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Abstract

Polymeric nanoparticles have tremendous potential to improve the efficacy of therapeutic cancer
treatments by facilitating targeted delivery to a desired site. The physical and chemical properties
of polymers can be tuned to accomplish delivery across the multiple biological barriers required to
reach diverse subsets of cells. The use of biodegradable polymers as nanocarriers is especially
attractive as these materials can be designed to break down in physiological conditions as well be
engineered to exhibit triggered functionality when at particular location or activated by an external
source. In this review, we present how biodegradable polymers can be engineered as drug delivery
systems to target the tumor microenvironment in multiple ways. These nanomedicines can target
cancer cells directly, target the blood vessels that supply the nutrients and oxygen that support
tumor growth, and target immune cells to promote anti-cancer immunotherapy.
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INTRODUCTION

Novel drug delivery systems are engineered to provide new avenues for improved safety and
efficacy of modern cancer therapies. Nanoparticles with proper design have a tremendous
potential to increase the efficacy of active anticancer agents through increased targeting to a
desired site for an efficient treatment with reduced off-target effects. To enable a systemic
delivery, there are several biological barriers that need to be considered, ranging from the
system level, to the organ level, and to the cellular level (1). For oral delivery, the
nanocarrier should provide stability in the gastrointestinal tract and then target a site for
entry. Upon entry to the blood stream, the carrier should prevent kidney filtration, uptake by
phagocytes, aggregation with serum proteins, and enzymatic degradation of the cargo, and
enable prolonged circulation (2). The nanoparticle design should enable sufficient diffusion
in the extracellular matrix to reach the desired site, where it should either release the active
agent to the extracellular microenvironment or shuttle it intracellulary within the targeted
cells, depending on the cargo.

Many types of materials exist as constituent building blocks of nanocarriers, including both
natural and synthetic materials. Synthetic strategies include inorganic nanoparticles such as
those composed of gold (3, 4) or iron oxide (5), that can have intrinsic ability for imaging,
sensing, and diagnostic applications (6, 7), but can have significant limitations for drug
loading and drug release for therapeutic applications (8). Organic materials such as lipids
have had a relatively long history of use for delivering biomolecules for therapeutic
purposes. These include therapeutics such as DOXIL®, liposomal doxorubicin that has its
surface coated with the stealth polymer poly(ethylene glycol) (PEG), that has been used to
treat multiple cancers including breast cancer and ovarian cancer (9-11). An alternative class
of nanocarriers is fully composed of polymers. Polymers have multiple advantages including
the ability to tailor the physical, chemical, and biological properties of the nanocarrier.
Biodegradable polymers are especially appealing as they break down in physiological
conditions, which generally both reduces any potential toxicity of a large macromolecule as
well as facilitates drug release (12, 13).

Biodegradable polymeric nanocarriers can accomplish anti-cancer targeting through multiple
mechanisms. This includes delivery directly to the tumor cells facilitated by prolonged
circulation in the blood stream, ability to facilitate transport across the endothelium to the
tumor, and ligand-mediated targeting (14-17). In addition, polymeric nanocarriers can target
other cells that make up the tumor microenvironment as well. Targeting tumor vasculature is
a prime target as the tumor-associated neovasculature is key to allowing a tumor to obtain
sufficient oxygen and nutrients to allow growth (18, 19). Finally, immune cells are also a
critical target as the balance between an anti-cancer immune response and a tumor’s
immunosuppressive microenvironment can determine whether a tumor goes into remission
or expands (20, 21).
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Biodegradable polymer nanoparticles can be engineered into a variety of formulations, such
as solid nanoparticles, core-shell structures, polymeric micelles, and polyplexes (Figure 1).
The preferred nanoparticle formulation and synthesis method depends on the properties of
the chosen polymer and cargo, but polymeric nanoparticles are generally formed by either
self-assembly or emulsion. Briefly, self-assembly methods include intermolecular and
intramolecular interactions between the polymer itself and its cargo, such as complexation of
cationic polymers with anionic nucleic acids to form polyplexes, as well as spontaneous
micelle assembly, when amphiphilic block co-polymers reach a critical micelle
concentration (CMC) and form particles due to hydrophobic interactions. Nanoparticles can
also be formed by methods such as emulsification, where nanoparticles are formed as
droplets of one phase dispersed in a second phase. Typically, the polymer is dissolved in an
organic phase that is then mixed with a surfactant and sonicated in an aqueous phase with
high intensity to form nano-droplets (22). The emulsion is stirred until the solvent
evaporates, leaving behind hardened polymer nanoparticles. These hard nanoparticles can
also be coated with another material to form core-shell nanoparticles with favorable surface
properties (23, 24).

Natural Polymers

Naturally derived polysaccharide and protein-based polymers (Figure 2) have already been
approved for diverse food, cosmetic, and medical applications (25). They show excellent
biocompatibility since they are broken down by enzymatic degradation into easily
metabolized peptides or polysaccharides in the body, and this degradation rate can be tuned
for a desired release profile (26). However, these polymers are more variable batch-to-batch,
often require chemical modification to act as efficient nanocarriers, and must be extensively
purified to avoid immunogenicity.

Chitosan is a linear polysaccharide derived from chitin, an abundant natural biopolymer
found in the exoskeleton of insects and crustaceans (27). Chitosan is synthesized by the
deacetylation of chitin, which forms primary amine groups, making the polymer cationic in
dilute acidic solutions. As a result, chitosan electrostatically binds to and complexes with
negatively charged macromolecules such as nucleic acids to form polyplexes (28, 29).
Chitosan’s positive charge increases cell uptake and adhesion to negatively charged mucosal
surfaces, making it well-suited for oral drug delivery (30). Degradation is highly tunable and
can be optimized for biomedical applications by varying molecular weight, degree of
deacetylation, and chemical modifications (31).

Dextran is a branched polysaccharide comprised of simple repeat units of a-d-glycose
joined by glycosidic bonds (32). Dextran is hydrophilic and water-soluble but can be
acetylated to create a hydrophobic polysaccharide (AcDex) (33). For drug delivery, it is
typically combined with crosslinkers to form a hydrogel or coating. Further, dextran can be
linked to a hydrophilic polymer such as PEG, Poly(e-caprolactone) (PCL), or Polylactide
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(PLA) as a block co-polymer to form amphiphilic micelles, which can be loaded with
hydrophobic chemotherapies (34).

Alginate is an inexpensive, naturally derived hydrophobic polymer purified from algae. It is
linear and unbranched, consisting of blocks of p—1,4-linked-mannuronic acid and a-(1-4)-
linked guluronic acid residues (35). Alginate is anionic, and introducing divalent cations
such as calcium induces gelation (36). It is easily functionalized due to hydroxyl and
carboxyl groups on the backbone, so its chemical and biological properties can be tuned
(37). Alginate is biocompantible, non-immunogenic, and is used in a range of FDA
approved products, from food additives to wound dressings (37).

Gelatin is a mixture of peptides and proteins derived from partial hydrolysis of animal
collagen. It is biocompatible, non-immunogenic, and widely used in food and cosmetic
products. Thus, gelatin nanoparticles have been investigated for both nucleic acid and small
molecule drug delivery to cancer (38, 39). However, natural gelatin generally binds
therapeutic cargos too loosely, so it is chemically modified for drug delivery applications.
Carboxyl and hydroxyl groups allow for modification, including the introduction of thiol
groups to improve binding affinity to gene cargos and form redox-responsive gelatin-based
materials (38, 39). The isoelectric point of gelatin can be modified to optimize loading of
charged drugs, and gelatin molecular weight and crosslinking density can be altered to
control drug release (40).

Poly(L-lysine) (PLL) is the polymerized form of lysine, a cationic amino acid, with L
stereochemistry for natural enzymatic degradability. High positive charge density of the
polymer allows PLL to efficiently condense negatively charged molecules into
nanoparticles. Further, its positive charge improves particle uptake, so PLL is often used as a
coating on core-shell nanoparticles. PLL can be synthesized in linear and dendritic forms,
with dendritic PLL exhibiting enhanced buffering capability and improved nucleic acid
delivery (41).

Synthetic Polymers

Synthetic polymers (Figure 2) are engineered with desirable properties such as charge,
hydrophobicity, and degradation profile, which are optimized for particular cargos, delivery
routes, and disease targets. Synthesis is controlled for low batch-to-batch variability, and
production is typically scalable for large scale manufacturing. However, unintended
degradation products or metabolites can cause synthetic polymers to be cytotoxic or
immunogenic.

Polyesters—Polylactide (PLA) exists in two optically active forms, since the lactide
molecule is chiral: L-lactide and D-lactide. For drug delivery systems, poly(L-lactide)
(PLLA) has a too slow degradation, hence poly(DL-lactide) (PDLLA) is the preferred
candidate due to its faster degradation rate (42). PLA undergoes hydrolytic degradation as
random scission of the ester bonds occur, releasing the particle cargo. To improve its use for
gene delivery, tertiary amines are grafted onto the PLA backbone and serve as a source of
positive charge to promote electrostatic interactions with nucleic acids (43). The charge
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density can hence be adjusted through varied degree of functional groups to the polymer
structure.

Poly(L actide-co-Glycolide) (PLGA) is a copolymer of poly-glycoic acid (PGA) and PLA.
PLGA is an attractive delivery material because of its high stability, low toxicity, and a
degradation rate which is easily tuned by varying the ratios of PLA and PGA monomers.
PLGA nanoparticles are typically synthesized by emulsion methods and are used to
encapsulate small molecule drugs. Surface modification with the addition of cationic ligands
has shown to promote efficacy of gene delivery, for example using cationic lipids for SIRNA
delivery (44).

Poly(e-caprolactone) (PCL) is a hydrophobic, semi-crystalline biodegradable polymer with
a high capacity for drug binding and biodegradable properties due to that ester bonds break
under physiological conditions (45). PCL exhibits high colloidal stability in a biological
fluid, facile cellular uptake by endocytosis, low toxicity /n vitroand in vivo, and controlled
cargo release (46). Thus, this polymer has been used in tissue engineering scaffolds,
biomedical devices, and drug delivery devices, such as implantable contraceptive Capronor®
(47). PCL is often blended with other biodegradable polymers to speed degradation rate. In
cancer nanomedicine, PEG-PCL block copolymers have been used to form micelles
encapsulating chemotherapeutics (48, 49).

Synthetic Sugars—Cyclodextrins (CDs) are water-soluble synthetic carbohydrates
comprised of 6-8 glucose units with an amphiphilic structure. CDs form a cup shape with a
hydrophilic exterior and hydrophobic interior. Adamantine-PEG functionalization is used for
nanoparticle stabilization without interfering the electrostatic interactions to anionic cargos.
Functionalized CDs have thereby shown to form stable complexes with DNA and high
transfection efficiency with low cytotoxicity (50, 51).

Synthetic Libraries—Poly(p-amino ester) (PBAE) libraries are synthesized by reacting
diacrylates with amine monomers, including different structures of backbone-, side-chain-,
and endcapping monomers to form polymers with diverse properties, including their size,
charge, and hydrophobicity (52, 53). Using high throughput screening, PBAE formulations
have been selected for high transfection efficacy, low toxicity, and cell-type specificity for
targeted gene delivery to cancer cells (54, 55). For example, specific PBAE structures are
able to provide a preferential DNA and siRNA delivery to patient-derived glioblastoma cells
over healthy human progenitor neural cells (56, 57).

PBAEs are cationic, contain ester bonds that are hydrolytically cleavable, and can be
engineered with primary-, secondary, and tertiary amines (58). These properties enable the
polymers to bind anionic cargos, and facilitate endocytosis, endosomal escape, and
intracellular release of cargo, enabling efficient gene delivery (55). To further promote
cytoplasmic degradation, bioreducible disulfide linkages have been introduced into the
polymer structure, enabling more efficient, triggered siRNA release in the reducing
environment of the cytosol compared to release from ester bond hydrolysis alone (57, 59).
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Chain Shattering Polymer Therapeutics (CSPTs) were developed by the Cheng group and
undergo chain-shattering degradation once protective groups are removed, enabling rapid
triggered release of cargos (60). A library of protecting groups has been designed with
sensitivity to UV light, acid, base, hydrogen peroxide, and glutathione (60-62). Glutathione-
reactive polymers degrade rapidly in the cytosol to release a small molecule
chemotherapeutic, demonstrating anticancer efficacy /n vitroand in vivo (61).

The Siegwart group has developed a novel polyester library for siRNA delivery, which
includes 850 different functional structures that can be synthesized in a rapid and scalable
manner and assemble with siRNA to form polyplexes (63). High throughput screens were
used to identify formulations that would selectively transfect cancer cells in a cancer/normal
matched cell line pair /n vitro (63). Further, selected nanoparticle formulations showed
accumulation in orthotopic lung tumors and tumor-specific gene silencing when delivered
via aerosol (64).

STIMULI-RESPONSIVE POLYMERS FOR A TRIGGERED RELEASE

Materials for drug delivery should protect the active therapeutic agent from degradation and
clearance during systemic blood circulation /n vivo, provide transport to target tissues/cells,
and release the cargo at the target site. Hence, a dual modal interaction between the
polymers and drug candidate is required, with stable complexation for transport followed by
readily disassembly at the target location. To meet these requirements, polymeric delivery
materials are engineered to transform their physicochemical properties in response to
various intra- and extracellular stimuli or external triggers (Figure 3). Stimuli-responsive
materials provide targeted release at the desired site, reducing off-target delivery and adverse
side effects. These stimuli can act at the cellular level for efficient cytosolic release or at the
tissue level for tumor-targeted delivery.

Widely used triggers for stimuli-responsive biodegradable polymeric drug delivery systems
include pH (65, 66), redox potential (61, 67), temperature (68, 69), enzyme (70), light (71,
72), ultrasound (73, 74), and magnetic field (75), which cause a molecular transformation in
the polymer and change interactions with protecting groups, cargo, or other polymer
molecules, releasing the cargo at the desired site.

Intracellular release

In recent years, many important cancer-associated genes have been identified, underpinning
new molecular therapeutics including recent cancer gene therapy efforts (76). Delivering
nucleic acids, such as DNA, siRNA, miRNA, and mRNA, to cancer has tremendous
therapeutic potential, allowing for sequence-specific regulation of disease-associated gene
expression (77). However, without a delivery vehicle, nucleic acid molecules are unstable in
the bloodstream, can be immunogenic, and cannot transverse cellular membranes due to
their negative charge (78, 79). Thus, delivery systems for efficient targeted intracellular
delivery are essential to bring gene therapy to a clinical setting (80, 81). Polymeric
nanoparticles have been extensively used for this application due to their biocompatibility
and biodegradability. These nanoparticles must be engineered to protect cargo from serum
nucleases, avoid rapid hepatic and renal clearance, enter the tumor through transvascular
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transport, and deliver biologics intracellularly to target cells, generally via endocytosis (79,
82).

Cationic polymers are an attractive option for gene delivery as they readily self-assemble
with anionic nucleic acids in aqueous solution to form electrostatically-bound polyplexes.
Further, positively charged polymeric nanoparticles have been shown to efficiently penetrate
the cell membrane in a process called endocytosis. Nanoparticles are taken up by endocytic
vesicles, then the endosomal pH is lowered as the vesicle progresses to the late endosome
stage. Polymeric nanoparticles have been engineered to respond to this acidic environment
by initiating a process called endosomal escape. One commonly used approach for
endosomal escape involves incorporating H* buffering polyamines into the polymer to
promote the endosomal rupture through the proton sponge effect (83, 84). The amines of the
cationic polymer are protonated as the pH decreases, causing accumulation of ClI~ and
osmotic swelling within the endosome, which has been shown to generate a 140% increase
in endosome volume (83). This volume increase facilitates endosomal rupture, releasing the
nanoparticle cargo into the cytoplasm.

Cyclodextrin as nanocarrier has shown promising results for DNA and siRNA delivery (85,
86). To promote endosomal escape, cyclodextrin-based polymers are modified to include
imidazole functional groups as the end-capping of the polymer termini (87). PLL has also
been modified to include imidazole functional groups by grafting polyhistadine segments,
generating a polymer with a pKa around 6. This modification increased the buffering
capacity at endosomal pH, enhancing transfection efficiency (88)

Cyclodextrin nanoparticles are functionalized with adamantine-PEG (AD-PEG) to prevent
protein aggregation in presence of serum, increasing circulation time and improving gene
delivery in vivo. PEG groups reduce cellular uptake of the cyclodextrin nanoparticles, but
conjugating transferrin to AD-PEG improves targeting and improves efficacy (16). Another
approach to this challenge can be to use triggered PEG de-shielding when the nanoparticle
reaches the tumor environment so the particle is protected in circulation, but cellular uptake
in the tumor is still efficient.

Peptide and protein drugs also have been investigated as cargos for intracellular delivery
vehicles (70, 89, 90). Certain protein drugs act intracellularly to interfere with dysregulated
cancer pathways, but their therapeutic efficacy is limited by poor bioavailability and cell
penetration /n vivo. PEG-modified PLA block copolymer nanoparticles have been used to
deliver anticancer peptide NuBCP-9 to solid tumors in mice, and the treatment resulted in
complete tumor regression and 100% survival (89). Because protein drugs specifically
interfere with cancer-related pathways, they show potential for highly targeted cell killing.
Bcl-2-derived peptide delivered with polymeric micelles induced cell death in ovarian cancer
cells but not in non-cancerous fibroblasts (70). Therefore, as more anticancer protein and
peptide drugs are identified, biodegradable polymer nanoparticles should be further
investigated for intracellular delivery.

The therapeutic cargo being delivered dictates the optimal release properties of the delivery
system. Systems with sSiRNA, miRNA, and mRNA as the therapeutic agent should promote
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an endosomal release of the cargo into the cytoplasm, whereas DNA must be delivered to the
nucleus. Moreover, these different cargos possess different properties, such as molecular
weight, charge ratio, stability, and stiffness, and the material used for delivery must be
modified accordingly.

Extracellular release

Parameters of the extracellular microenvironment, such as pH, temperature, dissolved
oxygen concentration, and enzyme concentration, are influenced by disease development
and progression. Stimuli-responsive polymers are engineered to respond to such changes at
varying disease stages, or through external triggering, to selectively release therapeutics in
the tumor. Heat-responsive polymers release small molecule cargos when exposed to the
local hyperthermia (T ~ 42°C) of the tumor microenvironment (84). Many targeted
nanoparticle systems are also glutathione-responsive, releasing cargo under the reducing
conditions of the tumor. Both the blood and normal tissue have a pH of 7.4 whereas the
tumor microenvironment generally exhibits a local pH of around 6 (91, 92). This acidic
microenvironment is due to the production of lactic acid under anaerobic conditions and the
high rate of glycolysis in cancer cells (93).

Certain drug delivery systems have been developed to be responsive to both the extra- and
intracellular pH through a layer-by-layer design. In such an approach, one active agent is
released in the slightly acidic tumor microenvironment, and another active agent is
intracellularly released as pH decreases in the late endosome. This approach was shown by
Wang and coworkers, in which a stepwise pH-responsive nanoparticle system with a shell
comprised of a charge reversible pullulan-based (i.e., CAPL) material and a core of
PBAEPLGA (94). The nanoparticle system was loaded with both paclitaxel (PTX) and
combretastatin A4 (CA4) to target tumor angiogenesis and deliver chemotherapy to
hepatocellular carcinoma (HCC). The CAPL-coating responded to the slightly acidic tumor
microenvironment, then the proton-sponge effect was obtained from PBAE in the core, thus
a sequential release of CA4 and PTX was observed (94).

Efficient and selective release can also be achieved via external triggers such as light,
ultrasound, and magnetic field. Externally triggered drug delivery has spatial- and temporal
control of drug release in comparison to biological stimuli-triggered drug delivery. Using
light-triggered stimuli to achieve electron transfer is a non-invasive and an attractive trigger
for a rapid and precise release of anticancer agents. There is a wide range of materials that
are being engineered to respond to an appropriate light source, but only a few materials have
been explored in clinical trials. Thermo-responsive materials have also been developed to
respond to an increase in temperature, causing a change in material properties or shape to
release the active agent.

Shao et al developed a light-triggered photothermal therapy system in which they
encapsulated Black Phosphorous Quantum Dots (BPQD) in PLGA to form nanoparticles
(95). When exposed to near-IR laser, the BPQDs release heat, killing surrounding tumor
cells. This strategy exploits the enhanced permeation and retention (EPR) effect, using
PLGA nanoparticles to localize BPQDs in the tumor, then triggers cancer Killing by
irradiating the tumor area. The combined PLGA/BPQD photothermal therapy caused tumors

Annu Rev Chem Biomol Eng. Author manuscript; available in PMC 2019 June 07.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Karlsson et al.

Page 9

in mice to gradually shrink then completely disappear in 16 days with no instances of
recurrence over 40 days (95). Despite promising preclinical results, these therapies require
an external stimulus to be applied directly at the tumor site. Therefore, the therapies are not
relevant in cases of local spread and metastasis, when the locations of tumor sites are
unknown.

Ultrasound-guided microbubble enhanced delivery of nanoparticles improves tumor tissue
penetration through sonoporation. Microbubbles are injected intravenously with the
therapeutic, and cavitation is induced in the acoustic field of the ultrasound, resulting in
oscillation and subsequent collapse of the microbubbles (96). The resulting force from this
process increases the permeability of vessel walls and increases cellular uptake. A PLGA-
based nanoparticle system developed by Chowdhury et al. showed 5-9 fold improved
delivery to a hepatocellular carcinoma xenograft when ultrasound-guided delivery was
performed (74).

APPROACHES FOR CANCER THERAPY

Therapies that deliver to the tumor microenvironment

A major hurdle to achieve therapeutic treatment for cancer patients is to enable transport
across biological barriers and to deliver the active agent at the desired site to provide
therapy. This has hampered the development for many cancer therapies, especially for
patients with brain cancer. To facilitate therapeutic treatments of brain cancer, sufficient
delivery across the blood-brain barrier (BBB) needs to be achieved. Current standard-of-care
therapies for patients with glioblastoma, which is a grade IV brain tumor, involves maximal
surgical resection, radiation-, and chemotherapy. Despite optimal treatment, the median
survival is only one year after first diagnosis (97, 98). This poor prognosis underlies the need
for new novel therapeutic treatments in glioma patients and as other cancer therapies as well.
Thus, there is a need of delivery materials that would enable an efficient delivery across
biological barrier to reach the target site for improved cancer therapies.

A potential cancer gene therapy strategy to treat brain cancer is the delivery of genes to the
tumor cells that encode enzymes that cause the local conversion of systemically
administered pro-drugs, small molecules that can cross the BBB, into active cytotoxic agents
that trigger tumor cell death (99). The nanocarrier is designed to obtain accumulation at the
tumor site or is locally administered and subsequently exhibits preferential uptake into the
tumor cells for an efficient treatment and to avoid toxicity in healthy cells. PBAE
nanocarrieras in a rat model of brain cancer can provide effective DNA delivery of the
herpes simplex virus type | thymidine kinase (HSVtk) gene, that when combined with
systemic administration of the prodrug ganciclovir, can cause efficient brain cancer cell
killing and extension of survival (100).

Material design for tumor targeting

Biodegradable polymers can be engineered and functionalized to achieve targeted delivery to
a desired site, which can be crucial to obtain the desired therapeutic effect. There are two
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broad classes of engineering approaches to cancer targeting, either passive- or active
targeting, and both can be utilized to improve accumulation at the desired site.

Passive tumor targeting.—It has been shown that macromolecules and nanoscale drug
delivery systems have the ability to accumulate in tumor tissues even without the presence of
targeting ligands (101, 102). This is due to the physical properties of these nanomaterials
and to the leaky vasculature that surrounds tumors. The rapid formation of tumor blood
vessels in order to provide the growing tumor with essential nutrients and oxygen results in
abnormalities of the endothelium, such as a relatively high proportion of proliferating
endothelial cells, increased tortuosity, pericyte deficiency, and aberrant basement membrane
formation (103). This causes tumor vasculature to be more permeable than regular
vasculature and allows nanoparticles to more efficiently diffuse into tumor tissue. Moreover,
a decreased lymphatic drainage is also present in tumors due to the defective vasculature
structure, thus increasing retention of material in the tumor. This phenomenon is called the
enhanced permeation and retention (EPR) effect (Figure 4), and provides a framework for
the passive targeting of nanoscale drug delivery systems to tumors following administration
into the bloodstream (101, 102). The cutoff size to achieve passive targeting can vary
depending on tumor location and size, but particles less than ~200 nm in diameter are
generally preferable (104). It is also very important that the nanocarrier be engineered to
enable prolonged circulation time, hence neutrally charged non-interacting surfaces with low
immunogenicity, low clearance, and high serum stability are essential to employ passive
targeting.

Active tumor targeting.—As more cancer-specific surface molecules are discovered,
scientists and engineers have developed active targeting methods to localize therapeutic
nanoparticles to cancer cells. The nanoparticles are functionalized with targeting moieties on
the surface which strongly interact with molecules that are overexpressed on the surfaces of
cancer cells (Figure 4). Active targeting can be used to simply localize the nanoparticles to a
tumor site or to activate downstream signaling in the cancer cell, triggering events such as
apoptosis or endocytosis. Not only does the active targeting approach reduce the risk of off-
target adverse side-effects, but it can also be used to provide cellular uptake through the
receptor-mediated endocytosis mechanism.

Folate ligands can be used to achieve active targeting, since epithelial tumors of multiple
organs, such as colon, lung, prostate, and brain all exhibit an up-regulated expression of
folate receptors (105). Folate offers many advantages, it is known to be non-immunogenic, it
can be rapidly taken up by tumor cells via receptor-mediated endocytosis, and it has been
suggested that it may bypass cancer cells multidrug efflux-pumps (17, 106). The
glycoprotein transferrin is another ligand that has shown to provide tumor targeting, since its
receptor is highly upregulated in numerous cancer cell types. Transferrin is responsible for
the iron supply to cells, and because tumor cells divide rapidly and have an elevated need of
iron, they overexpress the transferrin receptor. Several approaches using polymeric
nanoparticles functionalized with transferrin have shown cancer targeting ability. Bellocq
and coworkers developed a cyclodextrin-based polymer gene delivery system functionalized
with transferrin and reported that functionalization increased transfection to leukemia cells
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(107). Davis et al. subsequently showed that these transferrin-functionalized particles could
enable systemic delivery of siRNA to melanoma patients in a phase I clinical trial (108).
Hyaluronic acid (HA)-bound nanoparticles have also shown active tumor-targeting
properties through interactions with CD-44 receptors, which are commonly overexpressed
on cancer cells and mediate endocytosis. PLGA-HA core-shell nanoparticles have been
shown to deliver docetaxel with enhanced specificity and lower systemic toxicity (99, 109).
Certain integrins, such as a3p; and a3, overexpressed on cancer cells have also been
targeted via functionalization with peptides containing RGD sequences (110, 111). The
addition of active targeting ligands generally enhances tumor accumulation and increases
therapeutic efficacy compared to non-functionalized particles which employ passive
targeting alone.

Angiogenesis

Vascular networks provide tissues with essential nutrients and oxygen. In a healthy human
body there is generally no significant angiogenesis, with new blood vessels only formed
during embryonic development, wound healing, and in response to ovulation (103).
However, when a solid tumor volume has become larger than 2 mm3, hypoxia occurs and
new blood vessels are formed by tumoral angiogenesis. Increased vascularization around
tumors enables disease progression by supporting tumor growth and metastasis. In healthy
people, there is a balance between factors stimulating- and inhibiting blood vessel growth,
but tumoral hypoxia induces upregulation of pro-angiogenic growth factors in cancer cells,
including vascular endothelial growth factors (VEGF), fibroblast growth factors (FGF),
epidermal growth factors (EGF), and angiogenin (112, 113). The upregulation of these
factors leads to endothelial cell proliferation, differentiation, migration, and secretion of
matrix metalloproteinases (MMPs), which degrade components of the extracellular matrix
(ECM), allowing blood vessel formation in the tumor tissue and enabling tumor invasion
(114).

Angiogenesis has become a target for cancer therapy because it is necessary for the growth
of all solid tumors and generally does not occur in healthy tissues (115). Hypoxiainducible
factor 1 (HIF-1) is known to be involved in crucial aspects of tumor biology, including
angiogenesis, as it functions as an oxygen sensor and regulates oxygen delivery to cells and
metabolic adaption to hypoxia (116, 117). Subunit HIF-1a is the oxygen- and growth factor
regulator, hence upregulated HIF-1a expression promotes tumor progression and inhibition
could provide a novel approach to cancer therapy (118). In seeking novel anti-angiogenesis
strategies, polymeric nanocarrier mediated siRNA delivery has strong potential to target
factors involved in angiogenesis. For the progression of prostate tumors, the growth factor
interleukin-8 (IL-8) is known to both induce angiogenesis and regulate proliferation and
survival of tumor cells (119, 120). Chen et al., showed that PLA functionalized with tertiary
amine groups used as nanocarrier provided an efficient delivery of SiRNA molecules
targeting I1L-8 in vitro (43).

Drug delivery systems have also been developed for a dual release of both anti-angiogenesis
agents and conventional chemotherapeutic agents. Sengupta and coworkers designed a
PLGA nanoparticle coated with PEGylated lipids, which allowed for an initial release of the
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anti-angiogenic agent combretastatin and then controlled release of the chemotherapeutic
agent doxorubicin from the PLGA core (121). Drug agents with multimodal activity, such as
a biomimetic peptide with dual action at inhibiting both angiogenesis and
lymphangiogenesis in order to stop both tumor-associated blood vessel growth and cancer
cell metastasis (122), are also promising agents to deliver with polymeric nanocarriers.

Immunoengineering

As a tumor forms, cancer cells develop mechanisms of immune system evasion, including
immunosuppressive cytokine secretion, recruitment of suppressive immune cells, and
expression of inhibitory ligands (123, 124). Anti-tumor immunotherapy strategies include
amplifying positive regulators of the immune system, inhibiting negative regulators, or
combining these approaches. Recently developed polymer-based immunoengineering
technologies include varied approaches such as cancer vaccines, artificial antigen presenting
cells, and gene delivery to immune cells. The main challenge to develop safe and effective
immunotherapies is to manipulate an immune response in a predictable manner through the
regulation of cellular and molecular signaling (125). To overcome this challenge,
biomaterials are engineered to engender a desired immune response, control the
differentiation of regulatory cells, and to regulate the spatial and temporal signals in the
microenvironment.

Cytotoxic T cells have the potential to selectively identify and kill cancer cells, but many
cancers can express co-inhibitory receptors to evade T cell response. Thus, therapies that can
block these cancer defenses against the immune system have tremendous potential. The
blocking of negative regulatory receptors on T cells to enhance an immune response to fight
cancer cells is known as checkpoint blockade (126). Anti-cancer immunotherapy strategies
can target the tumor microenvironment to induce killing of cancer cells by preexisting T
cells or they can aid dendritic cells (DCs) to induce robust T cell priming and activation to
combat the cancer cells (127). Checkpoint inhibitors, such as clinically approved antibodies
targeting the PD-1 and CTLA-4 receptors, block this immunosuppressive signaling and have
shown clinical promise in many types of cancers (128, 129). These groundbreaking antibody
therapies can be used in synergy with novel nanoparticle systems (130, 131) or can be
incorporated as cargo in nanoparticles (132). Alternatively, nanoparticles can deliver sSiRNA
to immune cells or cancer cells for checkpoint modulation (133, 134). For example, siRNA
delivery could be used to target the PD-L1 expression, which is the ligand that is inhibitory
to the PD-1 receptor that activated T cells and natural killer (NK) cells express (135).
Through this activation, an immune response that would combat tumor cells can be obtained.
siRNA molecules targeting the STAT3 expression of cancer cells and that thereby reduce
immunosuppression have shown promising results for tumor regression /in vivo, where the
nanocarrier was designed to target the tumor microenvironment and provide uptake into
cancer cells (127, 136).

Another strategy is adoptive T cell therapy, which involves isolating patient immune cells,
manipulating and stimulating them ex vivo, then reinfusing the engineered cells. These
adoptive cell transfer methods have shown clinical potential in the cancer vaccine
Sipuleucel-T and chimeric antigen receptor (CAR) T cell therapies for otherwise non-
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responsive cancers (137-140). However, culturing and engineering patient cells ex vivois
time consuming, expensive, technically challenging, and poses potential safety concerns.

To improve the availability of this approach to cancer patients and potentially reduce the
cost, nanoparticles could be used to directly program T cells in circulation for tumor-
recognizing capabilities. One such approach would be to design non-viral polymeric
nanoparticles to deliver CAR genes to T cells /7 vivo without the need of adoptive cell
transfer. Smith and coworkers showed that their nanoparticle design provided a DNA
delivery encoding for CAR into T cells in this manner (141). The nanocarrier was made of
PBAE functionalized with a ligand for T cell-targeting. Upon the DNA delivery, the
reprogrammed T cells expressed CAR for weeks, resulting in tumor regression and
prolonged survival in a mouse leukemia model. Thus, nanoparticle systems pose a promising
alternative approach to traditional cellular immunotherapies because they can be engineered
to deliver a range of immunomodulatory materials in a targeted manner /in vivo with minimal
off-target effects, eliminating the need to manipulate patient cells ex vivo (127).

Polymeric nanotechnology has also been employed in the development of cancer vaccines,
which expose antigen-presenting cells to tumor-specific molecules in an
immunostimmulatory environment, usually by co-delivering danger signals such as
lipopolysaccharide or CpG dinucleotides with tumor antigen. Cancer vaccines target DCs to
induce an antigen presentation, activating T cells and initiating a cytotoxic T lymphocytes
(CTLs) response to recognize and kill the cancer cells. Moreover, strategies that can prevent
immunosuppression in the tumor microenvironment can be key to help anti-cancer cytotoxic
T cell populations overcome tumor resistance (142). It has been observed that glioblastoma
tumors have a very potent immunosuppression due to upregulation of immunosuppressive
protein Galectine-1 (Gal-1) (143, 144). Woensel et al. recently developed chitosan
nanoparticles loaded with Gal-1 siRNA and observed 50% reduced Gal-1 expression in
glioblastoma /n vivo (145). Another nanoparticle design composed of PLA with crosslinked
PEG provided a dual delivery of two hydrophobic drugs that inhibit TGF-p and IL-2 that
both act as immunosuppression factors (146). Systemic administration of this nanoparticle
design provided tumor accumulation /in vivo that resulted in reduced the tumor growth and
increased the survival time.

Biodegradable polymers can also be engineered as biomimetic materials that target the
immune system to stimulate cancer immunotherapy. Polymer particles can be fabricated to
act as artificial antigen presenting cells (aAPC) by functionalization with tumor specific
peptide-MHC (pMHC) and a co-stimulatory molecule (147). Synthetic materials have the
potential to serve as more effective treatments than cell-based counterparts because they can
be engineered as an off-the-shelf product with well-defined characteristics for optimized T
cell activation, including their size, shape, and surface presentation (148). For example,
Sunshine et al. showed that ellipsoidally shaped PLGA aAPCs compared to spherically
shaped PLGA aAPCs increased CD8+ T cell proliferation which led to increased survival in
a melanoma mouse model (149). Kosmides et al. demonstrated that PLGA-based aAPCs
stimulated cancer-specific CD8+ T cells with a synergistic effect with anti-PD-1 antibody,
and the cytotoxic response increased survival time in a therapeutic melanoma model (130).
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CLINICAL RESULTS

In recent years, biodegradable polymer nanoparticles have been tested in the clinic with
some promising results, as outlined in Table 1.

CALAA-01 (Calando Pharmaceuticals) was the first nanocarrier for siRNA delivery to reach
clinical development in 2008 (101). CALAA-01 is a cyclodextrin particle decorated with
PEG for biological stability and transferrin ligands to target transferrin receptors
overexpressed on cancer cells (150). This carrier is used to deliver siRNA targeting the M2
subunit of ribonucleotide reductase. Tumor biopsies showed evidence of gene silencing by
RNA interference, suggesting that targeted cyclodextrin nanoparticles are promising delivery
vehicles for nucleic acids (108). The therapy was shown to be safe in Phase I trials, with
minimal liver and kidney toxicity (151). In the Phase I trial, the most promising response
was stable disease in one melanoma patient for four months (151).

Dr. Robert Langer of MIT and Dr. Omid Farokhzad of Harvard Medical School developed a
promising targeted and controlled release polymeric nanoparticle tested in humans. Their
company, BIND Therapeutics, was founded around their product BIND-014, a prostate-
specific membrane antigen (PSMA) targeted PLGA nanoparticle containing docetaxel (152).
The treatment was well-tolerated with no unanticipated toxicities in Phase 1 clinical trials,
and six of 52 patients responded to the treatment, one with a complete response (153).
Responses occurred in both PSMA expressing and non-expressing tumors, indicating that
passive targeting played a significant role.

Nanocarrier has completed phase I clinical trials with NC-6004, a polymeric micelle made
of PEG-poly (amino acid) block copolymers. These particles have been tested in clinical
trials to deliver cisplatin for lung, bladder, bile duct, pancreatic, and head and neck cancers.
In Phase I trials, the use of the nanocarrier increased the dose limiting toxicity of cisplatin
34-fold, and stable disease was observed for longer than four weeks in seven of 17 patients
with solid tumors treated with NC-6004 (154).

CRLX101 (NewLink Genetics Corporation) particles are formed with alternating units of
cyclodextrin and PEG, which improves circulation time, and camptothecin is chemically
linked to the polymer for pH-dependent release (155). Phase | clinical trials showed
acceptable safety and pharmacokinetics (156). In Phase |1 clinical trials, a measurable
reduction in tumor size was observed in 74% of 22 patients with platinum-resistant ovarian
cancer, and most recent results report a 16% RECIST response rate (157). Preclinical and
preliminary clinical studies suggest a synergistic effect with anti-VEGF therapy
bevacizumab, which will be further evaluated in future trials (110, 157).

NK105, developed by Nippon Kayaku Co., is a micellar form of paclitaxel formulated from
PEG-polyaspartate block copolymers. This nanoparticle formulation demonstrated
preclinical success in increasing circulation time, reducing off-target toxicity, and improving
the anti-tumor effect of paclitaxel (158). Phase I trials showed a maximum tolerated dose 15
times higher than that of free paclitaxel (159). In Phase Il trials, two full responses and 12
partial responses were observed for a 25% overall response rate (160).
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CONCLUSIONS

The technologies highlighted in this review, biodegradable polymeric nanocarriers as drug
delivery vehicles, have shown great promise at increasing the efficacy and safety of cancer
therapies. Polymer properties can be customized for the delivery of specific anti-cancer
agents, ranging from small-molecular drugs to biologics to ensure potent delivery.
Biodegradable polymers can degrade safely in physiological conditions, and through
engineering innovations, can respond to environmental and external triggers for spatial and
temporal control of delivery. Despite the progress of polymeric drug delivery systems to
treat cancer, improved targeting and improved drugs to deliver, are pressing concerns to
further improve the clinical standard of care. Development of polymeric nanocarriers for
cancer therapy has the potential to bring new combinations and multimodal avenues of
therapeutic treatments to the forefront, including new anti-angiogenic therapies and
immunotherapies.
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Figure 1.
Schematic of different nanoparticle fabrication strategies using biodegradable polymers as

nanocarriers. (a) Solid nanoparticles. () Core-shell nanoparticles. (¢) Polymeric micelles.
(d) Polyplex nanoparticles.
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Figure2.
Chemical structures for natural- and synthetic polymers used as drug delivery materials for

anti-cancer drugs. PLL = poly(L-lysine), PLA = polylactide, PLGA = poly(lactide-co-
glycolide), PCL = poly(e-caprolactone), PBAE = poly(B-amino ester).
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Figure 3.

Pc?lymeric materials can be engineered to transform their properties in response to
intracellular stimulus, extracellular stimulus, or external triggers to provide release of the
active agent at the desired site. (@) Delivery materials for nucleic acid therapeutic agents are
designed to protect the cargo during transport and subsequently provide an efficient
intracellular release upon cell entry, often utilizing pH responsiveness to enable endosomal
escape to the cytosol. (b) The nanocarrier can be designed to have environmentally-sensitive
stimuli-responsive release of therapeutic agents based on local changes to pH, temperature
(T), concentration of reactive oxygen species (ROS), and concentration of enzymes in the
tumor microenvironment. (¢) To obtain selective release at a specific site, external triggers,
such as light, near-IR laser, ultrasound, and magnetic field can be applied to achieve spatial
and temporal controlled release of anti-cancer agents from the engineered nanoparticles.
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Figure 4.
Cancer targeting with polymeric nanocarriers can be achieved by targeting a number of

cancer-specific features, including (a) Leaky tumor vasculature and dysfunctional lymphatic
drainage (EPR effect). () Overexpressed protein receptors on the surface of cancer cells. (¢)
Dysregulated blood vessels (@) Immune cells within the cancer microenvironment.
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