imaging as well as biosensing.8 These 
applications rely on the novel physical and optical properties of the 
particles at the nanoscale. Indeed, gold nanoparticles are optically 
active and their absorption wavelength can be controlled with the size 
of the nanoparticles. This property is linked to the surface Plasmon 
band of the unpaired electrons at the surface of the nanoparticle, 
which gives a very precise and wide range of colors accessible for 
very efficient imaging and sensing properties. Secondly, nanoparticles 
have potential applications in regenerative medicine using mesoporous 
silica nanoparticles.9 This platform may be used for imaging in tissue 
engineering and for stem cell therapy as well as controlled drug 
release, however, the potential applications require an evaluation of 
the biocompatibility of the mesoporous silica nanoparticles.

Nanoparticles in drug delivery

The application of nanotechnology to deliver drugs using 
polymeric templates commonly utilizes three levels of targeting 
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Abstract

The therapeutic potential of polymeric nanoparticles has garnered attention due to 
the multiple applications for which this technology can be used. This is particularly 
important for cancer as many of the cytotoxic drugs that are used to treat patients have 
negative side effects on healthy cells. Polymeric nanoparticle technology can reduce 
these negative side effects as they can be engineered to respond to the unique external 
environment surrounding tumors (i.e. an acidic environment and pH response) or they 
can target specific receptors such as folate, found exclusively on cancer cells and 
release their payload directly. This review will discuss the current applications of 
polymer nanoparticles in nanomedicine as a whole, with a focus on the development 
of polymeric nanoparticles and their applications as targeted drug delivery vehicles.
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strategies: passive, active and stimuli responsive targeting. Passive 
targeting is known as the enhanced permeability and retention (EPR) 
effect, which takes advantage of the leaky vasculature of solid tumor 
structures. This EPR allows particles with a certain size to enter 
and accumulate in tumor tissues.7,10 The biocompatible polymers 
following unloading of the drug would eventually clear through the 
excretory system. Despite the ability of the EPR effect to improve 
the accumulation of drugs, there are several barriers to the EPR effect 
including high interstitial fluid pressure in tumor tissues,2 layers of 
tissue penetration that is demanded for therapeutic drugs, and liver and 
spleen accumulation of these particles. As a result, additional targeting 
strategies are required to enhance the distribution of the therapeutic 
macromolecules. Active targeting mechanisms utilize tumor-specific 
receptor ligands to achieve a degree of specificity and therefore it is 
used as a promising complementary strategy to EPR effect. Targeting 
molecules include carbohydrates, antibodies and ligands where their 
receptors are overly expressed in tumor tissues but are limited in 
healthy cells. Active targeting would not only improve therapeutic 
efficiency but also enable a reduction of the amount of drug that must 
be administered to achieve a therapeutic response, thus minimizing 
negative side effects.2,11 Finally, stimuli-responsive delivery systems 
are designed to respond to external stimuli (i.e., pH, light, magnetic 
field) so that drug release is only triggered at the desired time and 
location. When exposed to external stimuli, the polymers will undergo 
physiochemical structural changes, and therefore lose the well-
defined nanoarchitectures, releasing drugs directly into tumor cells. 
Among the external stimuli, pH gradients have been widely used for 
controlled release relying on the abnormally low pH of endosomes 
and tumor tissues compared to healthy tissues.12–15

To further enhance their capabilities, “smart” polymers and 
nanoparticles are capable of controlled release of their cargo as well as 
being able to target specific sites in order to efficiently deliver therapies. 
Polymers provide advantages over other cancer immunotherapies if 
they can load both tumor macromolecules and adjuvants, and through 
specific sizes and functional moieties be selectively delivered to 
specific target sites. The surfaces of these polymers are engineered 
to elicit immune responses facilitating antigen presentation.16 By 
adding specific functionalities, engineered nanoparticles can present 
a more sensitive delivery vehicle that reduces the toxicity of its cargo 
by directly targeting the intended cell type, and indirectly increasing 
the efficacy of a drug by maintaining the integrity of healthy cells. 
Cancer is an area to which polymer science is currently being 
applied. Chemotherapy is highly toxic to both cancer and healthy 
cells. Therefore, in an effort to make chemotherapy more effective, 
nanoparticles that are designed to target specific receptors that are 
exclusively expressed on cancer cells are currently being developed. 

Design and synthesis of the drug carrier

Although a broad range of applications are being studied for 
nanoparticles in medicine,17 the main development, has been focused 
on the synthesis of efficient targeted drug delivery carriers. The main 
synthetic vehicles for drug delivery are composed of polymeric 
nanoparticles. Polymers are easy to synthesize with specific 
functionalizations which can be inserted on the chain. The polymers 
can be biocompatible, but the main advantage of polymers in drug 
delivery lies in the wide number of shapes accessible by self-assembly 
and their biomimic properties of base-pair recognition. Indeed, 
polymers can self-assemble into a variety of shapes from a spherical 
micelle to gyroids or lamella with hydrophobic or hydrophilic cores 

of controllable sizes. These nanoparticles can be tailored for a specific 
application, particularly developed for the delivery of different drugs 
using oral treatment.18 This report has shown that the size and shape 
of nanoparticles can have a significant impact on the efficiency of 
treatment. The large surface area of nanoparticles presents as an 
advantage for efficient interactions with the gastrointestinal tract 
compared with common vehicles used for oral treatment. 

The first polymeric carriers developed used EPR effect for 
preferential accumulation of the carrier and the drug close to the 
cancer cells due to the vasculature of the fast reproducing cells (Figure 
1). The efficiency of these carriers varied broadly depending on their 
molecular weight and their release mechanism.

Figure 1 Passive targeting of nanoparticles (NP) by EPR effect utilizing 
the anatomical and pathophysiological abnormalities of tumor vasculature. 
Reproduced with permission from Acharya and Sahoo.24 

A second approach for the targeting strategy was by 
functionalization of the polymer for a specific response to a change 
in their environment, including pH, ionic strength, magnetic field, 
and heat. Specific functionalization of a polymer can provide specific 
environmentally responsive physical properties. Functionalization 
in general can be designed to enhance the photocatalytic properties 
of a material for solar cell applications,19 the optical and magnetic 
responsiveness of nanomaterials can also be controlled through 
functionalization20 and functionalization of biodegradable polymers 
was used successfully for tissue engineering applications.21 In the 
field of drug delivery, the functionalization of a nanostructure can be 
designed for a direct release of the drug. The drug is often covalently 
linked to the polymer and changes in the microenvironment can 
trigger cleavage of the polymer-drug bond, releasing the drug. This 
approach requires a chemical reaction on-site and all the cleavable 
parts of the drug-carrier complex to be biocompatible. A more 
promising approach for the targeted release of hydrophobic drugs uses 
a functionalized carrier encapsulating the hydrophobic drug in its core 
that can be targeted towards specific cells.

The efficacy of polymers as targeted drug de-
livery systems 

Response to external stimuli 

In recent years, technological advancements have been geared 
towards manufacturing devices that not only perform at peak efficiency, 
but are also capable of displaying a form of intelligence. This trend is 
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currently being applied to the development of drug delivery systems 
in hopes of creating a polymer compound that is not only more 
efficient at administering chemotherapeutic drugs but also has the 
means to respond to external environmental stimuli. It is necessary to 
control and guide the interactions between these nanoparticles and the 
environment in which they are engineered to exert their therapeutic 
effects.22 This is a particularly important paradigm shift in the field of 
cancer research as current treatment options, such as chemotherapy, 
have adverse side effects on healthy cells due to systemic delivery of 
the chemotherapeutics. Chemotherapeutic agents are typically small 
hydrophobic molecules that exert their intracellular effects to inhibit 
an aspect of cell division. The hydrophobicity of many of these drugs 
results in failure in clinical trials due to poor pharmacokinetics.23 As 
a result, the development of amphiphilic nanocarriers has allowed 
for a targeted delivery of these hydrophobic drugs. This delivery 
system can be designed with a hydrophobic interior and hydrophilic 
exterior, which allows it to encapsulate hydrophobic agents, such as 
chemotherapeutic drugs, while maintaining its own solubility in an 
aqueous environment. Amphiphilic polymeric vessels can provide an 
advantage to deliver these potent drugs to specific targets, minimizing 
negative side effects.

Gaps are present in the endothelial cells of tumor blood vessels. 
Nanoparticles take advantage of this leaky vasculature to extravagate 
efficiently into tumor tissues, and with the absence of lymphatic 
drainage from the tumors, it contributes to retention of the nanocarriers, 
ultimately leading to accumulation of high drug concentrations.

These loaded nanoparticles can also result in passive immunity 
based on drug accumulation around the tumor. However, the 
properties of the tumor microenvironment and vasculature have 
recently been exploited such that drug release from the nanoparticles 
occurs strictly at the tumor site. Tumors have a particularly acidic 
microenvironment with a pH of 6.5-6.9, which is uncharacteristic of 
normal, healthy tissues (pH 7.2-7.4).25 To this end, a pH responsive 
amphiphilic nanocarrier was developed that is capable of modifying 
its structural integrity upon exposure to a change in pH.5,6 The unique 
characteristic of poly(styrene-alt-maleic anhydride) (PSMA) is such 
that at a neutral pH, the polymer forms stable nanoparticles which 
are capable of encapsulating hydrophobic agents in the core and are 
able to release their cargo by undergoing a conformational change 
upon exposure to a change in pH. This allows for a more specific 
delivery of potent therapeutics. In addition, the stable structure 
obtained by self-assembly at pH 7 can be tuned for specific drugs 
with either a tubular hydrophobic core with an inner diameter of 3 
nm or a hydrophobic core delimited by two hydrophobic lamella at 
a distance of 3nm.26 The self-assembly of alternating copolymers 
presents significant advantages compared to block copolymers 
which were the main component of the first polymeric nanocarriers. 
Indeed, the self-assembly of alternating copolymers do not require 
the addition of a co-solvent such as dimethyl sulfoxide (DMSO) and 
thus, no critical micelle concentrations have been reported for self-
assembly. These properties ensure a simple one-step process for the 
encapsulation of the hydrophobic drug as well as a complete control 
of the concentration of both the polymer and drug.

Another unique characteristic of nanomedicine is that it can be 
engineered for active targeting such that they can interact with target 
cells via specific ligand-receptor interactions. The folate receptor 
is highly expressed on many cancer cell types such as the kidney, 
lung, breast, bladder and pancreas.27 Due to its elevated expression 

in malignant cell types, it presents as a valuable therapeutic target 
in nanomedicine and allows the carrier to preferentially bind to 
cancerous cells prior to endocytosis. Recently, the poly(styrene-alt-
maleic anhydride) (PMSA) amphiphilic polymer has been further 
modified and functionalized with the addition of folic acid, generating 
a folic acid functionalized amphiphilic alternating copolymer (FA-
DABA-SMA). As with the PSMA molecule, this functionalized 
polymer not only maintains its pH responsiveness which promotes 
drug release after endocytosis, but is also able to bind to the 
overexpressed folate receptors present on cancer cells.28 This property 
allows for this delivery system to take advantage of the characteristics 
of the human body such that the intact cylinder can travel through 
the body, and release the drugs following internalization by malignant 
cells where the pH changes.29 Following folate binding to its receptor, 
the nanoparticle is internalized in an endocytic pathway into the 
cytosol, where the pH drops further to pH 5.30 Due to the amphiphilic 
nature of this conjugated nanoparticle, this pH drop will result in a 
conformational change that will release the therapeutic load directly 
into the malignant cell (Figure 2). This specific release has two main 
advantages: the potent hydrophobic drug transported directly into 
the cancerous cell will not affect the healthy cells with a significant 
reduction of the side effects related to chemotherapy, and will allow 
for a decrease in the drug concentration needed for the desired effect 
on the cancerous cells.

Figure 2 Schematic representation of targeted delivery through folic acid-
mediated receptor endocytosis of the nanocarrier and release of the drug due 
to conformational changes of the polymer in a low pH environment.

To test the efficacy of the FA-DABA-SMA delivery system, 
when administered in vitro to RAW-Blue macrophage and PANC-
1 pancreatic cancer cell lines, curcumin loaded SMA was shown 
to aggregate and surround the cells for uptake into the cytoplasm. 
However, the curcumin was not found to be present in the nucleus. 
In contrast, FA-DABA-SMA was internalized through folic acid-
mediated receptor endocytosis and curcumin was found to have been 
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internalized and localized to the nucleus through fluorescence analysis 
(Figure 3).29 In addition, the study showed no adverse effects of the 
functionalized polymer on cell viability. However, the cell viability 
study of the curcumin loaded FA-DABA-SMA revealed a significant 
decrease in the number of cancerous cells. Clinically, these findings 
have relevant implications as many chemotherapeutic drugs are 

cytotoxic to cells because they target and inhibit different oncogenic 
processes. Therefore, one possible avenue to further explore would 
be to encapsulate hydrophobic chemotherapeutic drugs and determine 
whether there is an increase in cell death when compared with 
conventional methods of treatment. 

Figure 3 Fluorescent images showing cellular uptake of curcumin-loaded FA-SMA in (A) RAW-Blue and (B) PANC-1 cell lines. Notes: Images in the left column 
indicate
(A) RAW-Blue cell line with concentrations of (a) 0.3, (b) 1, (c) 3, and (d) 10 μm of curcumin-loaded FA-SMA, respectively, and images in the right column indicate
(B) PANC-1 cell line with concentrations of (a) 0.3, (b) 1, (c) 3, and (d) 10 μm of curcumin-loaded FA-SMA, respectively. The image bar scale represents 100μm.

Taken in part from: © Li et al.29 Publisher and licensee Dove Medical Press Ltd. This is an Open Access article which permits unrestricted non-commercial use, 
provided the original work is properly cited.

https://doi.org/10.15406/mojps.2017.01.00016


Advancements in polymer science: ‘smart’ drug delivery systems for the treatment of cancer 117
Copyright:

©2017 Sambi et al.

Citation: Sambi M, Qorri B, Malardier-Jugroot C, et al. Advancements in polymer science: ‘smart’ drug delivery systems for the treatment of cancer. MOJ Poly 
Sci. 2017;1(3):113‒118. DOI: 10.15406/mojps.2017.01.00016

The targeted drug delivery system developed and optimized in this 
study shows very good potential for efficient release of hydrophobic 
chemotherapeutic agents directly to the cancerous cell without 
affecting normal cells and minimizing the negative side effects. 
However, this drug carrier could also be used for imaging and early 
detection of cancerous cells. Indeed, the template formed by the 
unfunctionalized polymer promotes the synthesis of optically active 
gold nanoclusters (2-3nm in diameter) as well as monoatomically 
thin gold nanosheets (~50nm in diameter).26,31 The combination of a 
targeted carrier (FA-DABA-SMA) and an optically active material 
(gold decorated SMA) is expected to improve the sensitivity of cancer 
cell imaging.

Slow release drug delivery 

In addition to poor pharmacokinetics due to the hydrophobic 
nature of many cancer therapies, cancer treatment involves multiple 
doses of these drug cocktails as intravenous (IV) injections. As a 
result, nanoscale polymeric drug delivery systems such as polymeric 
micelles and liposomes have been developed for targeted and sustained 
release of chemotherapeutic drugs. The development of poly (lactic-
co-glycolide) (PLGA) nanoparticles allows for the slow release 
of therapeutic agents over a course of days up to weeks.32 PLGA is 
synthesized through a copolymerization reaction that involves the 
ring opening of two different monomers of glycolic and lactic acid.32 
During the polymerization process, monomers are linked through 
ester bonds and contribute to PLGA’s biodegradability because this 
linkage undergoes hydrolysis in the body and generates products that 
are normally produced through normal metabolic processes.32 

Recently, we have designed and developed a PLGA cylinder 
loaded with oseltamivir phosphate (PLGA-OP).33 Based on reported 
studies, we have provided evidence of the crucial role of epidermal 
growth factor receptor (EGFR) in initiating a number of processes 
involved in cancer progression including angiogenesis, metastasis, 
chemoresistance and tumorigenesis.34 Furthermore, we have shown 
the significant efficacy of OP in inhibiting neuraminidase-1 (Neu-1) 
in order to prevent the activation of these tumor-promoting signaling 
pathways.35 The release kinetics of PLGA-OP in biphasic release 
profiles via bulk erosion was shown in RAGxCy double mutant mouse 
models with human pancreatic PANC-1 cancer cells. OP released from 
PLGA-OP 20 mg cylinders inhibited tumor growth for approximately 
30 days, beyond this, tumor growth was minimal.33 In addition, very 
few to no metastatic clusters were seen in the liver and lung tissues 
of cohorts with the PLGA-OP transplant compared to the untreated 
control cohorts due to an inhibition of tumor neovascularization. Loss 
of E-cadherin is known to drive epithelial-to-mesenchymal transition. 
Reduced metastatic burden can be attributed to maintained E-cadherin 
levels and decreased N-cadherin lvels (but N cadherin doesn’t drive 
EMT). This study confirmed the therapeutic potential of a PLGA-
designed cylinder delivery vehicle loaded with OP in order to reduce 
metastatic burden and tumor growth when implanted at the tumor site 
without the need for repeated drug administration. 

Polymeric micelles: receptor targeting 

Polymeric micelles are a class of nanoparticles that are able to 
encapsulate hydrophobic drugs in their core due to their amphiphilic 
nature and are generally smaller than 100nm in size.36 The assembly 
of these structures follows a similar pattern seen in viruses and 
lipoproteins. Their therapeutic potential was recognized in 1984 

when they were first proposed as vehicles to deliver antitumor drugs 
in a safe and minimally invasive manner, particularly because of the 
high demand for low density lipoproteins by tumors.37 Furthermore, 
these micelles can be conjugated with compounds that can target 
specific receptors on tumor cells, thereby making these nanoparticles 
particularly useful in targeted drug delivery applications.

Our group has developed OP-conjugated polymeric micelles 
(OP-pPEGMEMA) which demonstrated a concentration-dependent 
inhibition of sialidase activity, using a microbial (α-2,3) neuraminidase 
from Streptococcus pneumoniae.38 To expand these targeted effects 
on the free enzyme, PANC-1 pancreatic cancer cells treated with 
soluble OP-pPEGMEMA conjugates in a dose-dependent manner 
achieved up to 45% reduction in cell viability. The OP-conjugated 
polymeric micelles specifically targeted Neu-1 similar to that of free 
OP.38 These OP-conjugated micelles targeting Neu-1 in complex with 
EGFRs provided a novel way of specific targeting and delivering 
chemotherapeutic agents by receptor-induced internalization of OP-
micelles via Neu-1 binding.39 

Conclusion
Targeted drug delivery systems hold promise in efficiently 

targeting tumors. This is particularly important for tumors that are 
unresectable. Due to their unique design and capacity to encapsulate 
drugs and release them slowly over time or at a specific site of action, 
polymeric nanoparticles are an exciting field of study that is currently 
being applied to cancer therapies. In addition, clinical conventional 
approved anticancer drugs can be loaded and tested in these polymers 
to study their solubility, cellular uptake, and cytotoxicity. With 
increasing modifications being applied to these “smart” polymeric 
particles to make their targeting more efficient and specific in their 
response to external stimuli, polymer science is continually evolving 
in order to provide an efficacious mode for the treatment of cancer. 
The most promising drug carriers are those that combine both active 
and passive targeting strategies. The strategy presented in this review 
with a folic acid functionalized, pH-sensitive polymer highlights 
the specificity and efficiency of drug release with a decrease in the 
number of cancerous cells with curcumin used as the drug. The 
functionalization of the polymeric carrier has the potential to be 
adapted for specific receptors and may include different targeting 
centers for a highly responsive and “smart” strategy towards efficient 
cancer treatment.
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