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ABSTRACT: The standard of care for cancer patients includes
surgical resection, radiation, and chemotherapy with cytotoxic
chemotherapy drugs usually part of the treatment. However, these
drugs are commonly associated with cardiotoxicity, ototoxicity,
nephrotoxicity, peripheral neuropathy, and myelosuppression. Strat-
egies to deliver cytotoxic chemotherapy drugs while reducing
secondary toxicity and increasing tumor dosing would therefore be
desirable. This goal can be achieved through the use of controlled
release drug carrier systems. The aim of this review is to provide an
overview of clinically used drug carrier systems and recently developed

approaches for drug—biomaterial conjugation.
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B INTRODUCTION

Cytotoxic chemotherapy drugs have been the front line for
cancer treatments for decades." Intravenous administration is
the most common route of administration. However, secondary
toxicities significantly limit dosing, which impedes both the use
and the benefits of the drugs. Side effects include cardiotoxicity,
ototoxicity, neghrotoxicity, peripheral neuropathy, and myelo-
suppression.” ® Therefore, while a cytotoxic drug may be
extremely effective in treating the specific cancer, the optimal
dose required may not be achievable without undue side effects
to the patient. Biomaterial-based drug delivery systems have
been utilized to preferentially deliver drugs to cancer sites and
thereby limit systemic toxicity. These drug delivery systems are
administered systemically as nanoparticle formulations or
locally via implantable or injectable materials. The chemical
structures of common chemotherapeutic agents investigated in
drug release systems are depicted in Figure 1. Drug release
from these delivery modes is achieved through various
processes, including diffusion, linker degradation, or biomaterial
degradation. In this review, clinically used drug carrier systems
will be described, followed by details on drug carrier systems
based on drug—biomaterial interactions through ionic, covalent,
or cisplatin complexation mechanisms. The clinically used drug
carrier system, Gliadel, will be described; however, other
polymeric systems utilizing hydrolysis and diftusion for drug
release will not be discussed, as these have been reviewed
extensively elsewhere.”” "

B CLINICAL SYSTEMS

There is extensive research toward developing improved
delivery systems for chemotherapy drugs; however, few of
these systems have received regulatory approval from the Food
and Drug Administration (FDA). The approved systems have
significantly improved patient outcomes compared to conven-
tional techniques. Outside of the United States, drug eluting
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systems that combine pre-existing cancer treatment strategies
(see Direct Injection, Drug Eluting Microspheres below) have
been approved for use in Canada and the European Union. The
approaches that are clinically approved in the United States,
Canada, and Europe are described in the subsequent sections.

Liposomal Formulations: Doxil, DaunoXome, Marqi-
bo Abraxane, Myocet, and Caleyx. Liposomes are spherical
vesicles composed of polar lipid molecules that self-assemble
into lipid bilayers that are structurally analogous to the cell
membrane. These vesicles can be used to carry and release
hydrophobic and hydrophilic payloads. Liposome formulations
have been reviewed extensively elsewhere."'™'® There are
currently three FDA approved liposome formulations, Doxil,
DaunoXome, and Margibo, which carry doxorubicin (1, DOX),
daunorubicin, or vincristine (11, VCR), respectively. Myocet
and Caelyx are used outside of the United States as a liposomal
DOX carrier. Doxil and Caleyx liposomes are formulated with a
PEGylated outer lipid layer which reduces opsonization and
clearance by the mononuclear phagocyte system.'* These
liposomes have increased blood circulation time compared to
the free drug, 3—4 days versus 25 h.'> The other liposome
formulations are readily cleared by the mononuclear phagocyte
system, resulting in liposome degradation and drug release into
the circulation system."> The benefits of liposomal vesicles for
chemotherapeutic drug delivery include decreased systemic
toxicity and increased payload to the tumor site via enhanced
permeability and retention (EPR).'

Human Serum Albumin Nanoparticles: Abraxane. A
significant limitation with many chemotherapeutic drugs is their
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Figure 1. Chemical structure of several chemotherapy agents investigated in sustained release formats: (A) Anthracyclines - doxorubicin, 1;
idarubicin, 2; and mitoxantrone, 3. (B) Topoisomerase II inhibitor - etoposide, 4. (C) Alkylating agents - cisplatin, S; and carmustine, 6. (D)
Antimetabolic agents - methotrexate, 7; and gemcitabine, 8. (E) Mitotic inhibitors - paclitaxel, 9; docetaxel, 10; and vincristine, 11.

low solubility in water. To systemically deliver these drugs,
surfactants and organic solvents are often employed to increase
solubility. However, these additives can introduce additional
side effects, including disruption of biological membranes and
hemolysis.'” A hypersensitivity reaction to cremophor EL-
solubilized paxlitaxel (9, PTX) is an example; while the exact
mechanism of this drug-induced hypersensitivity is unknown.
Premedication with steroids can be used to minimize
hypersensitivity.'® Exploiting the interaction of hydrophobic
molecules with albumin has been used to overcome solubility
limitations, thereby eliminating the need for solubilizing
agents."” Abraxane is noncovalent human serum albumin-
bound PTX approved by the FDA for breast, non-small cell
lung, and pancreatic cancers. Abraxane is reconstituted with
normal saline eliminating the need for premedicating with
steroids. Furthermore, this albumin-based nanoparticle system
may utilize the albumin receptor (gp60)-mediated pathway for
transcytosis through endothelial cells to gain access to tumor

20-22
cells.
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Implantable Polymer Wafers: Gliadel. A significant
challenge to treating brain tumors is overcoming the blood-
brain barrier. One way to overcome this challenge is to directly
place chemotherapeutic drugs into the tumor space. Gliadel is
an implanted poly(anhydride) wafer containing carmustine (6)
for the treatment of glioblastoma. Poly(anhydrides) are a class
of polymers suited for slow release of hydrophobic drugs due to
their biocompatibility, low initial water uptake, and rapid
surface-mediated degradation kinetics. Gliadel wafers release
carmustine over S days via a combination of diffusion and
degradation/diffusion kinetics. In animal studies, the entire
polymer wafer was degraded within 6—8 weeks,” while in
humans, portions of the wafers were observed months after the
initial implant.** This represents the only locally administered,
sustained release treatment option for solid tumors approved in
the United States.

Direct Injection, Drug Eluting Microspheres: DEBDOX,
DEBIRI, and Hepasphere. Transarterial chemoembolization
(TACE) is a procedure used in hypervascularized tumors, such
as primary liver tumors, to block blood supply via filling the
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Figure 2. Structure of anionic and cationic molecules used for chemotherapeutic agent delivery systems. (A) Examples of cationic chemotherapeutic
agents: doxorubicin, 1; mitoxantrone, 3; and vincristine, 11. Blue highlights primary amine (square), secondary amine (circle), and tertiary amine
(triangle). (B) Examples of carboxylate-containing polymers and polar hydrocarbons: alginate, 12; poly(y-glutamic acid), 13; and oleic acid, 14.
Carboxylate groups highlighted with red boxes. (C) Examples of sulfonate-containing polymers and polar hydrocarbons: dextran sulfate, 1S;
taurodeoxylate, 16; and tetradecyl sulfate, 17. Sulfonate groups highlighted with green boxes.

supplying arteries with an embolic agent.”® Additionally,
chemotherapeutic drugs are directly injected into the artery
during the procedure (mitomycin, DOX, or cisplatin). A
number of embolization options are available, including rapidly
hardening liquids (n-butyl-2-cyanoacrylate), ethanol that hard-
ens the endothelium lining the blood vessels, poly(vinyl
alcohol) microspheres, gelatin microspheres, degradable starch
microspheres, or metal coils which induce blood clotting.**>"
These embolic agents, particularly the microsphere formula-
tions, can be used to coadminister and slowly release
chemotherapeutic drugs. BTG International has marketed
sulfated poly(vinyl alcohol) microspheres (DC Beads) loaded
with DOX (DEBDOX) or irinotecan (DEBIRI) for hyper-
vascularized tumors or malignant colorectal cancers metasta-
sized to the liver, respectively.>*** Merit Medical Systems has
marketed sodium acrylate alcohol copolymer microspheres
(Hepaspheres) loaded with DOX for hypervascularized liver
tumors.”* These formulations represent a method of loading
and sustained release, which exploits electrostatic interactions
between the negatively charged microspheres and positively
charged drugs. These products are not approved for use in the
United States.

1214

B ELECTROSTATIC INTERACTIONS AND ION
PAIRING

Utilizing electrostatic interactions to bind drugs to polymers is
a promising drug delivery approach. Many chemotherapeutic
drugs have charged groups (amines, carboxylic acids, and
phosphates) making this approach broadly applicable. Electro-
static interactions have been used extensively in the biomaterial
literature to cross-link hydrogel networks; for example, calcium
cross-linked alginate and glycerol phosphate disodium salt-
cross-linked chitosan hydrogels.***° Furthermore, utilization of
electrostatic interaction to form hydrophobic ion pairing is a
favorable approach to limit solubility and encapsulate hydro-
philic drugs into polymer systems. Examples of cationic drugs
containing primary, secondary, and tertiary amines as well as
common anionic materials used for electrostatic and ion pairing
are outlined in Figure 2.

One approach to ion pairing is the use of fatty acids as an
anion to interact with cationic drugs. When the ion pair forms,
the hydrocarbon of the fatty acid reduces the solubility. This, in
combination with neutralizing the drug charge, often results in
a precipitant that can be further processed into drug delivery
vehicles. Zhang et al. used a VCR-oleic acid (14, OA) ion
complex to engineer a VCR sustained release system.”” The
VCR-OA ion complex was developed into nanoparticles using
the warmed emulsion technique. MCF-7 cells exposed to the
VCR-OA nanoparticles had increased uptake of VCR when
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compared to the free drug-treated cells. This correlated to an
approximate 15% increase in cellular apoptosis.

Ma et al. used ion pairing of DOX and idarubicin (2) with
sodium taurodeoxycholate (16) and sodium tetradecyl sulfate
(17) to form water insoluble precipitants.*® These precipitants
were then formed into solid lipid nanoparticles using a warm
microemulsion technique. Varying the ion pair ratio resulted in
a bell shaped curve of drug precipitate to total drug. Further
experiments were performed with the optimal ion pair ratio.
The nanoparticles formed were around 75 nm, within the
optimal range for utilizing the EPR effect. Nanoparticles are
also able to bypass the P-glycoprotein efflux pumps (one of the
main drug resistance mechanisms). Idarubicin nanoparticles
were administered intravenously to an orthotopic human colon
cancer model (HCT-1S human colon cells implanted in the
subcutaneous space) and a leukemia mouse model (intra-
venously implanted with P388 murine leukemia cells). DOX
nanoparticles were administered intravenously to a mouse
leukemia model (P388/ADR murine leukemia cells implanted
in the intraperitoneal space). The idarubicin nanoparticles
behaved similarly to the free drug in terms of mouse survival
time. The DOX nanoparticles increased mouse survival time
when compared to free drug.

Dextran sulfate (15) has been used by multiple groups for
ion pairing with cationic drugs. Dextran sulfate nanoparticles
containing DOX can be formed by mixing the drug and
polymer.*” Nearly 100% encapsulation efficiency is achieved at
a drug/dextran weight ratio of 0.5. In vitro release from these
nanoparticles showed an initial rapid release of 14% over the
first 24 h and a total release of 32% through 15 days.

Dextran sulfate has also been used to increase the
encapsulation efficiency of the cationic drug mitoxantrone (3,
MTO) in lipid nanog)articles formed via a microemulsion-
sonication technique.*’ Dextran sulfate increased the encapsu-
lation efficiency of MTO by 27% (1:0.5, MTO:dextran charge
ratio) and 62% (1:1, MTO:dextran charge ratio) compared
with nanoparticles produced without dextran sulfate. Addition-
ally, dextran sulfate extended the MTO release time from 12 h
(92.3% released) to 72 h (86.9% released) and resulted in a
more linear release profile. In vivo, the nanoparticles increased
the mean plasma MTO concentration when compared to free
MTO administration. Additionally, the nanoparticles increased
the drug concentration in the liver, spleen, and brain while
decreasing the drug distribution in the heart, kidney, and lung.
In vitro, the nanoparticles decreased the ICy, of MTO in MTO-
resistant MCF-7 cells (MCF-7/MX) presumably by bypassing
P-glycoprotein efflux pumps.

VCR complexed-dextran sulfate nanoparticles have also been
formed using the warmed microemulsion technique.*"**
Release of VCR into phosphate buffer saline was low (<18%
over 6 days). Adding calcium to the phosphate buffered saline
increased VCR release to nearly 100% over 6 days. In vivo,
VCR plasma concentration was higher with nanoparticle
administration when compared to free VCR administration.
Nanoparticles increased spleen and liver VCR concentration
while decreasing heart and kidney VCR concentration. This
result is comparable to the previous section pertaining to
MTO-containing nanoparticles. However, VCR was difficult to
measure in the brain; labeling the nanoparticles with cumarin-6
allowed for quantification of the nanoparticle delivery to the
brain.*"** The nanoparticles increased cumarin-6 concentration
in the brain at 60 and 360 min post-intravenous injection.

1215

Therefore, the VCR-loaded nanoparticles may have enhanced
utility in spleen, liver, and brain cancers.

Electrostatic complexes may also be used to enhance the
drug release profile from poly(ester)-based delivery vehicles
that typically have a rapid release of hydrophilic drugs. Ling et
al. developed VCR-loaded poly(glutamic acid-co-lactic acid)
nanoparticles using dextran sulfate to increase encapsulation
efficiency and enhance VCR release kinetics.*> The nano-
particles were formed by self-assembly and nanoprecipitation
techniques to form VCR/dextran sulfate-loaded nanoparticles
with a PEG shell and lecithin monolayer coating; nanoparticles
void of dextran sulfate were used as controls. Dextran sulfate
increased the encapsulation efficiency of VCR (93.6% versus
64.7%) and extended the release from 89.4% over 24 h to
80.4% over 96 h. Orally delivered VCR/dextran sulfate
nanoparticles increased the maximum serum concentration
and serum retention time when compared to free VCR
administration in rats. VCR/dextran sulfate nanoparticle
treatment of MCF7/Adr cells (P-glycoprotein overexpressing
cells) increased cellular uptake of VCR when compared to
soluble-VCR treated cells.

Poly(y-glutamic acid) (13, y-PGA) is another example of a
polyanionic polymer. Manocha et al. used electrostatic
interaction to bind DOX to y-PGA.** Varying the weight
ratios of DOX to y-PGA was evaluated. All weight ratios
evaluated resulted in almost 100% complexation efliciency.
When the DOX weight ratio was 2:1 and 3:1 (DOX: y-PGA),
the entire complex formed a precipitant. Lower weight ratios
gave water-soluble complexes with a colloidal suspension of
approximately 80 nm nanoparticles. DOX release from the
complex increased with decreasing pH of the release media.
Hellman et al. further modified the DOX:y-PGA complex
system with the addition of chitosan. Chitosan is a polycation
of repeating disaccharide units.** A weight ratio of 1:10
(DOX:y-PGA) was used. This solution complex was added
dropwise to a stirred chitosan solution to form ion-complexed
particles. The particle diameter increased with increasing
concentration of the DOX:y-PGA added to the chitosan
solution (ranging from 169 to 546 nm). Varying the chitosan
concentration did not significantly change the particle diameter.
The DOX:y-PGA:CS particles were cytotoxic to the squamous
cell carcinoma line HN-5a.

Alginate (12) is a polycation of repeating disaccharide units
that can be readily formed into gels using ionic and covalent
conjugation methods.*® Redox-responsive alginate nanogels can
be formed by EDC cross-linked of a microemulsion of alginate
with cystamine.*”** This forms a redox-degradable polymer
network where, upon degradation, there was an increase in drug
release. Redox-responsive materials are particularly interesting
for cancer therapeutics as increased glutathione, a reducing
molecule, has been found in some cancer cells.*’ Additionally,
high levels of y-interferon-inducible lysosomal thiol reductase,
an enzyme that reduces disulfide bonds, are found in
endosomes and lysosomes.”® Maciel et al. used redox-
responsive alginate nanogels to bind DOX.*’ The reducing
agent DTT increased DOX release from the nanogel.
Furthermore, the DOX-loaded alginate nanogels increased
the cytotoxic effect of DOX in CAL-72 cells (ICs, = 0.9 uM for
DOX-loaded alginate nanogels versus ICs, = 2.0 uM for free
DOX).

Laponite (LP) is a synthetic clay composed of silicate
nanodisks. LP swells in water forming a clear hydrogel. It is
anionic, capable of electrostatically binding cationic molecules.
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Figure 3. Structure of degradable linkers commonly used for polymer—drug conjugates. (A) Linker susceptible to proteolysis: amide. (B) Linkers
susceptible to hydrolysis: ester and anhydride. (C) Linker susceptible to hydrolysis under acidic conditions: hydrazone. For the ester, anhydride, and
amide linkers, R and R1 are either the carrier or the drug. For the hydrazone, R is the carrier and R2 and R3 are the drug.

Wang et al. evaluated LP nanodisks for DOX delivery (LP/
DOX nanodisks).>* The LP/DOX nanodisks exhibited pH-
dependent release kinetics. Furthermore, LP/DOX nanodisks
increased in vitro DOX cytotoxicity in KB carcinoma cells. The
DOX ICy, was 2.45 and 3.02 times lower with LP/DOX
nanodisk administration versus free drug after 24 and 48 h,
respectively. Li et al. evaluated the LP/DOX nanodisks in vivo
using a mouse subcutaneous carcinoma (KB cells) model.*?
LP/DOX nanodisk treatment decreased the relative tumor
volume, increased DOX tumor concentration, and increased
animal survival when compared to free DOX treated mice.
Gongalves et al. coated the LP/DOX nanodisks with alginate
(LP/DOX/AG nanohybrids).54 Due to the negative charge of
aliginate, coating with alginate decreased the burst release of
DOX. The LP/DOX/AG nanohybrids exhibited increased in
vitro DOX cytotoxicity as compared to free-DOX.

DOX interchelates into DNA inhibiting topoisomerase II-
induced relaxation of DNA supercoils. A two-step mechanism
has been proposed where DOX rapidly binds to the DNA
groove via electrostatic interaction®>*® followed by slow
interchelation of the aromatic DOX core into the GC
sequence.” Dong et al. developed a pH/enzyme responsive
delivery system using a DNA/DOX complex.”” The DNA/
DOX complex was combined with cationic gelatin (CPX1).
Thus, this complex can be degraded by gelatinases and DNases.
CPX1 was then combined with PEG-hystidine-alginate forming
the pH responsive portion of the complex (CPX2). Exposure of
CPX1 and CPX2 to tumor tissue homogenate supernatant
induced DOX release from both formulations. However, liver
tissue homogenate supernatant induced DOX release from
CPX1 but little release from CPX2, suggesting that the CPX2
formulation may exhibit enhanced tumor-specific release. The
in vivo biodistribution of DOX administered as CPX1 or CPX2
complexes compared to free DOX was evaluated in a mouse
heterotopic sarcoma (S180 cells) model. CPX2 enhanced DOX
distribution to the tumor while decreasing DOX distribution to
the liver. Both CPX1 and CPX2 decreased DOX distribution to
the heart, kidney, spleen, and lung. All DOX treatment groups
decreased tumor volume; CPX2 had the strongest tumor effect
followed by CPXI1, then free DOX. Additionally, 100% of the
CPX2 treated animals survived through week 4 (n = 10, 1 death
at week 4) when compared to 80% for CPX1 (2 deaths at week
3.5) and 30% for free DOX (4 deaths at week 2.5 and 3
survivals at week 4).

Zhu et al. further modified CPX1 with an outer layer of
negatively charged human serum albumin (HDD).*® DOX did
not release from HDD after 6 h in phosphate buffered saline.
Exposure of HDD to capthesin B, gelatinase, and DNase I
induced DOX release. DOX biodistribution was evaluated in a
mouse orthotopic hepatoma (Heps cells) model. HDD
increased DOX accumulation in the tumor compared to free
DOX administration. Additionally, HDD treatment decreased
DOX accumulation in the heart, liver, and kidney. DOX
cytotoxicity was also reduced with HDD compared to free
DOX administration; HDD treated mice had better body
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weight maintenance, increased survival, and decreased tumor
weight.

Silk has been investigated in multiple formats for sustained
release of DOX.®"® Silk is a protein, block copolymer
composed of multiple hydrophobic domains separated by
smaller hydrophilic domains. Silk can be formed into multiple
material formats, including films, hydrogels, and particles, using
various processing techniques.®> The tunable crystallinity, due
to the control of formation of f-sheets via the hydrophobic
domains, confers substantial stability and mechanical robust-
ness. Seib et al. showed that by incubating silk films in a DOX
solution, DOX adsorbed into silk films® through hydrophobic
and charge interactions. Silk nanoparticles were loaded with
DOX in a similar manner.®" Silk hydrogels were formed by
sonication induced gelation; DOX was loaded prior to
complete gelation.” All of these DOX-loaded silk material
formats exhibited sustained release of DOX through at least 30
days. DOX-loaded silk films and hydrogels were evaluated in an
orthotopic mouse breast cancer model (injection of MDA-MB-
231 cells transfected with luciferase for in vivo imaging). Films
were placed on the tumor; hydrogels were injected into the
tumor. DOX-loaded silk films significantly decreased tumor
growth, evidenced by decreased luciferase signal per mouse and
decreased tumor weight, when compared to intravenous DOX
administration, and immediately dissolved DOX-loaded silk
films (a local delivery control). DOX-loaded silk hydrogels
decreased tumor weight when compared to intravenous DOX
administration.

B COVALENT CHEMOTHERAPEUTIC CONJUGATES

Covalent coupling methods have been explored extensively for
delivering chemotherapeutic drugs (Figure 3). Numerous
coupling methods can be used, resulting in different degrees
of stability. Amide bonds are formed through the reaction of an
amine with a carboxylic acid (Figure 3A). These linkages are
stabile with minimal hydrolysis under physiological pH
conditions. These bonds are hydrolyzed by proteolysis and
under extreme pH conditions. Proteolytic enzymes are elevated
in the tumor microenvironment making amide bonds a facile
approach. In contrast, ester bonds, formed through the reaction
of an alcohol with an ester, have a limited pH stability range
and readily degrade at pH values deviating from neutral pH.
The tumor microenvironment is slightly acidic, which will
increase the hydrolysis of ester bonds. Additionally, ester
linkages are readily hydrolyzed in the acidic environment of
lysosomes. Another example of acid hydrolyzable bonds are
hydrozones. Hydrazones are formed through the reaction of a
hydrazide with an aldehyde. The exact conjugation desired is
dependent on the available reactive groups as well as the
desired stability and release mechanism. In this section, recent
literature on covalent polymer/drug conjugates will be
reviewed.

Amide Linker. Gemcitabine (8, GEM) provides a primary
amine group for amide bond formation. Chitkara et al
conjugated GEM to the carboxylic acid group of poly(ethylene

DOI: 10.1021/acs.bioconjchem.5b00046
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glycol)-block-poly(2-methyl-2-carboxyl-propylene carbonate).®*

The conjugate contained the polar poly(ethylene glycol) and
nonpolar GEM conjugate which spontaneously formed 23.6 +
4 nm micelles (GEM micelles) under aqueous conditions.
GEM micelles exhibited sustained release in PBS (pH 5.5). The
addition of capthesin B to the PBS increased GEM release.
GEM release and stability were evaluated in serum where GEM
degrades to the metabolite dFdU. Free GEM degraded in
serum to dFdU within 24 h. With GEM micelles, a larger
amount of intact GEM was detected in serum than the
metabolite. This indicates that GEM micelles confirm stability
to the conjugated GEM. In a mouse pancreatic adenocarcinoma
(MIA PaCa-2 cell) xenograft model, GEM micelles significantly
decreased tumor growth and weight. GEM micelle treated
tumors contained more TUNEL-positive stained cells when
compared to control tumors and free GEM treated tumors,
indicating that the GEM micelles induced significantly more
apoptosis.

Methotrexate (7, MTX) has been conjugated to PEGylated
chitosan nanoparticles [(MTX-PEG)-CS-NPs] using EDC/
NHS to form an amide linkage.®® MTX served two roles: (1) a
folate analogue binding to the folate receptor for internalization
of the (MTX-PEG)-CS-NPs,°*%” and (2) once inside the cells
the amide bond degraded, releasing MTX, where MTX then
conferred its cytotoxic behavior. MTX release from the (MTX-
PEG)-CS-NPs in serum at pH 7.4, 6.5, and 5.0 was about 10%
of the total drug loading with a slight trend toward increased
release with decreased pH. At pH 5, MTX release significantly
increased with the exposure to proteases. This data suggests
that the (MTX-PEG)-CS-NPs would be stable in blood
circulation and release MTX in the acidic, high protease
environment of lysosomes. HeLa cells are folate receptor
overexpressing cancer cells. (MTX-PEG)-CS-NPs increased the
cytotoxicity of MTX compared to soluble MTX in HeLa cells
but not in healthy fibroblasts which do not overexpress folate
receptors. To evaluate the FA receptor targeting activity,
(MTX-PEG)-CS-NPs were fluorescently tagged with FITC
[FITC-(MTX-PEG)-CS-NPs]. FITC-(MTX-PEG)-CS-NPs
were effectively taken up by HeLa cells. When the cells were
exposed to high levels of folate, for competitive binding, FITC-
(MTX-PEG)-CS-NPs uptake was inhibited.

Ester Linker. Wei et al. developed cholesteroal-coupled
hyaluronic acid (CHA) nanogels with ester linked cytotoxic
drugs.® The cytotoxic drugs investigated were etoposide (4),
salinomycin, and curcumin. Release of etoposide and
salinomycin from the CHA nanogels was nearly linear at pH
7.4 over 20 days and 30 days, respectively. Curcumin is known
to have limited stability under aqueous conditions.” Therefore,
the stability of curcumin released from the CHA nanogels was
investigated after 24 h in PBS. Less than 10% curcumin
degradation was observed with the CHA nanogels compared to
almost complete degradation of the free drug. CHA-drug
nanogels increased cytotoxicity for all of the drugs investigated.
In MDA-MB231/F cells (breast carcinoma cells with resistance
to floxuridine), the CHA-etoposide ICy, was 3 uM compared to
12.3 uM (free etoposide); the CHA-salinomycin ICg, was 0.9
UM compared to 5.1 yM (free salinomycin). CHA-curcumin
was evaluated with the MIA PaCa-2 cell line. The CHA-
curcumin ICgy was 9 M compared to 19 uM (free curcumin).
The CHA ICg, was >S5 mg/mL. Therefore, all CHA-drug
groups exhibited enhanced cytotoxicity when compared to drug

group.
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Hydroxyethyl starch (HES) has been studied as a high-
molecular weight carrier for MTX.”® HES is used clinically as a
plasma volume expander to prevent shock after severe blood
loss.”" The carboxylic acid on MTX was coupling to alcohols on
HES via an ester bond. Stability of the conjugate was studied in
PBS and plasma at pH 7.2. The HES-MTX half-life in plasma
and PBS was 65.5 and 121.5 h, respectively, indicating
enzymatic degradation of the ester linkage. Tumor treatment
was evaluated in NOD/SCID mice subcutaneously inoculated
MV-4-11 leukemia cells. The HES-MTX conjugate increased
mice survival compared to free MTX treatment. Furthermore,
the HES-MTX conjugate reduced the tumor volume compared
to free MTX treatment starting at day 8 post-treatment. After
day 8, the HES-MTX conjugate treated tumors did not increase
in tumor volume, suggesting tumor growth control at least
through 22 days.

Namgung et al. reported on a nanoassembly of golymer
cyclodextrin (pCD) and polymer paxlitaxel (pPTX).”* Cyclo-
dextrin is known to form inclusion complexes with hydro-
phobic drugs.”? PTX forms a stable inclusion complex with j3-
cyclodextrin increasing its water solubility.”* Individual
polymers containing both molecules, CD and PTX, were
formed by reacting the hydroxyl groups on the small molecules
with maleic anhydride (MAnh) on poly(isobutylenealt-MAnh)
[poly(IB-alt-MAnh), molecular weight (Mw) 6 kDa] and
poly(methyl vinyl ether-alt-MAnh) [poly(MVE-alt-MAnh),
Mw 80 kDa], respectively. This reaction formed an ester
linkage between the small molecule and polymer. During
dialysis to remove unconjugated small molecules, the unreacted
maleic anhydride converted to carboxylic acid resulting in
water-soluble polymer conjugates. The pPTX/pCD nano-
assembly was formed by dissolving pPTX and pCD in a
water/ethanol solvent followed by lyophilization; the average
nanoassembly radius in water was 54.6 + 11.6 nm. The pPTX/
pCD nanoassembly increased PTX cytotoxicity in three cancer
cell lines: breast carcinoma MCE-7, cervical carcinoma Hela,
and colorectal adenocarcinoma HCT-8 cells. The increased
PTX cytotoxicity was reported to be due to passive intra-
cellularization of the nanoparticles followed by esterase
degradation which disintegrates the nanoassembly. To support
this, the authors showed that exposing the pPTX/pCD
nanoassembly to esterases from porcine liver decreased the
diameter to less than 1 nm in 10 min. Exposing the
nanoassembly to heat-denatured esterase did not facilitate
nanoassembly disintegration, only the formation of larger
aggregates. Furthermore, exposing the nanoassembly to serum
did not change the particle size showing that the nanoassembly
could remain stable in blood circulation. The nanoassembly was
evaluated in a mouse xenograft colorectal adenocarcinoma
model (subcutaneous injection of HCT-8 cells). pPTX/pCD
nanoassembly decreased the tumor growth when compared to
soluble PTX and pPTX treatment. While all PTX treatments
induced tumor regression through day 12 post-treatment,
pPTX/pCD nanoassembly had minimal tumor regrowth
thereafter; soluble PTX and pPTX treatment tumors were
larger than the initial tumor volume at the end of the study.
The pPTX/pCD nanoassembly was also evaluated in a mouse
xenograft breast adenocarcinoma model (subcutaneous in-
jection of HCT-8 cells). All PTX treatments in this model were
less effective than in the HCT-8 xenograft mouse model. The
MDA-M231 cells are known to be insensitive to PTX-induced
apoptosis.75 MDA-M231 cells overexpress IL-4 rece7ptor
making this a potential focus for targeted therapeutics.”*”®
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Further modification of the nanoassembly with an AP-1 peptide
which binds to IL-4 receptor’”®® increased the tumor
suppression effect of the pPTX/pCD nanoassembly in the
MDA-M231 xenograft mouse model.

PTX modified with a hydrolyzable succinate group
(dicarboxylic acid forming a diester linker) and conjugated to
low-molecular-weight chitosan (LMWC-PTX) have been
evaluated.*"®” Three different degrees of PTX modification
were evaluated: LMWC-PTX L, 4.8 wt %, LMWC-PTX M, 7.9
wt %, and LMWC-PTX H, 11.1 wt %. The LMWC-PTX
spontaneously formed nanoparticles under aqueous conditions.
Increasing the conjugated weight percentage increased the
nanoparticle size (21.6 + 12.7 nm, 67.6 &+ 42.0 nm, and 135.6
+ 33.1 nm). In murine breast cancer 4T1 cells, LMWC-PTX L
and LMWC-PTX M conjugates decreased the ICy, of PTX
(soluble PTX: 12.4 + 27.9 ng/mL, LMWC-PTX L: 0.26 + 0.57
ng/mL, LMWC-PTX M: 2.71 + 3.3 ng/mL, and LMWC-PTX
H: 14.11 +27.27 ng/mL). In vivo, all LMWC-PTX conjugates
exhibited higher serum concentrations through 24 h than
soluble PTX, which was cleared in 8 h. The antitumor efficacy
of LMWC-PTX H nanoparticles was evaluated in a murine 4T1
breast cancer model. LMWC-PTX H significantly decreased the
tumor volume through 23 days as compared to soluble PTX
administration.

Hydrazone Linkage. Kaminskas et al. developed a DOX
conjugated generation five PEGylated poly(lysine) dendrimer
(D-DOX) through a hydrazone bond.*>~* The D-DOX was
compared to DOX-loaded liposomes (L-DOX), a clinical DOX
formulation, and solution DOX administration in a mouse
carcinoma model (subcutaneous injection of Walker 256 cells)
and a mouse xenograft breast cancer model (subcutaneous
injection of matrigel containing MDA-MB231 cells).*>** All
DOX treatment groups exhibited a similar effect on tumor
volume growth (in both the carcinoma and breast cancer tumor
models). In the mouse carcinoma model, the D-DOX treated
mice had comparable body mass changes to those of PBS
treated mice. L-DOX and solution DOX treated mice had
comparably reduced body mass.** Three days after admin-
istration, the DOX concentration in the tumor was higher in
the D-DOX and L-DOX treated mice compared to free DOX-
treated mice. The DOX concentration in the spleen, liver, and
heart was lower in D-DOX than L-DOX treated mice; D-DOX
and L-DOX treated mice had lower DOX concentration in each
organ investigated than soluble DOX-treated mice. Further-
more, mice treated with L-DOX rapidly developed palmar
plantar erythematosis (PPE), or hand-foot syndrome; whereas
D-DOX treated mice took a longer time and higher DOX dose
before developing PPE. In the mouse breast cancer model, the
maximum tolerable dose (MTD) was 10, S, and 4.5 mg/kg for
DOX solution, L-DOX, and D-DOX treated mice, respec-
tively.** When mice were dosed with each respective MTD,
comparable tumor growth suppression and body mass change
was observed. Taken together, these studies show that D-DOX
treatment facilitated similar tumor suppression as L-DOX with
the benefit of reduced systemic toxicity.

El-Dakdouki et al. developed DOX conjugated hyaluronic
acid containing supermagnetic iron oxide nanoparticles (DOX/
HA-SPION5).***” The iron oxide nanoparticles are a contrast
agent for magnetic resonance imaging, making the DOX/HA-
SPIONs traceable in vivo. DOX release from DOX/HA-
SPIONSs was shown to be pH dependent, with increased release
at pH 4.5 and pH 4.0 compared to pH 7.4.*” The DOX/HA-
SPIONs had lower DOX release at pH 7.4 than reported for
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other DOX-conjugated nanoparticles,***” which may be

attributed to the different linker used” or the buffering effect
of HA. In both SKOV-3 and NCI/ADR-RES cells (both human
ovarian cancer-derived cell lines), DOX/HA-SPIONSs increased
the cytotoxicity of DOX compared to solution DOX treat-
ment.”” Fluorescence imaging of the cells showed increased
DOX internalization in the DOX/HA-SPION treated cells. The
SKOV-3 cells were transfected with luciferase and injected into
the intraperitoneal cavity of mice.*® Mice were treated with
DOX/HA-SPIONs, solution DOX, or phosphate buffered
saline (PBS). PBS-treated mice had extensive bioluminescence
throughout the intraperitoneal cavity indicative of extensive
tumor growth. Solution DOX-treatment decreased biolumi-
nescence as compared to the PBS control. However, DOX/
HA-SPION treatment had the lowest bioluminescence.
Furthermore, DOX/HA-SPION treatment increased mouse
survival.

Jager et al. reported on core—shell polymer nanoparticles
with encapsulated DOX and encapsulated docetaxel (10,
DTXL).”! DOX was encapsulated via a hydrazone linker to
poly(N-(2-hydroxypropyl)methacrylamide)-cholesterol
(PHPMA-chol-DOX). A nanoprecipitate and self-assembly
protocol was used to form nanoparticles composed of a
(poly(butylene succinate-co-butylene dilinoleate)) and docetax-
el core coated with PHPMA-chol-DOX (NPDTXL-DOX).
Core nanoparticles (NP0), core—shell nanoparticles (NP1),
core—shell nanoparticles containing DTXL (NPDTXL), and
core—shell nanoparticles containing DOX (NPDOX) were all
evaluated as controls. DOX release from NPDTXL-DOX
increased at pH 5.0 as compared to pH 7.0; as expected, DTXL
release was not effected by pH. The anticancer activity of the
nanoparticles was evaluated in a mouse syngeneic lymphoma
model (EL-4 lymphoma cells). All drug-loaded nanoparticle
groups had lower tumor volumes than PBS controls. When
comparing soluble drug to individual drug-loaded nanoparticles,
there was no difference between soluble drug and nanoparticle
treated tumor volumes (DOX vs NPDOX and DTXL vs
NPDTXL). NPDTXL-DOX treatment significantly decreased
tumor volume with almost no tumor regrowth. Additionally,
NPDTXL-DOX treatment increased mouse survival time
compared to all other treatment groups.

Self-assembled DOX conjugated PEGylated-poly(glutamic
acid), has been characterized for its cytotoxicity in vitro.”> The
DOX conjugated PEGylated-poly(glutamic acid), self-as-
sembled into a core containing DOX with a PEGylated outer
shell (DOX-conjugated micelles) after dissolution in DMSO
and dialyzing in water. DOX release increased under acidic
conditions compared to neutral pH confirming the retained pH
sensitivity of the hydrazone linker inside of the self-assembled
micelles. The DOX-conjugated micelles were internalized by
HeLa cells and exerted a cytotoxic response. However, the
intracellular fluorescence of DOX was decreased in the DOX-
conjugated micelle treatment group versus free-DOX treatment

group.
B PLATINUM-BASED COMPLEXES

Cisplatin (5) is a commonly used chemotherapeutic drug. It
contains platinum complexed with two ammonia molecules and
two chloride ions through coordinate bonds. Cisplatin
interferes with cell division by cross-linking DNA, which in
turn activates apoptosis.”> In order for this to occur, cisplatin
must first undergo ligand exchange where a chloride ion is
replaced by water, thereby conferring its active form. Cisplatin
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aquation occurs in low chloride environments (i.e., water) and
can be induced using silver nitrate.”* Aquated cisplatin is also
able to complex with multiple chemical groups, including
hydroxyls, amines, carboxylates, and amides making this a
potential mechanism for forming polymer/cisplatin complexes
(Figure 4). Subsequent exposure to chloride-rich environments
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Figure 4. Structures of cisplatin conjugates. (A) Cisplatin is reversibly
converted to the active molecule via aquation in low chloride
environments. (B) Aquated cisplatin reaction with carboxylate groups
forming a monocarboxylato complex, 18a; and dicarboxylato complex,
18b. (C) Monocarboxylato cisplatin complex reaction with the oxygen
of an amide group forming an O — Pt coordinate bond, 19a; and
nitrogen of an amide group forming an N — Pt coordinate bond, 19b.

reverses the complex and aquation (Figure 4A), thereby
reverting back to cisplatin. Platinum-based polymer—drug
conjugates has been extensively reviewed elsewhere.”> In this
review, recent polymer-based delivery systems will be discussed.

7-PGA-based polymer systems have been investigated for
complexation and release of cisplatin (monocarboxylate, 18a,
and dicarboxylate, 18b, complexes; Figure 4B).96 This
polymer—drug complex exhibited an initial burst release
followed by a slow sustained release profile. When compared
to soluble drug, the polymer—drug conjugate exhibited reduced
cytotoxicity in vitro. In vivo, administration of the polymer—
drug conjugate eliminated the body weight reduction exhibited
by soluble drug-treated mice. Furthermore, the polymer—drug
conjugate increased the survive rate and decreased tumor
growth of BALB/cA nude mice bearing human breast tumor
Bcap-37 cells as compared to free-drug administration and PBS
controls.”® In another study, the y-PGA-cisplatin conjugate was
compared to nonlethal soluble drug administration of cisplatin,
carboplatin, and oxaliplatin.97 Carboplatin and oxaliplatin are
platinum derivatives with reduced systemic cytotoxicity
compared to cisplatin. In this study, the y-PGA—cisplatin
conjugate exhibited comparable tumor volume control while
eliminating the body mass loss observed by soluble cisplatin
administration. Comparable body mass changes were observed
with the y-PGA—cisplatin conjugate, PBS controls, and soluble
carboplatin and oxaliplatin treatment. Taken together, these
studies show that the y-PGA-—cisplatin conjugate exhibited
significant therapeutic potential as compared to free-cisplatin
administration and the two cisplatin derivatives, carboplatin and
oxaliplatin.
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Stable nanoparticles formulated from a cisplatin—prodrug
conjugated via a pH-responsive hydrazone linker have been
developed.”® Cisplatin was conjugated to two PEG-poly(lactic
acid) (PEG—PLA) polymers generating Bi(PEG—PLA-link-
er)—cisplatin. This conjugate formed a hydrophobic cisplatin
core decorated with a PEGylated nanoparticle surface. The
polymer-prodrug nanoparticles exhibit controllable drug
loading, stable pH-triggered release, and cytotoxicity against
ovarian cancer cells.

Hyperbranched polymers have been explored for conjugating
cisplatin.”® Hyperbranched polyglycerols (PG2) and polyesters
(HP40) are commercially available, and both have terminal
hydroxyl groups. The terminal hydroxyl groups are readily
modified with carboxylic acid groups using succinic anhydride.
Loading of carboxylic acid-modified PG2 and HP40 with
cisplatin resulted in 25% w/w and 50% w/w cisplatin loading,
respectively. The two hyperbranched systems exhibited differ-
ent release kinetics. PG2 released cisplatin in saline
continuously through 7 days, whereas little release was
observed in water. However, cisplatin release from HP40 was
similar in water and saline, suggesting a weaker binding of
cisplatin to HP40 compared to PG20. This work shows an
interesting comparison of similar polymer systems with vastly
different release kinetics, suggesting a potential for tuning
release profiles based on the class of polymer systems used.

Hyaluronic acid is a naturally occurring polysaccharide that
contains carboxylic acid groups and binds to the cell surface
receptor CD44. CD44 is found in numerous malignant cells,
including many ovarian cancers. Li et al. showed that cisplatin
complexed-hyaluronic acid could form stable nanoparticles
(Hyplat)."® Hyplat uptake was observed by CD44-positive
cells, but not CD44-negative cells. Furthermore, Hyplat
induced a 2—3-fold increase in cellular platinum levels when
compared to free drug. When administered into the intra-
peritoneal cavity of mice, nanoparticle-loaded cisplatin was
present for a longer time compared to free drug (8 h versus 2
h). In a mouse CD44+ xenograft tumor model, Hyplat
treatment induced a higher tumor cisplatin concentration
than free drug. Additionally, Hyplat treatment increased
survival time to free-drug administration. In a mouse CD44+
xenograft tumor model, Hyplat and free-cisplatin treated mice
had similar cisplatin tumor levels.

A novel polymer—cisplatin system has been developed taking
into account interesting structure—activity relationship.ml In
this work, poly(isobutylene-alt-maleic anhydride) was hydro-
lyzed to form poly(isobutylene-alt-maleic acid) (PIMA). Each
monomeric unit could interact with one cisplatin molecule; the
complete reaction of the monomeric units with cisplatin
resulted in gelation. However, decreasing the molar ratio of
cisplatin to monomeric unit allowed for the tunable formation
of nanoparticles of different average diameter. Nanoparticles
could be formatted with a diameter of 80—140 nm by using a
15:1 Pt:polymer ratio within the ideal range to utilized the EPR
effect. However, PIMA—cisplatin nanoparticles induced similar
in vitro cytotoxicity as PIMA alone, but were less cytotoxic than
free cisplatin. PIMA was modified with glucosamine (PIMA-
GA) via amide bond formation between one carboxylate per
monomeric unit and the amine-group of glucosamine. Varying
the pH during cisplatin binding induced different conjugation
to the amide group: at pH < 7, an amide O — Pt coordinate
bond formed (19a, Figure 4C); at pH > 7, an amide N — Pt
coordinate bond formed (19b, Figure 4C) as determined by
NMR. Both conjugation chemistries resulted in nanoparticle
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formation at the 15:1 ratio. The PIMA-GA O — Pt
nanoparticles induced greater in vitro cisplatin release and
cellular cytotoxicity as compared to PIMA-GA N — Pt
nanoparticles, presumably due to a weaker interaction between
the O — Pt coordinate bond versus the N— Pt coordinate
bond. Mice bearing either a breast cancer or ovarian cancer
model treated with PIMA-GA O — Pt nanoparticles exhibited
comparable body mass changes to vehicle treatment.
Furthermore, PIMA-GA O — Pt nanoparticle treatment
reduced cisplatin accumulation in the kidney, spleen, and
liver, eliminated cisplatin-induced apoptosis in the kidney, and
decreased tumor growth. This represents a unique way to alter
the cisplatin—polymer conjugation resulting in enhanced in
vitro and in vivo responses.

Sengupta et al. developed self-assembled cisplatin nano-
particles (SACNs) using a lipid-film hydration self-assembly
method'® with cholesterol-succinic acid-platinum(1I) mole-
cule, phosphatidylcholine, and 1,2-distearoyl-sn-glycero-3-phos-
phoethanolamine-N-[amino(polyethylene glycol)-2000]."%?
Cisplatin was chelated to the succinic acid-modified cholesterol
forming a monocarboxylate and an O — Pt coordinate bond.
SACNs increased cisplatin cytotoxicity in the Lewis lung
carcinoma (LLC) and 4T1 breast cancer cell lines. SACNs were
also tested in the cisplatin-resistance hepatocellular carcinoma
cell line 7404-CP20. SACNs decreased the cisplatin ICg, from
42.84 uM (free drug administration) to 3.02 M. In an in vivo
mouse breast cancer model, SACN treated mice had better
maintained body weight and increased animal survival. SACNs
decreased kidney and spleen cisplatin accumulation and
increased tumor cisplatin accumulation. Furthermore, immu-
nostaining for KIM-1, a kidney injury marker, showed no KIM-
1 in SACNs-treated mouse kidney. However, substantial KIM-1
staining was observed in the free-cisplatin treatment group.

Tauro et al. evaluated matrix metalloproteinase- (MMP-)
triggerable release of cisplatin from PEGDA hydrogels of low
(574 Da) and high (400 Da) PEG chain molecular weight.m4
First, PEGDA was modified with the MMP-cleavable peptide
CDLGG using Michael addition of the acrylate and free thiol
groups. Hydrogels were formed via free-radical polymerization
using ammonium persulfate and N,N,N,N-tetramethylethylene-
diamine. Cisplatin was reacted to the peptide C-terminus.
Nonspecific release of cisplatin from the hydrogel was
observed. PEG(4000)DA-cisplatin hydrogels exhibited in-
creased cisplatin release when exposed to MMP-2 and MMP-
9. However, PEG(574)DA-cisplatin hydrogels exhibited similar
cisplatin release with and without MMP-2 and MMP-9
exposure, likely due to inhibited MMP diffusion into the
PEG(574)DA-cisplatin hydrogel. PEG(4000)DA-cisplatin hy-
drogels induced similar cytotoxicity to soluble cisplatin with
MMP2 and MMP9 addition to the cell culture media.

Bl CONCLUSIONS

In the pursuit of more effective cancer treatment options,
emerging sustained release systems using conjugation/inter-
action techniques are increasing in interest and beginning to
emerge clinically. Successful delivery systems will support
sustained release over days to weeks, thereby reducing or
eliminating frequent drug administration. These systems allow
for increased efficacy of the administered drug, reducing the
dose necessary to facilitate an equivalent response, as well as
reducing systemic side effects. When choosing the appropriate
delivery material, it is important to consider potential
advantageous drug/material interactions that can favor drug
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binding and release, including inherent electrostatic interactions
and degradable covalent linkers. Furthermore, engineered
interactions can be incorporated into the sustained release
system via coencapsulation with polymers known to interact
with the drug or encapsulating hydrophobic ion pairs.
Systemically delivered approaches, including tumor targeting
ligands on the surface of the sustained release system (ie.,
folate, methotrexate, and cancer-targeting antibodies), will
further increase the tumor targeting effect and the efficacy of
the chemotherapy drug. Emerging combined drug conjugation
and tumor targeting schemes offer unique advantages that
should lead to better clinical outcomes.
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