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The influence of additives in modulating drug delivery
and degradation of PLGA thin films

Charlotte L Huang'!, Terry W] Steele!, Effendi Widjaja2, Freddy YC Boey!, Subbu S Venkatraman'
and Joachim SC Loo!

Poly(,,.-lactic-co-glycolic acid) (PLGA) is the most frequently used bioresorbable polymer for the controlled release of drugs.
Hydrophilic additives such as poly(ethylene glycol) (PEG) are commonly incorporated into PLGA to enhance the release of
hydrophobic drugs such as paclitaxel (PCTX). Understanding the factors and mechanisms that govern drug release in a blended
system is important to be able to modify the delivery properties of the drugs. This study evaluated the mechanical properties of
PCTX-eluting PLGA thin films that incorporate PEG additives under constant hydration, which mimics physiological conditions.

The presence of additives resulted in varying extents of phase separation, which changed the degradation and release profiles
of the PLGA films. The incorporation of long-chain additives resulted in large phase-separated additive-rich domains that gave
rise to large pores, high mass loss, and a high burst release of PCTX from the extensive dissolution and leaching of additives
upon hydration. Subsequently, the degradation rate of PLGA films was reduced by the out-diffusion of acidic byproducts
through these water-filled pores and channels; these byproducts would otherwise accumulate and contribute to higher
degradation rates due to the autocatalysis of PLGA. The preferential association between PCTX and PEG additives in the
phase-separated PLGA films was exploited to enhance the release of hydrophobic PCTX, and statistical correlations were
established between the simultaneous release of PCTX and additives. This significant correlation could provide useful
information for the prediction of hydrophobic drug release profiles and the selection or preparation of localized drug delivery

systems with the use of PEG additives.
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INTRODUCTION
Controlled drug delivery is an important potential application of
bioresorbable polymers because of their versatility. Pharmaceutical
ingredients such as antibiotics, vaccines and anti-cancer drugs can be
delivered with sustained and controlled release profiles by using
timely biodegradation of the drug carrier. Biodegradable polymers
such as Poly(,,, -lactic-co-glycolic acid) (PLGA) are commonly used as
drug delivery carriers owing to many favorable characteristics such as
biodegradability, good biocompatibility and favorable mechanical
properties.'™ In recent decades, PLGA has been widely studied for
localized drug delivery in treating periodontal diseases,>® glaucoma”
and cancer®! and to coat metallic stents!>1? and fully biodegradable
stents.! 14

Various polymeric drug delivery systems have been investigated to
optimize physicochemical properties, hydrolysis rates and drug release
profiles to accommodate diverse biomedical treatments. For example,
the frequency of injections in a certain therapy might be reduced by

using carriers that control the release of drugs over a required period
of time. Such systems are practical for patients who require long-term
treatments on a regular basis. Unlike systemic drug delivery, localized
drug therapy releases the drug directly at the site of disease, which
leads to reduced drug wastage. The controlled and sustained delivery
of the drug ensures adequate concentration over a prolonged period
and thereby achieves therapeutic efficacy. This factor is especially
important in cancer therapy where long-term drug-releasing implants
may help prevent local recurrence events.!>!6

Bioresorbable polyesters, such as PLGA, have been extensively
evaluated in the past for controlled and sustained delivery in many
therapeutic modalities."!”2% There are four possible ways in which
drug molecules can be released from polymer-based drug delivery
systems: (1) erosion of the polymer, (2) diffusion through the
polymer matrix, (3) diffusion through pores or channels that are
filled with the surrounding medium and (4) osmotic pumping.?!
Owing to the typical slow release of therapeutics from PLGA
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polymers, many studies have incorporated additives such as chitosan
and poly(ethylene glycol) (PEG) to enhance the kinetics of drug
release.>>2"2> A variety of other techniques to enhance the release of
hydrophobic drug molecules inform PLGA formulations have also
been widely reported. The release kinetics of hydrophobic paclitaxel
(PCTX) was improved by increasing the surface area of PLGA
nanoparticles and microparticles.’® Enhanced drug release has also
been reported due to increased drug loading, the use of porous
matrices, and the use of excipients such as hydrophilic polymers.?’~30

Excipients are either synthetic or naturally occurring, and they
are incorporated into polymers through processing, chemical
conjugation or blending. Natural additives such as chitosans and
cyclodextrins are commonly used in PLGA-based drug delivery
systems because they are biodegradable and offer excellent bio-
compatibility.31 However, these formulations tend to have batch-to-
batch inconsistencies as a result of difficult purification processes.
By contrast, synthetic polymers are available with high
reproducibility and easily adjustable properties.>’*? The delivery
of hydrophobic drugs such as sirolimus or PCTX from slow
degrading carrier polymeric systems is commonly enhanced by
the favorable incorporation of hydrophilic additives such as
PEG.!333738 Processing, copolymerization, conjugation, adsorption
and blending of PLGA with additives provide the means to exploit
its favorable properties and to enhance drug delivery from PLGA-
based drug delivery systems.>2+3%-42

Regardless of the drug delivery approach, detailed evaluation and
characterization of these carrier systems are often neglected. Under-
standing and correlating the mechanisms of drug and additive releases
are also important and by far rarely addressed in the literature. Here,
PLGA-based PCTX-eluting thin films incorporating PEG additives at
various concentrations were evaluated in detail. As with biodegra-
dation, the mechanical properties and characteristics of the thin film
change with time. These dynamic changes of the PLGA films could
directly influence the release of drugs.!**3#5 Although the
characteristics of polymeric films change in an aqueous
environment, many studies have shown to only subjected their
substrates to mere pre-wetting or pre-conditioning in an aqueous
environment over several hours to days before tensile testing.*6->!
This methodology does not give a true reflection of the mechanical
integrity and performance of the device under physiological
conditions. Here, the mechanical characteristics of PCTX-eluting
PLGA thin films that include different amounts of PEG additives
are characterized under constant aqueous hydration via a circulating
chamber maintained at 37°C to mimic physiological conditions as
closely as possible. In addition, the mechanical properties of these
films were re-evaluated to assess the integrity of the film after a given
period of degradation. Such a method of mechanical assessment has
rarely been reported in the literature.

MATERIALS AND METHODS

Materials

Poly(,,, -lactide-co-glycolide) 53/47 (ester-terminated PLGA) with an intrinsic
viscosity of 1.03 dl g ~! was purchased from Purac (Gorinchem, The Netherlands).
PCTX was purchased from Yunnan Hande Bio-Tech, Kunming, China. High
performance liquid chromatography (HPLC)-grade dichloromethane and acet-
onitrile were purchased from Tedia, Fairfield, OH, USA. Deuterated chloroform
(CDCl3 + 0.03% v/v tetramethysilane D99.8%), polysorbate 80 (Tween 80) and
PEG with molecular weights (MW) of 400 and 10000gmol~! (denoted as
PEG400 and PEGI0k) were purchased from Sigma-Aldrich (Singapore,
Singapore). All other polar solvents used were of HPLC grade and were purchased
from Sigma-Aldrich. All chemicals and materials were used as received.
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Methods

Film preparation. The polymer solutions at 10% w/v were prepared with 10%
w/w PCTX in dichloromethane. PEG additives were incorporated by blending
in a common solvent with PLGA and PCTX at concentrations of 10-30% by
weight with respect to PLGA. The film applicator height was fixed at 500 pum,
and the viscous polymer blend was cast onto polyethylene terephthalate sheets
at 50mms ~! under room temperature and pressure in a fume hood. The use
of a polyethylene terephthalate layer serves to provide ease of handling of the
PLGA film throughout its degradation period. The films were left to dry in an
environment saturated with dichloromethane at room temperature for at least
24h before being transferred to a vacuum oven for further drying at room
temperature for at least one week.

Raman mapping and band-target entropy minimization algorithm. Raman
microscopy analysis was performed as described previously.” Briefly, the thin
films were placed under the microscope objective, and Raman (In Via Reflex,
Renishaw) point-by-point mapping measurements were performed on the
samples. The sample was irradiated with a 514 nm argon-ion laser, and a x 50
or x 100 objective lens was used to collect the backscattered light.
Measurement scans were analyzed with the band-target entropy
minimization (BTEM) algorithm. The spatial distributions of each
underlying constituent were then generated in a color intensity image
representative of the size or distance of the film sample mapped in
micrometer. PCTX showed strong and sharp Raman peaks at 620, 1006,
1605 and 1718 cm ~!. PLGA showed strong and significant Raman peaks at
850, 879, 896, 1130, 1430, 1458 and 1770 cm . PEG400 showed a much
broader relative Raman spectrum, with band maxima centered around 531,
812, 838, 891, 1060, 1137, 1244, 1286 and 1474 cm ~1, whereas PEG10k showed
strong and sharp Raman peaks at 366, 538, 585, 847, 862, 1065, 1128, 1144,
1233, 1282, 1399, 1447, 1473, 1482 and 1488 cm~!. The reference Raman
spectra obtained from the respective pure components (namely, PCTX, PLGA,
PEG10k and PEG400) can be found in Supplementary Figure 1.

In vitro film mechanical properties. Thin films (30-40 um) were prepared in
rectangular strips (8 x 1cm?) according to the ASTM D882 standard for
tensile testing. After the polyethylene terephthalate sheet was removed, each
rectangular film was clamped onto submersible tensile water grips on an
Instron Tester (Model 5567) with a load cell capacity of 10N. The samples were
fully immersed in PBS medium maintained at 37 °C to mimic physiological
conditions. They were then subjected to tensile stress at a rate of 5 mm min ~.
The data were plotted and analyzed with Bluehill software version 3.00
(Singapore, Singapore). Young’s modulus (E), yield strength (ays), tensile stress
at break (oy,) and elongation at break (g,) were recorded in MPa and calculated
in triplicate. A blueprint of the submersible tensile water grips and an overview
of the mechanical evaluation setup are shown in Supplementary Figures 2 and
3, respectively.

Film surface and cross-section morphology. Samples were coated with plati-
num for 50's at 20 mA under a chamber pressure of <5 Pa using a JEOL JFC-
1600 Auto Fine Coater, Tokyo, Japan. Secondary electron images of the film
surfaces were acquired at 5.0kV and 12 pA at a working distance of 8 mm using
scanning electron microscopy (JEOL JSM-6360). Cross-sectional samples were
embedded in Tissue-Tek optimal cutting temperature fluid before being cyro-
microtomed into 10 um sections. Cross-sectioned samples were coated and
imaged similarly.

Film degradation. Films were initially weighed (W,) in triplicate before
incubation in PBS maintained at 37 °C. At predetermined time points, the
films were rinsed with deionized water, the excess was blotted off and they were
measured to determine the wet weight (W,.). The samples were then dried
thoroughly in a vacuum oven for at least 1 week before their dry weight (Wy,y)
was measured gravimetrically. These dried samples were subsequently used to
determine the MW decay of PLGA films by measuring the number-average
MW (Mn) of samples using size exclusion chromatography with a Shimadzu
LC-20AD HPLC (Kyoto, Japan) equipped with an RI detector and column
heater set at 35°C. Low polydispersity polystyrene standards (Fluka) from
580-400 000 kDa were used to calibrate the three linear PLgel (5um) mixed C



columns (Varian, Singapore, Singapore). HPLC grade chloroform was used as
the mobile phase at a flow rate of 1.0 mlmin .

Water absorption and weight loss were calculated as follows:

‘/Vw - W,
Water absorption (% ) = —- I %100 %

dry
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o= MY 100 %
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o

Weightloss (% ) =

In vitro PEG release quantified by 'TH NMR. ~Films were immersed in 2 ml of
phosphate buffered saline (PBS) in triplicate. At predetermined time points,
aliquots were taken and completely lyophilized. The lyophilized content in the
tube was dissolved in 1050 £ 10 pg (700 ul) of CDCI; for at least 1h, vortexed
and centrifuged at 10000 r.p.m. for 5min. The 'H NMR (nuclear magnetic
resonance) spectra of the supernatant were recorded on a Bruker Advance
Spectrometer (Bruker, Billerica, MA, USA) at 400 MHz using the signal of
tetramethysilane present in deuterated chloroform at 0.03% v/v as an internal
standard. 'H NMR (400 MHz, CDCI3, §) 1.5-1.7 (bs, PLGA 3H, -C(=0)-
CH(CH3)-0-C(=0)-CH2-O-, 3.45-3.85 (bs, PEG 4H, -O-CH2-CH2-O-,
4.6-5.0 (bs, PLGA 2H, -C(=0)-CH(CH3)-O-C(=0)-CH2-0O-, 5.0-5.3 (bs,
PLGA 1H, -C( = 0)-CH(CH3)-O-C( = 0)-CH2-O-. The italics referred to the
hydrogen atom of that compound that was used to calculate the mole ratios.
The amount of PEG released was calculated based on the molar concentration
of hydrogen atoms with respect to the tetramethysilane internal standard.

In vitro PCTX release quantified by HPLC. The in vitro release of PCTX was
conducted in triplicate in 2ml of PBS spiked with 2% Tween 80 in release
buffer (pH 7.4) at 37°C. At predetermined time points, aliquots were
withdrawn and filtered through a 0.2um cellulose syringe filter. Sink
conditions were maintained throughout the release. PCTX was quantified
with an Agilent Series 1100 HPLC (Santa Clara, CA, USA) equipped with a
UV/Vis detector set at 227nm and an autosampler. A total dissolution
quantification of the 1 x 1cm? samples was conducted in triplicate by
dissolving the films in acetone. The solubility limit of PCTX in PBS/2%
Tween 80 buffer was determined to be 20 pgml .

Statistics

Statistical analysis was performed with IBM SPSS Statistics 19 software. One-
way ANOVA was used to determine differences among the formulation groups,
and pairs were compared using post-hoc Tukey’s multi-comparison test. A
Pearson product-moment correlation coefficient (Pearson’s correlation (1)) was
also computed to assess the relationship and strength of correlation between
any two variable factors that might influence the release of PEG additives and
PCTX. A value of P<0.01 or P<0.05 was considered statistically significant. It
should be noted that the data analysis and conclusions from the trend lines
and correlations drawn in this study are only valid for the range of data tested
here.

RESULTS

Raman mapping and BTEM analysis

Each pre-processed Raman mapping data set was subjected to BTEM
analysis to reconstruct the underlying pure component spectra and
their associated spatial distributions. BTEM analysis revealed a
homogeneous distribution of PCTX within the PLGA, as shown in
the spatial mapping on the right in Figure la. The image represents
the relative intensities of the respective components measured by the
distance mapped in micrometer. A high intensity for a particular
component is represented by warmer colors, that is, red on the
mapping, while a low concentration is represented by cooler colors,
that is, blue. Polyethylene terephthalate, which was used in the casting
of PLGA films for easy handling, was easily separated out and
reconstructed in the first component spectrum. The second compo-
nent spectrum showed combined Raman peaks from PCTX and
PLGA; this combination indicated that there was compositional co-
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linearity between these two components, because there was no
spectral variation between them that could facilitate their separation
via BTEM analysis. Therefore, it is likely that PCTX was homo-
geneously distributed throughout the PLGA film.

When the short chain additive PEG400 was incorporated into the
PCTX-PLGA films, the reconstructed spectrum exhibited combined
Raman peaks of PCTX and PEG400, as shown in Figure 1b. This
finding indicated that there was some extent of association or co-
localization between these two components that caused them to be
inseparable via BTEM analysis. The presence of PEG400 caused PCTX
to be preferentially associated with PEG400, which then formed small
random domains in the continuous PLGA film that showed higher
intensities of PCTX and PEG400, as indicated by the red regions in
the first spatial mapping in Figure 1b.

Similar spectral and spatial distributions were also observed for
PCTX-PLGA films incorporating the long-chain additive PEG10k.
However, significantly larger domains with higher intensities of PCTX
and PEG10k were observed, as shown in the first spatial mapping in
Figure lc. The spatial mappings also indicated larger and more
obvious phase separation of long-chain PEG10k in PCTX-PLGA
films compared with short chain PEG400. The extent of phase
separation between PCTX and PEG was therefore dependent on the
chain length or MW of the PEG additives. Consequently, this large
phase separation could influence the physicochemical characteristics,
degradation and release mechanisms of PEG-incorporated PCTX-
PLGA films.

In vitro mechanical properties

To mimic the hydration that occurs under physiological conditions as
closely as possible, a tensile water grip and bath setup was designed to
maintain film samples in a constant aqueous environment at 37 °C, as
shown in Supplementary Figure 3. This conditioning system allowed
the mechanical evaluation of thin films under constant hydration,
which more accurately represents the mechanical characteristics of
these films, particularly when the end application involves implanta-
tion. Mechanical properties including elastic modulus (E), yield
strength (gys), tensile strength (o1,) and elongation at break (&) were
tested and recorded under constant aqueous buffered conditions at
37°C.

PCTX-PLGA films showed an overall reduction in mechanical
properties vs films tested in the dry state, as shown in Figure 2. The
hydrated PCTX-PLGA films experienced a significant reduction in
the modulus, as represented by the substantial change in the slope of
the stress—strain plot between 1 and 10% strain, and a large drop in
tensile strength of ~4MPa was also observed. The presence of an
aqueous environment with the temperature maintained at 37°C
exerted a plasticizing effect on the mechanical properties of the
PCTX-PLGA films.>*=> These hydrated films were therefore able to
withstand greater strain or elongation before breaking in the presence
of water.

The mechanical properties of hydrated PCTX-PLGA films incorpo-
rated with PEG additives are summarized in terms of their Young’s
modulus (E) in MPa and by the percentage of elongation at the break
point (&), as shown in Table 1. The Young’s modulus indicates the
stiffness of the films and was calculated by the slope of the stress—
strain curve between 1 and 10% strain. The amount of strain that
these films could withstand up to their respective break points was
measured by the percentage of elongation. The incorporation of PEG
additives did not change the modulus of PCTX-PLGA films up to a
30 wt% additive concentration, but it had resulted in an overall
reduction in the elongation of these films. In the presence of PEG
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Figure 1 Raman spectra and microscopy mapping of (a) paclitaxel (PCTX)-poly(, -lactic-co-glycolic acid) (PLGA) film blended with (b) poly(ethylene
glycol)400 (PEG400) and (c) PEG10k at 30wt% with respect to PLGA. Raman scans were collected in a spectral window from 300 to 1800cm !, and
the corresponding spatial distributions of the components are mapped on the right in terms of the distance in um for both the x and y axes. A high intensity
for a particular component is indicated by red on the spatial mapping on the right, which corresponds to its Raman spectrum on the left.
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Figure 2 Representative stress versus strain plot of paclitaxel (PCTX)-
poly(o, -lactic-co-glycolic acid) (PLGA) films evaluated under dry and
hydrated conditions. An overall reduction in the mechanical properties was

observed with hydrated PCTX-PLGA film. An increase in strain was observed
in the hydrated PCTX-PLGA film due to the plasticizing effect of water.

Table 1 Summary of the mechanical and degradation properties

PCTX-PLGA film Degradation rate con-  Linear regres-

samples? E (MPa)l &,(%)° stant k (per day)/ sion (R2)®
PCTX-PLGA 3.4+0.2 496+9 0.063£0.005 0.981
(control) with

10% PEG400 3.2+0.1 485+*1 0.051+£0.004 0.813
20% PEG400 3.8+0.2 40217 0.040£0.010 0.903
30% PEG400 3.3£0.3 418%2 0.032+£0.002 0.973
10% PEG10k 2.7+0.1 502+17 0.035+£0.002 0.988
20% PEG10k 26+1.1 473+2 0.024£0.001 0.998
30% PEG10k 3.1+£0.1 422+22 0.021£0.001 0.978

Abbreviations: PCTX, paclitaxel; PEG, poly(ethylene glycol); PLGA, poly(,,-lactic-co-glycolic
acid).

APCTX-PLGA films incorporated with PEG at concentrations from 10-30%w/w.

bThe Young’s modulus (E) was measured under constant hydration.

“Percentage of elongation at break (a,) was measured under constant hydration.

9The degradation rate constant (k) shows the absolute rate of molecular weight decay of these
films and PCTX-PLGA control film exhibited the fastest rate of degradation.

€Linear regression towards degradation rate constant (k) was fitted using least squares
approach.

additives, the stress of these films could withstand up to their
respective break point was also measured, as shown in Figure 3. All
of the films experienced significant reductions in their tensile
strengths after 2 weeks of in vitro degradation when compared with
their corresponding tensile strengths measured at day 0. The reduc-
tion in tensile strength at 2 weeks was greater in the presence of
additives. This result could be due to the dissolution of phase-
separated domains, which left behind pores within the film matrix
that contributed to the overall reduction in tensile strength of these
films.

Cross-sectional morphology of films

The extent of the film degradation can be described qualitatively by
changes observed in the cross-sectional morphology, as shown in
Figure 4. The incorporation of PEG additives at 30wt% and the
subsequent dissolution upon immersion in the medium introduced
pores in these PCTX-PLGA films when compared with the control
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Figure 3 Tensile strength of paclitaxel (PCTX)-PLGA films incorporating
poly(ethylene glycol) (PEG) additives at varying concentrations evaluated
under hydrated conditions. Significant reductions in the tensile strength of
films after 2 weeks of in vitro degradation were observed with respect
to their corresponding initial tensile strengths (P<0.05).

PLGA film initially and after 2 weeks. The pores observed in the initial
scanning electron microscopy micrographs in the first column in
Figure 4 were speculated to be occupied by solvent-hydrated PEG
additives that were phase-separated from the PLGA matrix upon film
casting. The final porous morphology of PEG-incorporated films was
therefore obtained after the drying process. No pores were initially
observed with the absence of PEG additive in PCTX-PLGA film
before the start of degradation. Subsequently, some pores were
observed in this PCTX-PLGA film at 2 weeks into degradation.
Extensive porosity was observed in films incorporated with PEG at
30wt% at 2 weeks. The initial porosity of these PEG-incorporated
films enhanced the influx of water molecules, which allowed the
dissolution of PEG additives and thereby resulted in extensive porous
films at 2 weeks, as shown in the second column of Figure 4. The
increase in porosity of the PEG-incorporated films could have
contributed to the overall reduction in their tensile strengths at
2 weeks, as seen in Figure 3.

Effects of PEG on PLGA degradation

The degradation of PCTX-PLGA films incorporated with PEG
additives was monitored in terms of water uptake and mass loss
under in vitro conditions, as shown in Figure 5. The amount of water
absorbed by the films incorporated with short chain PEG400 at
30wt% was found to be 40% higher by the first day compared with
the amount absorbed by the PCTX-PLGA control film (Figure 5a).
Owing to the strongly hydrophilic diol character of short chain
PEG400 additives, the amount of water absorbed was approximately
three times higher than in the films incorporating long-chain PEG10k
additives at the same additive concentration. The amount of water
absorbed by the films incorporating PEG10k at 30 wt% was only
~15% higher than the control at the first time point, as shown in
Figure 5b. As pores were already prominent in films incorporating
PEG additives, the water uptake in these films remained fairly
constant up to 35 days. The PCTX-PLGA control film showed a
gradual increase in the amount of water absorbed up to 15% by day
35 because pores that could entrap more water were only noticeable
~2 weeks into the degradation (Figure 4).

)

NPG Asia Materials



Additives and its influence on PLGA thin films
CL Huang et al

(&)

2 weeks

Initial

PCTX-PLGA

30% PEG400

30% PEG10k

Figure 4 Surface and cross-sectioned scanning electron microscopy (SEM)
micrographs (x 1000 magnification) of paclitaxel (PCTX)-poly(,, -lactic-co-
glycolic acid) (PLGA) films that incorporate 30wt% poly(ethylene
glycol)400 (PEG400) and PEG10k at the beginning and after 2 weeks of
degradation. The presence of pores was seen in films incorporating
additives, and larger pores were observed for the longer chain PEG10k
additive.

Although the PCTX-PLGA control film had negligible mass loss
over a period of 35 days, films incorporated with PEG400 at 30 wt%
showed a slight increase in mass loss of up to 12% during its
degradation period, as shown in Figure 5c. The initial mass loss from
these films remained below 5%. Conversely, films incorporated with
PEGI10k at 30 wt% showed double this amount of initial mass loss up
to ~10% at day 1 in Figure 5d. This large amount of mass loss could
be related to the dissolution of the phase-separated PEG-rich domains
from the PLGA films.

The decrease in the weighted-number-average MW (Mn) with
longer degradation time indicates chain scission of the ester bonds
due to hydrolysis in the PLGA backbone. The first-order degradation
rate constants (k) were calculated from a linear regression analysis of
the semilog plot of Mn vs time. The degradation rate constants (k)
and their corresponding linear regression coefficients for each film are
summarized in Table 1. In the absence of any PEG additive, the
PCTX-PLGA control film exhibited the fastest degradation despite
its low water uptake and mass loss (Figure 7). This finding can be
attributed to the accumulation of acidic byproducts of hydrolysis,
which further catalyze the degradation of the PCTX-PLGA film. The
initial porosity in films incorporating PEG additives could have
enhanced water penetration and, therefore, reduced the accumulation
of the acidic byproducts that contributed to the autocatalysis of
PLGA. Consequently, slower degradation rates were recorded for films
incorporating PEG additives, as summarized in Table 1. Interestingly,
the slowest degradation rate corresponded to films incorporating
30wt% PEG10k additive, which showed large and extensive porosity
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with high mass loss. Degradation byproducts can therefore diffuse out
of PEG-incorporated films through water-filled pores and channels.

Effects of PEG on PCTX release

PEG additives were incorporated into PCTX-PLGA films to enhance
the typical slow release associated with hydrophobic drugs in
hydrophobic polymer systems. Aliquots from the respective dissolu-
tions of PEG400 and PEG10k were analyzed with 'H NMR, and
cumulative releases plotted against degradation time are shown in
Figure 6. PCTX-PLGA films incorporating the short chain additive
showed increased rates with increased concentrations of PEG400 over
the first 7 days, as shown in Figure 6a. Despite the fast release rates of
PEG400 additive, the burst release remained below 100 pg cm ~2 even
at 30wt% concentration. By contrast, films incorporating the long-
chain additive showed little variation in release rates with increasing
concentrations of PEGI10k, as shown in Figure 6b. Interestingly, a
distinctive burst release was observed with increasing concentrations
of PEG10k despite similar release rates. The burst release at 30 wt% of
PEG10k was 500 pg cm ~2, which is approximately five times that of
the burst release obtained for PEG400 at the same concentration. The
subsequent release rates of PEG400 and PEG10k were almost the same
after day 7 and across the three different concentrations. The release
profiles of PEG additives seemed to show significant differences
during the initial phase of dissolution between 0 and 7 days. This
result can be attributed to the extent of phase separation observed
with the Raman spatial mappings (Figure 1), which can be used to
explain the differences in dissolution characteristics between short
and long-chain additives resulting in the PEG release profiles that
were obtained.

Concurrently, the aliquots taken were also analyzed to measure the
release of PCTX from the PEG-incorporated films and the PCTX-
PLGA control film. The respective cumulative release profiles were
plotted against degradation time, as shown in Figure 7. The PCTX-
PLGA control film, in the absence of PEG additives, generally showed
minute releases of PCTX with time, with only ~7 ugcm —2 of PCTX
released after 42 days. The release of PCTX was enhanced with
increasing concentrations of both PEG400 and PEG10k. With the
incorporation of short chain additives at 30 wt%, only ~ 13 pgcm 2
of PCTX burst release was obtained, as shown in Figure 7a. By
contrast, a significantly larger burst release of PCTX of ~32ugcm 2
was obtained in films incorporating the long-chain PEGIOk at
30 wt%, as shown in Figure 7b; this outcome coincided with the
large burst release of PEGI0k, as seen in Figure 6b. Similar to
the release of additives, PCTX release occurred in two phases under
the influence of PEG additives. In the absence of PEG additives, the
release of PCTX was limited by the degradation of the PLGA. As
PLGA undergoes bulk degradation, limited release of PCTX was
obtained until the PLGA film started to show significant mass loss.
The initial slow release of PCTX in the first phase was therefore
enhanced by the presence of additives through dissolution and
diffusion of the associated PCTX and PEG. Subsequently, the release
profiles became similar to that of the control film once most of the
additives that were associated with PCTX had been released.

The coincidence in the parallel release of PEG and PCTX could
imply that they are possibly associated with each other within the
phase-separated domains of the PLGA film. To test this hypothesis,
the obtained release data were further analyzed by plotting the release
of PCTX against the release of PEG additives to determine the
strength of correlation between their releases at varying concentra-
tions (Figure 8). The increase in additive release generally corres-
ponded to the increase in PCTX release. This increase was distinct and
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Figure 5 Degradation was monitored in terms of water uptake of the paclitaxel (PCTX)-poly(,  -lactic-co-glycolic acid) (PLGA) films incorporating
(@) poly(ethylene glycol)400 (PEG400) and (c) PEG10k. The corresponding mass loss from PCTX-PLGA films was also recorded for (b) PEG400 and
(d) PEG10k additives. Significantly higher water uptake was observed for short chain PEG400 additives. Owing to the large phase-separated PEG-rich
domains, greater mass loss was observed with PCTX-PLGA films incorporating PEG10k additives.

significant in the samples with long-chain PEG10k additives, as
shown by the increasingly steeper slope at increasing additive
concentrations in Figure 8b. As the phase-separated domains in
PLGA films were larger with PEGI10k, the extent of association
between PCTX and PEGI10k could possibly be greater than with
PEG400. Consequently, larger pores, greater mass loss and therefore
higher burst releases of PEG10k and PCTX were observed as a result
of their stronger correlation compared to PEG400.

DISCUSSION

The properties of bioresorbable PCTX-PLGA films can be modulated
through various formulations that incorporate PEG additives. Films
that incorporate PEG additives at varying concentrations and MW
experience variable physicochemical characteristics, degradation rates
and drug release profiles. PCTX was found to be homogeneously
distributed throughout the PLGA and co-localized in PEG domains,
which were phase-segregated in the continuous PLGA film matrix in
the Raman spatial mapping experiment (Figure 1). This feature has
been described previously by Huang et al.>® With increasing additive
concentrations and MW, a larger extent of phase separation was noted
with greater association of PCTX with PEGI10k than with PEG400.
This association increased the overall solubility and dissolution of
these PCTX-additive-rich domains; in turn, the release of
hydrophobic PCTX from the hydrophobic PLGA film was
enhanced. The association between PCTX and PEG was supported
by the corresponding burst releases of PEG10k (Figure 6) and PCTX
(Figure 7) and by the greater initial mass loss (Figure 5) as a result of
dissolution of the largely phase-separated domains with PEG10k
additives. The associated PCTX and PEG additives enhanced the
typical slow release of PCTX from PLGA films through dissolution
and diffusion, which are two processes that would otherwise be

limited by the degradation of PLGA. The hydrophilic effect of PEG
additives on the release of PCTX was diminished after the first week.
The subsequent release of PCTX was limited by the degradation of
PLGA as most of the hydrophobic PCTX remained distributed within
the hydrophobic PLGA matrix. Moreover, PCTX has poor aqueous
solubility, and it is therefore unlikely to be released by diffusion
through the pores generated by PEG additives. Consequently, the
release profiles of PCTX from PEG-incorporated films observed in
the second phase of release were almost identical to that of the PCTX~
PLGA control film.

The three hydroxyl groups and one amide group on PCTX can
potentially associate with PEG additives through the formation of
hydrogen bonds.>”~? The preferential association of PCTX with PEG
was observed by coherent anti-stokes Raman scattering microcopy by
Kang et al..°! and this association was validated by the disappearance
of the sharp crystallization peaks of PEG under XRD in the presence
of PCTX.®! Here, the association between PCTX and PEG was
qualified by the strong positive correlations between the parallel
release of PCTX and PEG (Figure 8). This correlation also showed a
dependence on the concentration of the PEG additives, particularly
with PEG10k. An understanding of the influence of additives on the
release mechanisms and kinetics is important in the prediction of
drug release behaviors from PLGA under physiological conditions. As
the simultaneous release of additives and drugs is rarely reported in
the literature, our findings should therefore open more avenues to
modulate and predict drug release characteristics with the use
of additives, particularly in the local delivery of hydrophobic drugs
such as PCTX from hydrophobic polymer-based delivery systems.

In addition to an understanding of the phase distribution and its
effects on the delivery of PCTX, the degradation characteristics of the
resultant PLGA films are equally important for drug delivery systems
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Figure 6 Cumulative release profiles of poly(ethylene glycol) (PEG; pgcm—2)
vs degradation time from paclitaxel (PCTX)-poly(,, -lactic-co-glycolic acid)
(PLGA) films incorporating (a) PEG400 and (b) PEG1Ok at varying
concentrations. The release rates showed a significant difference for short
chain PEG400 additives, while the burst release increased significantly with
increased concentrations of long-chain PEG10k.

that are designed for long-term treatment. There are many factors
governing the degradation of PLGA including the lactide-to-glycolide
(LA:GA) ratio, MW, end-group capping, pH of the surrounding
medium, size, shape and porosity.*>>1:626> PEG additives gave rise to
extensively porous films (Figure 4) that resulted in greater uptake and
penetration of water molecules (Figure 5). A quicker degradation was
therefore anticipated in films incorporated with PEG additives.
However, the degradation rates were retarded in these PEG-incorpo-
rated films (Table 1). As PLGA is known to undergo bulk degrada-
tion, a decrease in MW with time was obtained with negligible change
in mass loss. During its degradation, hydrolysis of the PLGA backbone
generates lactic and glycolic acid byproducts that remain trapped
within the PLGA film in the absence of pores. The accumulation of
these acidic byproducts within the film matrix then further catalyzes
the hydrolysis of the PLGA backbone, a phenomenon commonly
referred to as autocatalysis.®*% Hence, the fastest degradation rate
(0.063 per day) was observed in the PCTX—PLGA control film. In the
presence of extensive porosity in PLGA films due to the incorporation
and dissolution of PEG additives, these acidic byproducts were able to
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Figure 7 Cumulative release profiles of paclitaxel (PCTX) vs degradation
time from PCTX-poly(, -lactic-co-glycolic acid) (PLGA) films incorporating
(@) poly(ethylene glycol)400 (PEG400) and (b) PEG1Ok at varying
concentrations. More significant variations in PCTX release were observed
with long-chain PEG10k compared with PEG400. All release profiles were
observed to proceed at similar rates after ~ 15 days.

diffuse out of the film through these water-filled pores or channels.
Consequently, the autocatalysis in PLGA was suppressed by the
diffusion of acidic byproducts through the water-filled pores, which
explains the significant reduction in the degradation rates of films
incorporating PEG additives. The degradation rate of PLGA exhibited
a dependence on the concentration of the additives that may be
related to the extent of porosity in the films, as determined by the
phase separation of the PEG additives within the PLGA matrix. The
slowest degradation (0.021 per day) occurred in the PEGI10k-
incorporated film, which also showed large and obvious domains
that were phase-separated from the PLGA matrix at 30 wt% con-
centration of PEG10k (Figure 1). The degradation of PLGA films can
therefore be modulated by the concentration and MW of PEG
additives as these parameters were directly related to the extent of
phase separation and the resultant porosity in these films.%”~70

With the dynamically changing characteristics of degrading PLGA
films in the presence of hydrophilic PEG additives, it is essential to
carefully assess the mechanical characteristics of these films. Most of
the literature lacks such a robust system, and many studies have
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Figure 8 Correlation plots of percentage paclitaxel release with additive
release taken at identical time points for paclitaxel (PCTX)-poly(;,-lactic-co-
glycolic acid) (PLGA) films incorporating (a) poly(ethylene glycol)400
(PEG400) and (b) PEG10k additives at varying concentrations. The linear
regression coefficient is denoted by R2, and the Pearson’s correlation
coefficient is denoted by r in the legend. A maximally strong association or
correlation between two variables is given by r=1.

shown to merely subject their test subjects to some minimal form of
hydration before mechanical evaluation. A constant level of hydration
is often not maintained throughout the mechanical test. To have a
better understanding of the behavior of various PEG-incorporated
films in this study, the mechanical tests were conducted under
constant in vitro conditions to mimic the hydration and temperature
of physiological conditions as closely as possible. Under constant
aqueous environment, the films acquire some degree of elasticity or
softening from the plasticizing effect of water molecules, and they
tend to be able to stretch more than when they are in their dry state.
As such, the hydrated PLGA films were accompanied by an overall
reduction in stiffness and tensile strength. The mechanical properties
of PLGA films incorporating PEG additives were re-evaluated at
2 weeks after degradation. There have been few attempts at
a mechanical evaluation of degraded bioresorbable polymer films.
Here, a significant reduction in tensile strength was observed for all
the degraded PCTX-PLGA films, particularly those that incorporated
PEG additives. Owing to the extensive porosity resulting from the
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phase separation and dissolution of the additive-rich domains, the
PEG-incorporated films became weaker and could not withstand as
much stress loading compared with their initial characteristics.
Therefore, they failed at much lower stress loadings. Such considera-
tions have to be taken into account, especially in the development of
drug delivering implants, which require a certain amount
of mechanical strength at the site of application. It is therefore important
to accurately evaluate films or scaffolds that are designed for use in an
aqueous environment, because it has been shown that bioresorbable
PLGA films respond very differently in their dry and hydrated states.

CONCLUSIONS

This study reports on the influence of hydrophilic PEG additives on
the mechanical properties and degradation of, as well as drug release
from, PCTX-PLGA films. As a result of the incorporation of blended
additives, phase separation was observed. The resulting effect on drug
delivery and film properties brought about by this phase separation
has been neither studied in-depth nor fully understood. This phase-
separated system was carefully characterized, and original mechanisms
governing the parallel release of both additives and PCTX were
proposed. The simultaneous release of PEG additives and PCTX
showed strong statistical correlations, and the phase separation as a
result of blending was exploited to enhance the release of hydrophobic
PCTX from PLGA films. The data obtained therefore allowed for the
control and modulation of the release of PCTX from PLGA films in
the lag phase, which is commonly observed with hydrophobic drug-
polymer systems. In addition, the autocatalysis of PLGA was
suppressed by extensive porosity in PEG-incorporated films, because
acidic byproducts of the degradation were allowed to diffuse away
through water-filled pores and channels. The mechanical character-
istics of this blended system were also evaluated under constant
aqueous hydration. This study has reported new and detailed
information with regards to the design, preparation and characteriza-
tion of localized drug delivery systems through the use of PEG
additives, a topic that has been under-addressed in the literature to
date.
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