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Abstract
A limitation to many polymer-based drug delivery systems is the ability to customize a particular
polymer composition for tailoring drug release kinetics to a specific clinical application. In this
study, we investigated the structure-function effects of conjugating various hydrophobic
biocompatible side chains to poly(glycerol-co-caprolactone) copolymers with the goal of
achieving prolonged and controlled release of a chemotherapeutic agent. The choice of side chain
significantly affected the resulting polymer properties including thermal transitions, relative
crystallinity (ΔHf), and hydrophobicity. Drug-loaded films cast from solutions of polymer and 10-
hydroxycamptothecin demonstrated prolonged release from four to over seven weeks depending
upon side chain structure without initial burst release behavior. Use of the stearic acid-conjugated
poly(glycerol-co-caprolactone) films afforded substantial anti-cancer activity in vitro for at least
50 days when exposed to fresh cultures of A549 human lung cancer cells over 24-hour intervals,
correlating well with the measured drug release kinetics.
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1. Introduction
A growing niche in polymeric-mediated drug delivery is focused on the localized delivery of
anti-cancer agents to tumor cells.1-14 It is difficult to achieve both therapeutic dose and
prolonged duration of chemotherapy at the disease site using conventional intravenous
delivery for many first-line chemotherapeutic drugs due to poor aqueous solubility. Even
with use of excipients to promote solubilization, the efficacy of intravenous chemotherapy
treatments is significantly hindered by insufficient accumulation of drug at the tumor site as
a consequence of dose-limiting toxicities and/or poor bioavailability at the location of
disease. Localized treatment via controlled release polymer matrices (films, hydrogels, etc.)
boasts a number of potential benefits over systemic delivery including: 1) the maintenance
of therapeutic levels of drug through gradual and prolonged release at the site of disease; 2)
ease of incorporation of hydrophobic drugs; 3) stabilization of water-sensitive drugs in their
active form prior to release; 4) avoidance of bolus release kinetics felt to be detrimental
during wound healing; 5) elimination of periodic and costly intravenous drug administration,
and 6) reduced side effects and systemic toxicity.8,9 The number of polymer-based delivery
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systems that satisfy all of these requirements has been limited in both scope and efficacy in
part due to challenges with achieving optimal drug release kinetics, biocompatibility,
manufacturability, and/or implant degradation kinetics. As a result, effective control of local
tumor is challenging with a polymer device alone and, clinically, a device may be used
along with radiation therapy (e.g., Gliadel Wafer). In addition, optimal release kinetics
depend on the tissue type, location, and pathology of the disease. Thus, the development of
polymeric matrices with tunable and prolonged release of chemotherapeutics is critical
towards optimizing local polymer implants for specific cancer applications.

One approach towards achieving controlled drug release kinetics is by utilization of
polymers featuring modifiable functional side chains. These polymers have been based on
naturally-occurring molecules including chitosan15,16, glycerol17-24, and various amino
acids25-28, as well as synthetic polymers such as poly(lactic acid)29,30, poly(ε-
caprolactone)31-33, or copolymers thereof. Functionalization of these side chains has
traditionally been used for the covalent attachment of therapeutic moieties such as anti-
inflammatory34, chemotherapeutic35, and anti-fungal drug molecules36. The subsequent
drug release is dictated by an environmental trigger (i.e. temperature, pH) or by a cleavage
of the linkage via exposure to esterases/proteases or hydrolysis. Since many clinical
applications require available drug concentrations to remain high over an extended
therapeutic window to maximize pharmacologic efficacy, there is a recognized need for drug
delivery depots with non-burst prolonged release characteristics. For example, in cancer
treatment, tumor cell susceptibility is frequently cell-cycle dependant since many
chemotherapy drugs specifically target actively dividing cells. It is therefore imperative that
the duration of drug exposure extend over multiple cell cycles, to ensure that no tumor cells
escape the therapeutic window of treatment. This is the case for two ubiquitous
chemotherapy agents, paclitaxel and camptothecin, whose mechanisms of action involve
microtubule polymerization and DNA topoisomerase inhibition, respectively37,38. With the
goal of extending chemotherapy exposure, we are exploring the variation in side chain
composition of functionalizable polymers as this presents the opportunity to modify key
structurally-influenced properties such as thermal transitions, crystallinity, and
hydrophobicity which affect the release kinetics of an entrapped drug without altering the
chemical structure of the drug.

We have previously demonstrated sustained chemotherapy release from novel stearic acid-
functionalized poly(glycerol-co-caprolactone) films prevents local tumor recurrence in an in
vivo murine model of lung cancer recurrence, as compared to an equivalent dose of drug
given as a bolus injection locally or intraperitoneally.13 Functionalization of our polymer
with a lipophilic side chain significantly prolonged and tempered the drug release kinetics
from solvent-cast polymer films as compared to the unmodified polymer39. This substantial
effect resulting from the conjugation of a hydrophobic side chain prompted us to explore in
more detail the effects of side chain selection on important polymer properties that may
affect controlled release kinetics. Herein, we report the synthesis and characterization of a
series of poly(glycerol-co-caprolactone) copolymer analogues that have been functionalized
with an array of biocompatible hydrophobic side chains, their corresponding release kinetics
of a model hydrophobic chemotherapeutic agent from drug-loaded films, and in vitro
evaluation of anti-proliferative efficacy against a human non-small cell lung cancer cell line
over an extended time period.

2. Materials and Methods
2.1. General Procedures

All solvents were dried and freshly distilled prior to use. All other reagents were used as
received, without further purification. Lauric acid, myristic acid, palmitic acid and stearic
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acid were purchased from Sigma Aldrich. Poly(glycerol-co-caprolactone) was prepared as
previously described18. All reactions were performed under nitrogen atmosphere unless
otherwise noted. 1H NMR spectra were recorded on a Varian INOVA spectrometer (400
MHz). Chemical shifts were referenced to residual solvent peaks (CHCl3 peak at 7.26 ppm).
Thermal data was collected using a TA Instruments Q100 differential scanning calorimeter
(ramp 10 °C/min to 80 °C, cool 5 °C/min to −70 °C, ramp 10 °C/min to 80 °C); thermal
transitions were measured on the second heating cycle. Static contact angles were recorded
using a Kruss DSA100 Contact angle goniometer and determined using a polynomial fitting
function. DCM = dichloromethane, Chol = 5-androsten-3β-ol-17β-carboxylic acid, PGC =
poly(glycerol-co-ε-caprolactone), PCL = poly(ε-caprolactone), PBS = phosphate buffered
solution.

2.2. Functionalization of poly(glycerol-co-ε-caprolactone)
Functionalized analogues were synthesized via the attachment of hydrophobic side chains to
the free pendant hydroxyl groups on the glycerol units. Specifically, alkyl chains of varying
length (C12, C14, C16, C18) were reacted to the copolymer backbone. A representative
synthetic procedure is as follows. Poly(glycerol-co-ε-caprolactone) (500 mg, 0.875 mmol),
lauric acid (193 mg, 0.962 mmol), and dicyclocarbodiimide (216 mg, 1.05 mmol) were
dissolved in distilled dichloromethane. The solution was stirred at room temperature for 18
h. The dicyclohexylurea was filtered and the solvent evaporated. The product was
precipitated in cold methanol, the solvent decanted, and the polymer dried under reduced
pressure to yield a white solid (90 % yield). Addition of the lauric acid side chain was
determined by the presence of the methylene group at the end of the alkyl chain, with a
corresponding peak in the 1H NMR spectrum at 0.82. (m, 3H, CH3).

2.3. Preparation of drug-loaded films
Drug-loaded films were prepared as previously reported39. Films were cast from polymer
solutions onto glass cover-slips using a microsyringe. First, 10-hydroxycamptothecin
(HCPT) was added to CH2Cl2 (0.1 % w/v) in a glass vial and homogenized for 60 min in a
sonication bath to break apart aggregates. Polymer (5% w/v) was then dissolved into the
solution by vortexing for 1 min. The solution was slowly added to the glass surface and left
to evaporate for 24 h, followed by further drying under reduced pressure for another 24 h.
The film casting method was repeatable and resulted in very little deviation in thicknesses
within and between samples. All the solid samples were the same thickness (40 ± 1 μm).
Thicker or thinner samples were discarded.

2.4. In vitro drug release studies
The release kinetics from HCPT-loaded films were assessed in PBS buffer at 37 °C.
Specifically, films comprised of 5 mg polymer and 100 μg HCPT were cast onto glass
cover-slips and submerged in 150 mL of PBS. At specific time points, an aliquot of release
media was removed and the concentration of HCPT was measured. An HP 1090 HPLC
system was used with a fluorescence detector (λex = 380 nm, λem = 540 nm), with a
Phenomenex Prodigy 5 ODS reverse-phase column (150 × 4.6 mm, 5 μm). The mobile
phase was composed of 25% acetonitrile and 75% ammonium acetate buffer adjusted to a
pH of 6.4 and delivered at 0.8 mL/min. Calibration curves were constructed for both lactone
(rt = 3.7 min) and carboxylate (rt = 2.8 min) forms with sensitivities of 0.5 ng/mL and 2 ng/
mL respectively. Total drug release was calculated by adding the contributions of both drug
forms at a given time point. After the completion of release, the HCPT remaining in each
film was quantified. Films were dissolved in CH2Cl2 to release encapsulated drug, the
solvent evaporated, and PBS (150 mL) was added under rigorous stirring. The fluorescence
spectrum was recorded and remaining drug measured.
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2.5. Anti-proliferative studies with a human cancer cell line
Long-term in vitro efficacy was evaluated using a human non-small cell lung cancer cell line
(A549). Cells were cultured with Dulbecco's Modified Eagle Medium containing 10% fetal
bovine serum and 1% penicillin/streptomycin (100 U/100 lg/mL). Cells were plated at a
density of 30,000 cells/well in 12-well Transwell plates (Corning Inc.) and incubated
overnight. Films were placed on individual tissue culture treated polyester membrane inserts
(0.4 μm pore size) and then exposed to cultured cells for 24 hours. Following co-incubation,
the films were transferred to holding wells for four days containing fresh phosphate buffered
saline to maintain sink conditions, before their next 24 hour cell exposure. Treated cells
were incubated for an additional 4 days and cell viability was quantified using a standard
MTS cell proliferation assay. To assess continued drug release and cytotoxicity, this
procedure was repeated every 5 days in the setting of new media and freshly plated tumor
cells.

3. Results
Synthesis and Characterization

The polymer was synthesized with glycerol units within the structure since glycerol-based
polymers have been successfully used for several biomedical applications as well as the
structure itself can provide a site for further functionalization (e.g., 1° OH or 2°
OH).18,19,21,24,40-44 Specifically, the pendant secondary-hydroxyl groups of poly(glycerol-
co-caprolactone) were modified with hydrophobic side chains in order to evaluate the
structure-property relationship of drug release kinetics from poly(glycerol-co-caprolactone)
polymer matrices (Figure 1). It was previously demonstrated that if the hydroxyl of the
glycerol unit in the polymer is not free but coupled to a group (e.g., benzyl alcohol), the
poly(glycerol-co-caprolactone) copolymer backbone does not appreciably degrade over at
least six months upon exposure to phosphate buffered solution at 37°C18. Thus, the drug
release kinetics from functionalized polymer cast films were expected to be diffusion
controlled. Characterization of the various film analogues was performed to identify trends
affecting the release kinetics of a drug from the polymer matrix, including thermal
transitions, relative crystallinity, and contact angle.

Poly(glycerol-co-caprolactone) was synthesized as described previously and shown in
Figure 118. Briefly, 5-benzyloxy-1,3-dioxan-2-one was copolymerized with ε-caprolactone
by a ring-opening polymerization using tin(II) 2-ethylhexanoate as the catalyst. The
resulting copolymer was comprised of 20 mol % glycerol subunits; this ratio of glycerol to
caprolactone has been demonstrated to yield the best combination of thermal/mechanical
properties while maximizing the number of available hydroxyl groups for further
modification. The benzylprotected secondary hydroxyl groups were removed using Pd
catalyzed hydrogenolysis. Functionalized analogues of poly(glycerol-co-caprolactone) (or
PGC copolymers) were prepared via the attachment of hydrophobic side chains, including
alkyl chains of various length (lauric, C12; myristic, C14; palmitic, C16; or stearic acid,
C18) to the copolymer backbone (Fig. 1). These lipophilic groups were selected because
they are natural metabolites and were hypothesized to increase the hydrophobicity of the
resultant copolymers, thus increasing the barrier to diffusion into and out of the polymer
matrix upon exposure to an aqueous environment.

The extent of pendant hydroxyl conjugation of poly(glycerol-co-caprolactone) with the
various side chains was verified by proton NMR by comparing integrations between the
added side chain structure and the caprolactone units (Fig. 2). Additionally, the
corresponding proton peak to the α-carbon of the caproic acid unit is distinctly shifted
downfield when the hydroxyl group on the glycerol unit is not reacted, giving a convenient
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secondary method of evaluating extent of modification. All of the structures conjugated to
PGC-OH resulted in complete conversion.

Changes in thermal properties were observed relative to the choice of side chain structure
for the polymers (Fig. 3). Analogues with linear side chains had higher heat of fusions
(ΔHf), a measure of relative crystallinity between similar polymers than the unmodified
polymer. The addition of larger side chains resulted in lowered melting transitions such as
for the stearic acid derivative of PGC, PGC-C18 (31 °C). Polymers modified with lauric,
myristic, or palmitic acid had significantly higher melting points (40 – 41 °C) compared to
PGC-OH (23 °C). One possible explanation for the lower melting transition for the C18 over
the C12 analog is that the longer alkyl side chain are more predisposed towards integrating
in to the semi-crystalline domains of the copolymer due to their increased accessibility,
hence increasing the number of defects in those regions and lowering the melting point of
the polymer. It should be emphasized that PGC-OH and PGC-C18, had melting
temperatures below 37 °C, thus would lack crystallinity in vivo and are better described as
‘polymer melts’.

The hydrophobicity of solvent cast polymer films was assessed by static contact angle
measurements (Fig. 4). Increasing the chain length for the linear fatty acid analogues
increased the contact angle from 82° for the unmodified PGC-OH to 98° with the 12 carbon
side chain PGC-C12, and up to 124° for the 18 carbon side chain PGC-C18. For
comparison, DuPont's Teflon-AF™ has a reported contact angle of 104°.

Release kinetics of 10-hydroxycamptothecin from polymer films
Unmodified poly(glycerol-co-caprolactone) films (PGC-OH) demonstrated unfavorable
HCPT release kinetics in vitro for our interests, characterized by a burst release over the first
48 hours amounting to 46% of the total drug released (Fig. 5). Furthermore, by the end of
release at four weeks the PGC-OH films still retained 49% of their initial loading. In
addition, the unmodified polymer fragmented or flaked apart over the first week of release
and did not retain its original form. Conjugation with hydrophobic moieties was expected to
temper and prolong the release kinetics via inhibition of aqueous penetration and result in a
more stable cast film. Films formed from the four linear fatty acid chains including lauric
(PGC-C12), myristic (PGC-14), palmitic (PGC-16), and stearic (PGC-C18) showed
decreasing trends of release rate and final cumulative release with increasing alkyl chain
length. These chains were anticipated to increase hydrophobicity while minimizing the
disruptive effects of bulky steric hindrance on polymer chain packing. All of these films
maintained their shape and eluted HCPT for a more prolonged duration than the unmodified
polymer, with continued release for at least 7 weeks. The PGC-C12 films released 68% of
their total loading, at rate of about 2.2%/day through day 21 diminishing thereafter, while
the PGC-C18 films eluted only 41% of their initial loading over the same time 21 day
interval with a release rate of only 1.05% per day. All of the analogue films maintained their
original form throughout the course of the experiment.

Long-term anti-proliferative efficacy of HCPT-loaded films
After characterizing the various polymer analogues, the anticancer activity of HCPT-loaded
PGC-OH and PGC-C18 films (2% w/w) was evaluated in vitro against cultured human non-
small cell lung cancer cells (A549) over successive 5-day intervals for a total of 50 days
(Fig. 6). The stearic acid-modified copolymer (PGC-C18) was chosen for its ease of
synthesis, prolonged release kinetics, and lack of a significant initial burst. The films were
co-incubated with cells for 24 hour exposures, and then transported to holding wells under
sink conditions between each cell exposure. Freshly cultured cells were utilized for each cell
exposure. In this manner, the effective longevity of the films' ability to inhibit cancer cell
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proliferation was determined. The initial HCPT loading was chosen to ensure that the
concentration of hydroxycamptothecin would exceed the IC50 of the cells by the end of each
5-day exposure interval.

A direct correlation was observed between the measured release kinetics and duration of
anti-proliferative efficacy for the HCPT-loaded PGC-OH and PGC-C18 films. The potency
of the HCPT-loaded PGC-OH diminished following 15 days of cumulative release until
becoming ineffective by the 30 day time point. This was to be expected, as those films were
not shown to elute significant amounts of drug after 30 days of release. Conversely, the
PGC-C18 films exhibited significant cytotoxicity for each exposure during the 50 day
experiment, demonstrating that the films are capable of releasing a sustained dose of
therapeutic drug for at least 7 weeks and that HCPT retains its anti-proliferative activity
while embedded in the polymer and following release from the film. Unloaded PGC-OH and
PGC-C18 films were not cytotoxic for the duration of the experiment.

4. Discussion
The prolonged release of chemotherapy at the site of tumor cells is desired in order to
maintain a localized therapeutic concentration of drug over multiple cell cycles to maximize
tumor cytotoxicity. 10-Hydroxycamptothecin was selected as a representative
chemotherapeutic agent because of its demonstrated strong anti-tumor activity in vitro and
in vivo. Unfortunately, its practical use has been limited by poor aqueous solubility,
instability in aqueous solution, and dose-limiting systemic toxicities observed during clinical
trials45. The entrapment of HCPT in the copolymer matrices was expected to circumvent the
solubility issue, reduce aqueous exposure to the drug, and potentially diminish or eliminate
systemic side effects in vivo by locally delivering the therapeutic agent directly to the site of
tumor.

While several trends were evident from the release data in Figure 5, it is clear that release is
affected by a combination of properties. It is known that the presence of crystallinity can
decrease release rates by increasing the packing and density of the polymer. For example,
Pitt et. al. showed that increasing percent crystallinity of poly(ε-caprolactone) polymers
from 45% up to 59% by various annealing methods led to as much as a 3-fold decrease in
the drug release rate of Norgestrel from poly(ε-caprolactone) films46. They proposed that
increasing crystallinity decreases polymer permeability emphasizing diffusion as the rate-
limiting process of drug release. For the current study, however, the relative percent
crystallinity was not predictive of drug release kinetics. The polymers conjugated with the
lauric (PGC-C12), myristic (PGC-C14), and palmitic acid (PGC-C16) side chains had the
highest relative crystallinity and the films cast from these analogues all released drug
continuously for about 50 days. PGC-C18 had the slowest overall release rate and the lowest
total amount of drug release over the 50 days. With a melting temperature below 37°C, this
data suggests crystallinity was not the most important factor in predicting release for these
polymers.

Slower release rates have been attributed to hydrophobicity by diminishing aqueous
diffusion into the matrix and by increasing polymer-drug interactions when the encapsulated
agent is hydrophobic. Hydrophobicity was a good predictor of relative release rates in this
study; films with higher contact angles generally had slower release rates. Several groups
have investigated fatty acid alkyl chains for the side group functionalization of
macromolecules to optimize diffusion/degradation properties resulting in the observation of
several trends. Increased alkyl chain length functionalization and percent of substitution to
chitosan matrices led to significantly slower degradation, erosion, and release rates.15,16

Acyl modification of a polymer has been shown to increase drug encapsulation efficiency
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for drug-loaded nanoparticles, indicating enhanced polymer-drug interaction, but lower
encapsulation efficiencies for high levels of substitution suggested that free volume also
affects loading.19 In addition to hydrophobicity surface measurements, it is worth noting the
partition coefficients of the various side chain molecules in understanding the
microenvironment the drug resides within the polymer. The partition coefficients normalized
to their testing environment (pH = 7.4, 0.16M phosphate buffer; P.C./10pH-pK) for laurate,
myristate, palmitate, and oleate are reported as 4.70, 86.3, 489, and 2340, respectively47.
Thus the chemical environment present in PGC-C18 may favor the partitioning of
hydrophobic drug more so than PGC-C12, for example. These studies, along with the results
reported here, demonstrate that substantial changes in drug release profile can be obtained
by tuning the hydrophobicity.

Traditionally, there are a limited number of options for modifying the drug release kinetics
of a particular polymer system, including varying the monomer ratio within a copolymer or
by introducing an additive into the polymer matrix for a given system. The use of
functionalizable polymers such as poly(glycerol-co-caprolactone) provides another variable
for affecting release rates without directly modifying the polymer backbone composition.
We have demonstrated in a previous study that the poly(glycerol-co-caprolactone) hydroxyl
groups can also be conjugated with short amine, carboxyl, and hydroxyl-bearing linkages for
further reaction with various functionalities leaving the number of possible side chain
additions, and polymer properties to suit a wide variety of applications18. In the current
study, the various analogues were prepared from the same batch of unmodified
poly(glycerol-co-caprolactone), resulting in initial release rates ranging from 2.5 - 11.8 %
release over the first two days with continued release from 28 days to more than 7 weeks
depending on the conjugated side chain structure. Such increase in release duration directly
translated into prolonged in vitro anti-cancer efficacy.

4. Conclusion
A series of poly(glycerol-co-caprolactone) copolymers was synthesized with backbones
conjugated to various hydrophobic biocompatible side chains for evaluation as polymer
matrices for controlled release of a chemotherapeutic agent. The choice of side chain
significantly affected the resulting polymer properties including thermal transitions, relative
crystallinity (ΔHf), and hydrophobicity. Drug-loaded films cast from solutions of polymer
and 10-hydroxycamptothecin demonstrated prolonged release from four to over seven weeks
depending upon side chain structure without initial burst release behavior. The stearic acid-
conjugated poly(glycerol-co-caprolactone) films (PGC-C18), chosen as a representative
copolymer for its ease of synthesis and slow release kinetics, resulted in substantial anti-
cancer activity in vitro for at least 50 days when exposed for 24 hours to fresh cultures of
A549 human lung cancer cells. By expanding the repertoire of polymer structures available
for controlled release applications, clinical treatment of recurrent or established tumors can
be customized (i.e., we can pay more consideration to the nuances of each patient's disease
state). For example, one can envision a set of polymeric drug delivery implants exhibiting
slow, moderate, or fast release kinetics depending on the location, extent, type, and genetic
predisposition of an individual's disease. Through judicious selection of polymer side chain
structure, the drug release rate and duration can be better optimized to maximize drug
delivery directly to tumor sites as the next step in personalized cancer care.
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Figure 1.
Synthetic scheme and structures for hydrophobic poly(glycerol-co-ε-caprolactone) analogue
copolymers. a. BnBr, KOH, THF, 0°C, b. 1M HCl, MeOH, 80°C, c. EtOCOCl, TEA, THF,
0°C, d. ε-caprolactone, Sn(Oct)2, 140°C, e. Pd(OH)2/C, H2, f. R-H, DCM/DMF, DCC.
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Figure 2.
1H NMR of a representative functionalized copolymer, poly(glycerol stearate-co-ε-
caprolactone). The extent of side chain modification is observed by monitoring the shift and
disappearance of A* as the pendant hydroxy groups of the copolymer are conjugated.
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Figure 3.
Melting temperature (Tm) and heat of fusion (ΔHf) for the copolymer analogues. All glass
transition temperatures were below -40°C (data not shown).
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Figure 4.
Static contact angle measurements from polymer cast films (n=3).
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Figure 5.
Cumulative release of 10-hydroxycamptothecin from drug-loaded films in PBS at 37°C (n =
3).
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Figure 6.
Anti-proliferative efficacy of HCPT-loaded and unloaded PCG-OH and PCG-C18 films
exposed to A549 human non-small cell lung cancer cells over 24 hour intervals (n=3).
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