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ABSTRACT: Despite advances in the development of degradable polymers for drug delivery, effective translation of drug-loaded
materials is often hindered due to a poor understanding of matrix property combinations that promote controlled and sustained
release. In this study, we investigated the influence of dominant factors on the release of a hydrophobic glucocorticoid
dexamethasone (DEX) from electrospun meshes. Polycaprolactone meshes released 98% of the drug within 24 h, while poly(L-
lactide) meshes exhibited negligible release even after 28 days despite both polymers being slow-degrading. Differences in drug-
polymer interactions and drug-polymer miscibilitybut neither matrix degradation nor differences in bulk hydrophobicity
influenced DEX release from these semi-crystalline matrices. Poly(D,L-lactide-co-glycolide) 50:50 meshes possessing two different
fiber diameters exhibited a sequential burst and sustained release, while poly(D,L-lactide-co-glycolide) 85:15 meshes cumulatively
released 26% drug in a controlled manner. Although initial drug release from these matrices was driven by differences in matrix
architecture and solid-state drug solubility, release toward the later stages was influenced by a combination of fiber swelling and
matrix degradation as evidenced by gross and microstructural changes to the mesh network. We suggest that drug release from
polymeric matrices can be better understood via investigation of critical matrix characteristics influencing release, as well as
concomitant examination of drug-polymer interactions and miscibility. Our findings offer rational matrix design criteria to achieve
controlled/extended drug release for promoting sustained biological responses.

1. INTRODUCTION

Chronic inflammation is a critical factor implicated in several
diseases and accounts for 3 in 5 deaths worldwide.1 Unlike an
acute inflammatory response that typically resolves within
several days, chronic tissue inflammation can extend over
months or even years, progressively worsening with time and
causing extensive and in some cases irreversible, tissue-level
damage.1,2 To combat long-term inflammation in conditions
such as arthritis, glucocorticoids are often administered
systemically (e.g., oral, intravenous) typically at high doses,
which can lead to high absorption into circulation, poor local
availability and also promote adverse side effects such as
osteoporosis, cushingoid state, and adrenal suppression.3 In
contrast, incorporating the drug within degradable polymeric
matrices can offer controlled and localized release while
overcoming the limitations associated with systemic delivery
and permitting a reduction in drug loading.4,5 The timescale of

drug release from engineered matrices depends upon the mode
of testing and the desired biological outcomes. For example,
drugs can be released over the course of a few days to assess
macrophage polarization in vitro6 and up to a few months to
assess suppression of chronic inflammation in vivo.7,8 Since the
release kinetics of drugs from biomaterial matrices is affected
by a combination of several complex factors, including matrix
properties, drug loading, and drug-matrix interactions,9 a
deeper understanding of specific combinations of matrix
properties that promote controlled and sustained release can
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enable the rational design of materials for combating chronic
inflammation. Judicious choice of material properties is
particularly critical to avoid undesirable release kinetics (e.g.,
large burst release) and low long-term bioavailability. In this
study, we systematically investigate the combined roles of
polymer chemistry, matrix architecture, bulk matrix hydro-
phobicity, fiber swelling, matrix degradability, and drug-
polymer interactions on the in vitro release kinetics of an
anti-inflammatory drug dexamethasone (DEX) over 4 weeks.
We identify critical factors that promote extended and
controlled drug release to potentially result in sustained
biological responses.
Poly α-esters are preferred for the preparation of drug carrier

matrices due to their ability to degrade into non-toxic end
products.10 Further, the ability to alter their degradation rates
by varying the molecular weight, crystallinity, and backbone
chemistry allows poly α-esters to be effectively used in a variety
of applications that require sustained release.11 Among several
approaches for processing synthetic polymers into drug-loaded
implantable matrices/patches, electrospinning is a simple and
versatile technique that enables the fabrication of non-woven
fibrous matrices with high drug loading/encapsulation.12 The
properties of electrospun meshes can be systematically
modulated both in situ and post-fabrication.13 By modulating
matrix properties as well as altering the modes of drug loading,
electrospun meshes can be used to achieve differential drug
release kinetics.14,15

Previous studies have reported the preparation and
evaluation of DEX-loaded microparticles,16 electrospun
fibers,17 micelles,18 in situ forming implants,19 and injectable
colloidal gels20 for specific biomedical applications such as
bone tissue engineering and treating inflammatory ocular
diseases. However, only a few studies have investigated the
influence of a limited number of electrospun matrix properties
on drug release. For example, Vacanti et al. showed differential
release kinetics of DEX from two electrospun matrices
possessing different chemistries,8 while Kharaziha et al.
reported the influence of fiber orientation on DEX release.21

In another study, Li et al. demonstrated that the incorporation
of a water-soluble polymer into electrospun matrices provided

additional control over the release kinetics of DEX.22 Despite
these reports, how combinations of physicochemical, thermal,
and architectural matrix properties together orchestrate DEX
release from electrospun meshes, as well as the relative
temporal dominance of specific factors, have not been
investigated. Moreover, mechanistic insights to enable a
judicious combination of electrospun matrix properties for
promoting controlled and sustained release of DEX have not
been reported.
The central hypothesis of this study is that a deeper

understanding of combinations of electrospun matrix proper-
ties and associated factors that influence the release of
hydrophobic drugs can aid the rational design of polymeric
matrices for applications requiring extended release. Accord-
ingly, DEX was independently incorporated into four poly α-
esters, viz., poly(D,L-lactide-co-glycolide) 50:50, poly(D,L-
lactide-co-glycolide) 85:15, poly(L-lactide), and polycaprolac-
tone with similar molecular weights, and the drug-loaded
polymeric solutions were processed to result in electrospun
meshes possessing varying properties. DEX-loaded and no-
drug control samples were characterized to establish differ-
ences in mesh architecture, bulk hydrophobicity, gross/
microstructural changes in aqueous environments (as a
qualitative assessment of matrix degradability), thermal
properties, possible drug-polymer interactions, and drug-
polymer miscibility. Subsequently, in vitro release of DEX
from the electrospun matrices was investigated over 28 days.
To the best of our knowledge, ours is the first comprehensive
report providing systematic insights into the relative
dominance of specific matrix properties and associated factors
driving the release of a hydrophobic glucocorticoid from
synthetic electrospun meshes fabricated using poly α-esters.
The findings from this study can aid the effective use of drug-
loaded bioactive materials in biomedical applications, including
the development of materials to combat chronic inflammation
through localized, controlled, and sustained release of DEX.
Localized DEX release from meshes can also minimize
inflammation arising from invasive surgical implantation (e.g.,
subcutaneous, intramuscular), while sustained release can

Figure 1. (a−e) SEM micrographs of DEX-incorporated meshes: (a) DEX+LD_5050, (b) DEX+HD_5050, (c) DEX+LD_8515, (d) DEX
+LD_PLLA, and (e) DEX+LD_PCL. Scale bars correspond to 10 μm. (f) Average fiber diameter for the experimental groups. An asterisk symbol
indicates statistical significance compared to all other samples (p < 0.01).
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mitigate the risk of chronic inflammation that can potentially
arise from the use of degradable synthetic materials.8,23

2. RESULTS
2.1. Analysis of Mesh Architecture. Polymer solutions

containing 8.5 mg/mL DEX were electrospun to result in five
different fibrous meshes possessing bead-free smooth fibers
(Figure 1a−e). The diameter distribution for all DEX-loaded
samples is presented in Figure S1, Supporting Information.
Specifically, samples designated DEX+LD_5050 (Figure 1a),
DEX+LD_8515 (Figure 1c), DEX+LD_PLLA (Figure 1d),
and DEX+LD_PCL (Figure 1e) possessed similar diameters,
viz., 1.63 ± 0.49, 1.70 ± 0.55, 1.54 ± 0.51, and 1.45 ± 0.37
μm, respectively (Figure 1f). A higher polymer concentration
used for preparing the DEX+HD_5050 samples (Figure 1b)
resulted in a significantly higher diameter of 3.30 ± 0.39 μm
compared to the rest of the groups (p < 0.01). Further, SEM
micrographs at higher magnification revealed drug aggregates
on the surface of a DEX+LD_PCL sample, which were not
observed in the LD_PCL control group (Figure S2,
Supporting Information).
DEX-loaded meshes were obtained by electrospinning for 60

min, and the mesh thicknesses were found to be 190 ± 23, 235
± 62, 160 ± 4, 171 ± 16, and 251 ± 24 μm for the DEX
+LD_5050, DEX+HD_5050, DEX+LD_8515, DEX
+LD_PLLA, and DEX+LD_PCL, respectively (Figure S3,
Supporting Information). Although the thicknesses of the DEX
+HD_5050 and DEX+LD_PCL samples were slightly higher
than the rest of the groups, these differences were not
statistically significant. Subsequent porosity measurements
using a standard gravimetric method revealed values of 0.83
± 0.01, 0.81 ± 0.06, 0.80 ± 0.003, 0.81 ± 0.02, and 0.89 ±
0.01 for the DEX+LD_5050, DEX+HD_5050, DEX
+LD_8515, DEX+LD_PLLA, and DEX+LD_PCL, respec-
tively (Figure 2), with no significant differences across the
groups.

2.2. Characterization of Relative Bulk Hydrophobic-
ity. Differences in mesh wettability and consequent solvent
diffusion were evaluated by measuring the relative bulk
hydrophobicity of electrospun meshes using a technique that
relies upon differential swelling in solvents of variable
polarities, viz., 2-propanol and water. Swelling ratios thus
obtained were used to calculate a hydrophobicity index (H-
index) for each experimental group. The H-index of LD_PCL

was 3.56 ± 0.91 and significantly higher than the other samples
(p < 0.01) (Figure 3), while the H-indices of the rest of the

samples1.30 ± 0.02 for LD_5050, 1.84 ± 0.08 for
HD_5050, 1.36 ± 0.10 for LD_8515, and 1.58 ± 0.02 for
LD_PLLAwere not significantly different from each other.

2.3. Qualitative Assessment of Mesh Degradation via
Evaluation of Structural Changes to Fiber Network and
Mesh Morphology. Gross morphological changes in the
electrospun meshes post-soaking in PBS at 37 °C for 28 days
were evaluated by periodic inspection of samples, while
changes to the microstructure of the fibrous networks were
assessed via SEM. After one day in PBS, the LD_5050 and
HD_5050 samples underwent gross macroscopic shrinkage
due to the onset of pore closure (Figure 4). By day 7, further

pore closure and concomitant fiber swelling were observed in
both samples (Figure 5). By day 28, the LD_5050 and
HD_5050 meshes had shrunk further and disintegrated, with
both samples exhibiting fused rugged fibers under SEM. While
the LD_8515 samples had also shrunk significantly by day 7
(Figure 4), they exhibited pore closure to a lesser extent
compared to the LD_5050 and HD_5050 samples (Figure 5).
However, complete pore closure was noted in the LD_8515

Figure 2. Porosity of DEX-loaded electrospun meshes.

Figure 3. Relative hydrophobicity indices (H-index) of electrospun
samples. An asterisk symbol indicates statistical significance compared
to the rest of the samples (p < 0.01).

Figure 4. Macroscopic images of electrospun meshes immersed in
PBS at 37 °C for 1, 3, 7, and 28 days. Scale bars correspond to 1 cm.
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samples by day 28. In contrast, gross macroscopic changes
(Figure 4), fiber swelling, and evidence of microstructural
changes to the fibrous network were not observed in both the
LD_PLLA and LD_PCL samples throughout the study period
(Figure 5).
2.4. Drug Presence Determined by ATR-FTIR Spec-

troscopy. ATR-FTIR was used to confirm fiber chemistry and
the presence of DEX in the fibrous meshes (Figure 6). The
characteristic absorption peak associated with deformational
vibration of the C−H bond on the O−CH2− group for poly α-
esters was observed between 1365 and 1452 cm−1 in all control
and DEX-loaded samples, and the peak corresponding to ester
carbonyl (CO) was also noted between 1722 and 1751
cm−1. Only in the drug-loaded samples, the most intense
characteristic peak of DEX corresponding to an unsaturated
carbonyl group was observed at 1666.39 cm−1 (Figure 6a−e).

Moreover, other DEX peaks at 1606.60 and 1622.03 cm−1 for
CC bonds were prominent only in DEX+LD_PCL samples
(Figure 6f). However, no significant peak shifts were observed
in any of the DEX-loaded samples compared to the controls.

2.5. Analysis of Thermal Behavior and Determination
of Important Thermal Properties. TGA was performed on
the electrospun samples without DEX to determine the
moisture content and the onset of decomposition. The analysis
revealed less than 3.5% (w/w) unbound water in all samples,
and decomposition onset temperatures of 246.8, 250.4, 257.6,
254.3, and 342.5 °C for the LD_5050, HD_5050, LD_8515,
LD_PLLA, and LD_PCL samples, respectively (Figure S4,
Supporting Information). Based on 5% weight loss, the upper
limit of the temperature range was chosen for further analysis
with DSC.

Figure 5. SEM micrographs of electrospun samples immersed in PBS at 37 °C for 1, 3, 7, and 28 days. Scale bars correspond to 10 μm. The
particles on the fibers are salt deposits from PBS post-drying.

Figure 6. (a−e) ATR-FTIR spectroscopic data of meshes with and without DEX: (a) DEX+LD_5050 and LD_5050, (b) DEX+HD_5050 and
HD_5050, (c) DEX+LD_8515 and LD_8515, (d) DEX+LD_PLLA and LD_PLLA, and (e) DEX+LD_PCL and LD_PCL. (f) Magnified
spectroscopic data between 1500 and 1700 cm−1 for electrospun meshes incorporated with DEX.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://dx.doi.org/10.1021/acsomega.0c00954
ACS Omega 2020, 5, 15865−15876

15868

http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00954/suppl_file/ao0c00954_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c00954?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c00954?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c00954?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c00954?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c00954?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c00954?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c00954?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c00954?fig=fig6&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://dx.doi.org/10.1021/acsomega.0c00954?ref=pdf


For the amorphous polymers tested, DSC analysis helped
identify the Tg values of LD_5050, HD_5050, and LD_8515
samples at 39.5, 36.7, and 40.3 °C, respectively (Figure 7a−c).
For the LD_8515 sample, an additional cold crystallization
peak at 55.9 °C associated with a ΔHcc of 0.77 J g−1 was also
observed. Compared to the no-drug controls, Tg values for the
DEX-loaded samples reduced by 4.1 °C for DEX+LD_5050,
4.0 °C for DEX+HD_5050, and 3.1 °C for DEX+LD_8515.
Likewise, ΔCp also reduced by 0.46, 0.52, and 0.19 J g−1 °C−1

for the DEX+LD_5050, DEX+HD_5050, and DEX+LD_8515
samples, respectively. Unlike the LD_8515 sample, the cold
crystallization peak was not present in the DEX+LD_8515
sample. The semi-crystalline LD_PLLA sample showed a Tg at
54.9 °C and Tm at 173 °C associated with a ΔHm of 51.56 J g−1

(Figure 7d). Upon DEX addition, the Tg value decreased by
4.1 °C, while Tm reduced by 1.9 °C associated with a ΔHm
reduction of 3.72 J g−1. Additionally, a cold crystallization peak
at 82.9 °C and a melt-recrystallization peak at 149.5 °C were
both observed for the LD_PLLA samples, which shifted by 1.3
°C (associated with a ΔHcc change of 0.77 J g−1) and 2.1 °C
(associated with a ΔHmc change of 1.28 J g−1), respectively, in
the DEX+LD_PLLA samples. Importantly, the DEX
+LD_PLLA samples also exhibited a 1.83% reduction in
crystallinity compared to LD_PLLA. In contrast, the LD_PCL
samples showed no significant change in Tm, ΔHm, and percent
crystallinity with DEX addition (Figure 7e). A summary of key
thermal properties obtained from DSC analysis is presented in
Table 1.
2.6. Evaluation of In Vitro Release Kinetics of DEX

from Electrospun Meshes. The calibration curve used for
determining DEX release in this study (λmax = 240 nm) is
presented in Figure S5, Supporting Information. The
optimized drug loading used in this study was chosen by
conducting pilot release studies at different drug loadings.
Some of these results are presented in Figure S6, Supporting
Information. In these initial studies, the PCL meshes were
found to exhibit burst release regardless of the loading, while
the PLGA 85:15 and PLLA meshes exhibited negligible release
when the drug concentration was 5.5 mg DEX/mL of polymer
solution. Based on these results, a concentration of 8.5 mg
DEX/mL of polymer solution was chosen to result in
differential release kinetics across the groups while still

remaining within the therapeutic window to potentially
promote favorable biological responses.
In the final release experiments, encapsulation efficiency

within the optimized DEX-loaded mesh samples was
determined by using a solvent extraction/precipitation method
to recover the total amount of DEX present within each
sample. Thereafter, the actual amount of DEX incorporated
into the samples post-electrospinning relative to the theoretical
amount loaded was calculated and determined to be greater
than 90% in all samples (Figure S7, Supporting Information).
The in vitro cumulative release of DEX from the meshes
normalized by both the dry weight of the meshes and the
encapsulation efficiencywas monitored for a period of 28
days (Figure 8). DEX+LD_PCL samples demonstrated a burst
release of 65% within the first 6 h and a cumulative release of
98% within 24 h. The DEX+LD_5050 samples exhibited a
sharp release of around 39% over 3 days followed by sustained
release over the rest of the study. In contrast, the rate of DEX
release from the DEX+HD_5050 samples was significantly
slower (p < 0.01) than the DEX+LD_5050 samples over the
first 7 days, following which the DEX release rate increased
between days 7 and 14. Nevertheless, as with the DEX
+LD_5050 samples, close to 100% of the drug was released
from the DEX+HD_5050 samples by the end of the study. In
contrast, a much more sustained and controlled release of DEX
was observed from the DEX+LD_8515 samples, with only
26% of the total drug released by day 28. The cumulative

Figure 7. DSC thermograms of meshes with and without DEX (Exo ↑): (a) DEX+LD_5050 and LD_5050, (b) DEX+HD_5050 and HD_5050,
(c) DEX+LD_8515 and LD_8515, (d) DEX+LD_PLLA and LD_PLLA, and (e) DEX+LD_PCL and LD_PCL.

Table 1. Summary of Important Thermal Properties
Obtained from DSC

experimental
group

Tg
(°C)

ΔCp
(J g−1 °C−1)

Tm
(°C)

ΔHm
(J g−1)

%
crystallinity

LD_5050 39.5 1.13
DEX+LD_5050 35.3 0.67
HD_5050 36.7 0.92
DEX+HD_5050 32.8 0.39
LD_8515 40.3 0.80
DEX+LD_8515 37.2 0.61
LD_PLLA 54.9 173 51.56 30.20
DEX+LD_PLLA 50.8 171.1 47.84 28.37
LD_PCL 60.4 71.72 51.60
DEX+LD_PCL 60.5 71.70 51.58
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release of drug from the DEX+LD_PLLA was negligible over
the entire duration of the study.
In order to theoretically predict possible release mechanisms

from the fibrous meshes, the release data were fitted to
phenomenologically relevant Korsmeyer−Peppas (KP) and
Higuchi models. Respective parameters corresponding to the
best fit are presented in Table 2. The release data for the DEX

+LD_5050, DEX+HD_5050, DEX+LD_8515, and DEX
+LD_PCL fit best with the KP model. While an anomalous
transport mechanism was predicted for release from DEX
+LD_5050 and DEX+LD_8515 samples (0.45 < n < 0.89),
drug release from DEX+HD_5050 samples was predicted to
follow a super case II transport mechanism (n > 0.89). Drug
release from the DEX+LD_PLLA fits better with the Higuchi
model.

3. DISCUSSION
A deeper understanding of critical matrix-related and
associated factors guiding drug release can aid the rational
design of scaffolds for several biomedical applications requiring
sustained release while concurrently avoiding significant burst
release (e.g., implantable drug-eluting materials to combat
chronic inflammation). Accordingly, four poly α-esters
commonly employed in several tissue engineering and drug
delivery applications24were examined for their ability to
release dexamethasone (DEX) over a period of 28 days in
vitro. The operating parameters such as flow rate and throw
distance used for electrospinning the polymeric solutions were
carefully optimized in pilot studies and are similar to previous
reports.25−27 DEX loading was kept constant at 8.5 mg drug/
mL polymer solution across the groups so as to maintain
similar differences in initial drug concentration between the
matrix and the release medium.28 This DEX concentration
chosen based on pilot release experiments (Figure S6,
Supporting Information)is within the therapeutic window

to exert possible biological effects on macrophages.8,22,29 While
biological assessment of the released DEX was not part of the
current study, based on previous in vitro and in vivo reports of
biological assessment,7,30 the drug released from our matrices
would be active over the time period investigated in our study.
In fact, a commercially available DEX-loaded PLGA implant,
Ozurdex, is known to release biologically active DEX over the
course of a few months.31 To enable direct comparison of DEX
release across all experimental groups in our study, we
normalized the amount of drug released by both the sample
weight and the actual amount of drug initially present in each
sample as determined from an assessment of the encapsulation
efficiency (Figure S7, Supporting Information). While the
slowly degrading PCL samples exhibited a burst release of 98%
DEX within 24 h, the cumulative release of drug from the
semi-crystalline PLLA samples was insignificant throughout the
duration of the study. DEX+LD_5050 displayed a sharp initial
release of 39% drug over 3 days followed by sustained release,
while the release rate of DEX from the higher-diameter DEX
+HD_5050 sample varied as a function of time. However, both
samples released almost 100% drug by day 28. In contrast,
DEX+LD_8515 released the drug in a controlled manner over
the entire duration of the study.
To decouple the effects of fiber architecture from chemistry,

DEX-loaded electrospun meshes were fabricated to possess
similar architectures, viz., diameters (Figure 1) and porosities
(Figure 2). The effect of fiber size on DEX release was
evaluated by electrospinning only the PLGA 50:50 samples at
two different polymer concentrations so as to result in
significantly different fiber diameters (Figure 1f). Between
days 1 and 7, the higher-diameter DEX+HD_5050 sample
demonstrated a smaller cumulative release compared to the
lower-diameter DEX+LD_5050 sample (Figure 8), attribut-
able to differences in diffusional length scales. These results are
consistent with previously reported studies evaluating the effect
of fiber diameter on drug release.32,33 However, the DEX
+HD_5050 (and DEX+LD_PCL) also exhibited a higher
thickness compared to the rest of the samples (Figure S3,
Supporting Information) although these differences were not
statistically significant. Despite using the same flow rate and
deposition times for all samples, a higher thickness resulted
from a smaller deposition area on the collector as reported
previously for specific electrospinning jets.34 Nevertheless,
statistically insignificant differences in sample thicknesses likely
had negligible influence on the release kinetics given the high
porosity of the meshes (Figure 2) and the relatively large fiber
diameters (Figure 1) compared to the size of the drug (392.5
Da).
Drug release from polymeric matrices can be affected by

matrix wettability and consequent solvent diffusion into the
matrices.35 Traditional water contact angle measurements
provide information only about surface properties that are not
suitable for correlation with bulk drug release from polymeric
matrices.36 Therefore, in this study, we evaluated bulk
wettability by measuring the hydrophobicity of matrices
using a technique that relies upon solvent-induced swelling.
Our hydrophobicity results for the PLGA samples (Figure 3)
are consistent with Vargha-Butler et al. who showed that
PLGA hydrophobicity is independent of the lactide-to-
glycolide ratio.37 In our study, the HD_5050 meshes displayed
a slightly higher H-index than the LD_5050 meshes with the
same composition although these differences were not
statistically significant. These results suggest that solvent

Figure 8. Percent cumulative release of DEX from electrospun
meshes over 28 days.

Table 2. Best-Fit Parameters Obtained for Drug Release
from Electrospun Meshes

experimental group model and parameters R2

DEX+LD_5050 k = 0.161, n = 0.661 (KP model) 0.991
DEX+HD_5050 k = 0.053, n = 0.97 (KP model) 0.992
DEX+LD_8515 k = 0.098, n = 0.634 (KP model) 0.992
DEX+LD_PLLA k = 0.007 (Higuchi model) 0.938
DEX+LD_PCL k = 0.899, n = 0.224 (KP model) 1
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penetration and consequent swelling may be sensitive to
differences in fiber sizes, an effect that can be studied in more
detail by investigating the interaction of matrices possessing
different architectures with solvents possessing different
polarities. Despite this minor caveat, the release kinetics of
hydrophobic DEX from the PLGA 50:50, PLGA 85:15, and
PLLA were significantly different (Figure 8) although these
matrices possessed similar H-indices. The results strongly
indicate the involvement of other dominating factors driving
drug release from these polymers. Additionally, despite
possessing the highest H-index, the PCL meshes exhibited
burst release of hydrophobic DEX (Figure 8) regardless of the
DEX loading (Figure S6, Supporting Information), suggesting
the absence of possible hydrophobic interactions that could
have retarded the release.38 Burst release of DEX from PCL
meshes has also been reported in studies using different
electrospinning solvents such as dichloromethane/dimethyl
formamide6 and chloroform/dimethyl formamide,39 indicating
that the use of TFE for electrospinning PCL in the present
study likely had no significant influence on release kinetics. In
summary, bulk hydrophobicity of the PCL matrices was not a
critical factor influencing drug release.
Gross/microstructural changes to the mesh network upon

soaking in PBS, providing direct visual evidence for polymer
degradability, was another major factor that influenced drug
release from the amorphous polymeric groups tested in this
study. Previously, Li et al. have reported qualitative assessment
of degradation in electrospun matrices;40 however, the
polymers used in their study possessed different molecular
weights, which could have also influenced polymer degrada-
tion.41 In our study, the four poly α-esters were carefully
chosen to possess comparable Mn. Upon incubation in PBS at
37 °C, the LD_5050 and HD_5050 samples disintegrated
completely by day 28 (Figure 4), consistent with bulk matrix
degradation,42 while the LD_8515 samples exhibited complete
pore closure with minimal fiber fusion (Figure 5). These
results are in agreement with the differences in the degradation
time frames for PLGA 50:50 and PLGA 85:15 reported in the
literature.40,43 Next, we examined correlations between
temporal changes in matrix morphology/microstructure and
corresponding release kinetics of DEX. As noted previously,
the DEX+HD_5050 samples exhibited a smaller cumulative
release until day 7 as compared to the DEX+LD_5050
samples, primarily due to differences in fiber diameter and
consequent differences in drug diffusion barriers. However,
toward the later time points, fiber swelling and significant
gross/microstructural changes to the network due to PBS
penetration became dominant in both the DEX+LD_5050 and
DEX+HD_5050 samples, resulting in 100% drug release by the
end of the study. Comparatively, the slower-degrading DEX
+LD_8515 samples released DEX in a controlled and
sustained manner over 28 days. Together, these results reveal
the temporal dependence of dominant factors driving the
release of DEX from the PLGA matrices tested in this study. In
contrast, both the semi-crystalline LD_PLLA and LD_PCL
samples displayed neither gross (Figure 4) nor microstructural
changes (Figure 5) even after 28 days of incubation in PBS,
consistent with long degradation periods.24 Despite these
observations, the sharp burst release of DEX from DEX
+LD_PCL (Figure 8) indicates that another factornot slow
fiber degradationwas responsible for drug release from PCL.
Thermal properties for the DEX-loaded matrices as well as

control samples were measured to correlate shifts in

endothermic/exothermic peaks and changes in ΔH and ΔCp
values with changes in percent crystallinity/amorphous
content8,44,45 and drug-polymer interactions.46 Following
DEX incorporation into the PLGA meshes, a reduction in Tg
and ΔCp values indicated a reduction in the amorphous
content of these samples (Table 1), suggesting possible
interactions. Analysis of Hansen solubility parameters available
in the literature predicted miscibility of the drug (Δδt < 7
MPa1/2)47,48 with the PLGA matrices, with Δδt values for
DEX-PLGA 50:50 and DEX-PLGA 85:15 being 5.6 MPa1/2

and 3.8 MPa1/2, respectively (Table S2, Supporting Informa-
tion). These results also complement the findings of a previous
report by Panyam et al. who showed that the solid-state
solubility of DEX increased with an increase in lactide
content.49 As with the amorphous polymers, DSC analysis of
the semi-crystalline PLLA revealed a reduction in Tg and Tm
(Figure 7d), as well as a simultaneous lowering of enthalpies
for cold crystallization, melt-recrystallization, and melting upon
the addition of DEX (Table 1). These results along with a
1.83% reduction in crystallinity for the DEX+LD_PLLA
samples compared to LD_PLLA indicate interactions of
DEX with PLLA. Moreover, the reduction in percent
crystallinity is not insignificant,8 given the low DEX loading
used in the study. Unlike PLLA, PCL displayed no significant
changes in Tm, ΔHm, or percent crystallinity after DEX
incorporation (Figure 7e), indicating negligible drug-polymer
interactions. While ATR-FTIR spectra (Figure 6a−e) did not
reveal significant peak shifts for any of the groups (likely due to
the beam penetration depth relative to fiber size and the low
DEX loading), the characteristic DEX peak at 1666.39 cm−1

was observed in all groups and is consistent with spectra for
DEX powder previously reported.50 Interestingly, other peaks
for the CC bonds in DEX were observed only in the DEX-
loaded PCL meshes but not in the DEX-loaded PLGA and
PLLA samples (Figure 6f). Indeed, high-magnification SEM
micrographs revealed phase-separated DEX crystallites only on
the surface of DEX+LD_PCL fibers (Figure S2, Supporting
Information) and not in any of the other DEX-loaded
polymers. Consistent with these observations, analysis of
theoretical drug-polymer miscibility based on Hansen
solubility values obtained from the literature (Table S2,
Supporting Information) predicted partial drug miscibility in
PCL (Δδt of DEX-PCL = 9.4 MPa1/2) and full miscibility for
the drug in PLLA (Δδt of DEX-PLLA < 7 MPa1/2).47,48 Taken
together, our data for DEX+LD_PCL and DEX+LD_PLLA
meshes along with the theoretical predictions of drug-polymer
miscibility correlate well with the release profiles of DEX
observed (Figure 8). While sustained release of DEX has been
previously demonstrated from PCL scaffolds prepared using
lyophilization and compression,51 our results for burst release
from PCL matrices prepared by electrospinning are consistent
with previous reports.6,22 We suggest that release kinetics from
electrospun matrices can be better understood through an
investigation of relevant matrix properties (e.g., hydro-
phobicity, mesh architecture, matrix degradability), along
with the examination of drug-polymer miscibility and possible
interactions.
To theoretically investigate differences in the release

mechanisms across the five drug-polymer systems, the release
profiles were fitted to the Korsmeyer−Peppas and Higuchi
models (Table 2). Other models (e.g., Hixson−Crowell) were
not used due to their assumptions that are not relevant for the
matrices tested in this study.52 The release profiles of DEX
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from PLGA 50:50, PLGA 85:15, and PCL fit best to the
Korsmeyer−Peppas model. This model considers diffusion of
release medium into the matrix, diffusion of drug out of the
matrix, matrix swelling, and dissolution to explain mechanisms
based on exponents obtained. As expected, the model
predicted Fickian diffusion for release of drug from DEX
+LD_PCL at a very high release rate, which agrees with our
experimental findings. Non-Fickian mechanisms predicted for
the PLGA matrices are in agreement with the ability of these
matrices to swell and degrade in aqueous environments.
However, the release of DEX from PLLA fitted better with the
Higuchi model wherein drug diffusivity is assumed to be
constant and polymer swelling and dissolution are considered
negligible.
While our study enables developing meshes with various

combinations of matrix properties that can promote DEX
release over different timescales, specific choice of mesh
properties depends upon intended applications. For example,
induction of osteoblastic differentiation in vitro with DEX30

may be achieved by using the DEX+LD_5050 meshes that
release 80% of the drug within two weeks. However, for
combating chronic inflammation in vivo,7 DEX+LD_8515 or
DEX+LD_PLLA that show potential for controlled release
over several weeks to possibly a few months may be used. We
suggest that the findings from the present study can also be
used to design matrices for the release of drugs belonging to
the same class as DEX, viz., glucocorticoids, as well as drugs
possessing similar molecular weights (which would determine
diffusion) and solid-state solubility/drug-polymer miscibility
(which would be determined by drug-polymer interactions).

4. CONCLUSIONS

In this study, the slowest-degrading polymer PCLwith poor
drug-polymer miscibility and exhibiting negligible interactions
with DEXreleased close to 98% DEX within 24 h. Stronger
DEX-polymer interactions, full drug-polymer miscibility, and
negligible matrix degradability led to no appreciable release of
DEX from the PLLA samples over four weeks. The release
from the PLGA samples was influenced by a combination of
matrix architecture, fiber swelling, gross/microstructural
changes to the mesh network (consistent with degradation),
and solid-state drug solubility, wherein the dominant driving
factor changed as time progressed. In summary, our study
shows that a deeper understanding of the correlations between
specific combinations of matrix properties and drug release
kinetics along with associated mechanisms of release can help
establish rational design criteria for matrices used in controlled
release applications. We conclude that the PLGA 85:15 with a
specific combination of matrix properties evaluated in this
studynot the slowest-degrading PCL as would be
expectedmay be suitable to achieve localized, controlled,
and sustained release of DEX to potentially combat chronic
inflammation.

5. METHODS

5.1. Materials. All plasticware and laboratory supplies were
purchased from Tarsons Products, India unless otherwise
specified. Ester-terminated poly(D,L-lactide-co-glycolide) 50:50
(PLGA 50:50, Mn = 65.5 kDa), ester-terminated poly(D,L-
lactide-co-glycolide) 85:15 (PLGA 85:15, Mn = 75.8 kDa), and
ester-terminated poly(L-lactide) (PLLA, Mn = 77.5 kDa) were
purchased from LACTEL Absorbable Polymers, USA.

Polycaprolactone (PCL, Mn = 80 kDa), 2,2,2-trifluoroethanol
(TFE, ≥99% (GC)), 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP,
≥99% (GC)), and hydrophobic dexamethasone (DEX, ≥98%
(HPLC), powder) were purchased from Sigma-Aldrich, USA.
Methanol (≥99.7% (GC)) and phosphate-buffered saline
(PBS) were obtained from HiMedia Laboratories, India,
while 2-propanol (≥99.5%) was obtained from Sisco Research
Laboratories, India.

5.2. Fabrication of DEX-Loaded Fibrous Meshes via
Electrospinning. To fabricate DEX-loaded fibrous meshes,
polymer solutions were first prepared by dissolving PCL in
TFE at 12.5% (w/v), PLLA in HFIP at 21.5% (w/v), PLGA
85:15 in HFIP at 21.5% (w/v), and PLGA 50:50 in HFIP at
20.5% (w/v). Polymer concentrations were chosen judiciously
in order to obtain similar fiber diameters across the
experimental groups and thus avoid significant differences in
matrix architecture from influencing drug release. To
specifically evaluate the effect of mesh architecture on drug
release, PLGA 50:50 was separately dissolved in HFIP at
25.5% (w/v) to obtain a significantly larger fiber diameter
compared to the other samples. All polymer solutions were
allowed to stir for 48 h followed by the addition of methanol-
reconstituted DEX at an optimized concentration of 8.5 mg
drug/mL of polymer solution. DEX was soluble in methanol,
TFE, and HFIP at 25 mg/mL (25 °C), which ensured that the
drug loading used was within the solubility limits. After stirring
overnight, the DEX-incorporated solutions were sonicated with
a probe tip sonicator (Qsonica, USA) for 30 s and immediately
loaded into 5 mL syringes capped with 21-gauge blunt tip
needles (VWR International, USA). DEX-incorporated
solutions were electrospun under ambient conditions using a
custom-designed electrospinning unit (E-Spin Nanotech,
India), and samples were collected for a total of 60 min on a
grounded metal collector wrapped in aluminum foil. All
meshes were allowed to dry in a fume hood and further
degassed in a desiccator overnight to remove residual solvent.
Control polymer meshes without DEX were separately
prepared in a similar manner. The electrospinning parameters
for the various experimental groups prepared in this study are
presented in Table S1, Supporting Information.
For characterization and drug release studies, circular

samples of 1.5 cm diameter were punched from all fibrous
meshes using a chrome-plated steel cork borer (Cole-Parmer,
USA). DEX-incorporated samples were designated DEX
+LD_5050, DEX+LD_8515, DEX+LD_PLLA, and DEX
+LD_PCL and corresponded to DEX-loaded PLGA 50:50,
PLGA 85:15, PLLA, and PCL, respectively, all possessing
similar average fiber diameters. DEX-loaded PLGA 50:50
meshes, prepared using a significantly higher concentration of
25.5% (w/v) and consequently possessing a significantly higher
diameter than the rest of the samples, were designated DEX
+HD_5050.

5.3. Scanning Electron Microscopy (SEM). Fiber
morphology and diameter distribution of DEX-loaded electro-
spun meshes were determined using SEM. Briefly, samples
were mounted on a metal substrate with carbon tape (Ted
Pella, USA) and sputter-coated (Quorum Technologies, UK)
with Au/Pd for 120 s using a 15 mA process current. Sputter-
coated samples were imaged at an accelerating voltage of 10 kV
using a tabletop SEM (Phenom World, Netherlands) fitted
with a backscatter electron detector. ImageJ software (National
Institutes of Health, USA) was used to measure the diameters
of at least 100 fibers per sample collected across several SEM
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micrographs, and histograms were generated using OriginPro9
software (OriginLab Corporation, USA).
5.4. Evaluation of Mesh Porosity. The porosity of DEX-

loaded electrospun meshes was determined using a gravimetric
method as reported previously.53 Briefly, the thickness of 1.5
cm circular samples was measured using an inverted micro-
scope (Nikon Instruments, Japan), and the apparent density of
the scaffold (ρapparent) was calculated from the measured weight
of the samples. Using a known density of the polymer
(ρpolymer), the porosity of the meshes was determined by eq 1

Porosity 1 apparent

polymer

ρ

ρ
= −

(1)

5.5. Measurement of Bulk Hydrophobicity. Relative
hydrophobicity of electrospun meshes was measured using an
adaptation of a technique reported previously.36 This approach
relies upon differential swelling of polymeric samples in
solvents possessing distinct polarities. Briefly, dry weights
(WD) of 1.5 cm circular samples were measured, following
which they were immersed separately in excess of either
ultrapure water or 2-propanol and allowed to equilibrate at
room temperature. Following solvent-induced swelling to
equilibrium, swollen weights (WS) were measured and used
to calculate a hydrophobicity index (H-index)an indicator of
relative bulk hydrophobicityusing eq 2

W W

W W
H index

( / )

( / )
S D 2 propanol

S D water
− = −

(2)

5.6. Evaluation of Gross and Microstructural Changes
to Meshes upon PBS Incubation: Qualitative Assess-
ment of Mesh Degradation. Degradation of the electrospun
meshes was qualitatively assessed by tracking gross changes in
sample size/shape as well as microscopic changes in fiber
morphology following incubation in an aqueous buffer. Briefly,
electrospun samples were placed in microcentrifuge tubes
containing 2 mL of PBS and secured on an orbital shaker
inside an incubator (Symbiogen Biotechnologies Pvt. Ltd.,
India) at 37 °C. At specific predetermined time points, samples
were retrieved from the buffer and images were captured using
a color camera, following which fresh PBS was added to the
samples, and the study continued for a total of 28 days.
Concurrently, samples were also collected at days 1, 3, 7, and
28 and imaged under SEM in order to microscopically assess
the extent of pore closure and fiber degradation.
5.7. Attenuated Total Reflectance-Fourier Transform

Infrared Spectroscopy (ATR-FTIR). Electrospun meshes,
with and without DEX, were analyzed using ATR-FTIR
(Bruker Corporation, USA) to confirm drug presence. Briefly,
samples were mounted on the crystal plate assembly, and all
spectra were collected in the 600−3200 cm−1 range using a
resolution of 4 cm−1 for a total of 256 scans.
5.8. Thermogravimetric Analysis (TGA). TGA was

performed on the control electrospun meshes using a
thermogravimetric analyzer (PerkinElmer, USA) to determine
moisture content and the temperature of the onset of
decomposition. Briefly, 10 mg electrospun samples were
heated from ambient temperature to 550 °C at a ramp rate
of 10 °C min−1 under a continuous nitrogen flow of 20 mL
min−1, and weight percentage was plotted as a function of
temperature.
5.9. Differential Scanning Calorimetry (DSC). Electro-

spun meshes, with and without DEX, were analyzed using DSC

(TA instruments, USA) to evaluate the glass transition
temperature (Tg), melting temperature (Tm), and changes in
enthalpy or specific heat capacity (ΔCp) as applicable. Briefly,
10 mg electrospun samples were heated from 25 to 200 °C at a
rate of 10 °C min−1 under a continuous nitrogen flow of 50 mL
min−1, and percent crystallinity of the LD_PLLA and LD_PCL
samples was determined using eq 3

H H

H
% Crystallinity m cc,mc

m
=

Δ − Δ
Δ ° (3)

where ΔHm is the enthalpy of melting, ΔHcc,mc is the enthalpy
of cold crystallization and/or melt-recrystallization, and ΔHm°
is the melting enthalpy for a 100% crystalline sample, viz., 139 J
g−1 for PCL54 and 91 J g−1 for PLLA.55

5.10. Theoretical Prediction of Drug-Polymer Mis-
cibility. To support the experimental data, Hansen solubility
parameters were obtained from the literature for the drug and
polymers tested in this study,56−58 and theoretical prediction
of drug-polymer miscibility was calculated. These details are
presented in the Supporting Information under “Analysis of
Hansen solubility parameters” and Table S2.

5.11. Encapsulation Efficiency of DEX within Electro-
spun Meshes. Encapsulation efficiency, i.e., the actual
amount of DEX incorporated within the different samples
post-electrospinning, was determined using a solvent precip-
itation method adapted from a previously reported techni-
que.59 Briefly, DEX-loaded circular samples of 1.5 cm diameter
were dissolved in TFE, and following the addition of excess
methanol, the solution was vortexed to fully precipitate the
polymer and extract the DEX into solution. Thereafter, the
suspensions were centrifuged at 13000 rpm (Thermo
Scientific, USA) for 15 min, and the supernatant containing
the DEX was evaporated. Subsequently, the DEX was
reconstituted, and the absorbance of the solutions was
measured within ultraviolet-light-compatible 96 well micro-
plates (Corning Inc., USA) using a microplate reader (BioTek
Instruments Inc., USA) operating at a wavelength of 240 nm.
The percent encapsulation efficiency (%EE) was calculated
using eq 4

%EE
Actual amount of DEX present in each mesh

Theoretical amount of DEX in each mesh
100

=

× (4)

5.12. In Vitro Release of DEX from Electrospun
Meshes. To determine the release of DEX from the various
electrospun meshes, 1.5 cm diameter circular samples were
immersed in 2 mL of PBS and secured on an orbital shaker
inside an incubator at 37 °C. At specific time points over the
course of 4 weeks, the entire PBS was collected and equal
volume of fresh PBS was added in order to maintain infinite
sink conditions. At each time point, the recovered releasate was
stored at 4 °C, while the release study was continued for 28
days. Control samples were also treated in a similar manner to
determine background from the polymeric meshes without
DEX. At the end of the study, the amount of DEX in the
releasates collected at each time point was measured using a
microplate reader operating at a wavelength of 240 nm.
Absorbance was correlated with concentration of DEX using
the linear portion of a calibration curve. DEX concentrations
thus obtained were normalized by both the dry weights of the
meshes and the actual initial amount of DEX present in each
sample. To assess possible differences in release mechanisms,
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the experimental data were fitted to phenomenologically
relevant models, namely, the Korsmeyer−Peppas and
Higuchi52 given by eqs 5 and 6, respectively

M
M

ktt n=
∞ (5)

where Mt/M∞ is the fraction of drug released at time t, k is the
release rate constant, and n is the release exponent.

Q ktt
0.5= (6)

where Qt is the amount of drug released in time t, and k is the
Higuchi dissolution constant. Results are presented for the best
fit for each experimental group.
5.13. Statistical Analysis. Results are reported as mean ±

standard deviation and correspond to n > 100 samples for fiber
diameter analysis collected across several SEM micrographs
per sample, n = 3 samples for thickness/porosity measure-
ments, relative bulk hydrophobicity, and encapsulation
efficiency, and n = 5 for DEX release from fibrous meshes.
For ATR-FTIR and DSC, measurements were obtained over at
least two independent runs and representative spectra and
thermal data are presented. Statistical analysis was performed
using a one-way ANOVA and Tukey post hoc test on
OriginPro9 software (OriginLab Corporation, USA) with p ≤
0.01 considered statistically significant.
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