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Microparticle shape, as a tunable design parameter, holds much promise for controlling drug-release

kinetics from polymeric microparticulate systems. In this study we hypothesized that the intensity and

duration of a local nerve block can be controlled by administration of bupivacaine-loaded stretch-

induced anisotropic poly(lactic-co-glycolic acid) microparticles (MPs). MPs of size 27.3 � 8.5 mm were

synthesized by single emulsion method and subjected to controlled stretching force. The aspect ratio of

the anisotropic–bupivacaine MPs was quantified, and bupivacaine release was measured in vitro. The

anisotropic MPs were administered as local nerve block injections in rats, and the intensity and duration

of local anesthesia was measured. Bupivacaine-loaded anisotropic MPs used in this study were ellipsoid

in shape and exhibited increased surface pores in comparison to spherical MPs. Anisotropic MPs

exhibited a higher rate of bupivacaine release in vitro, and showed significantly (P < 0.05) stronger

sensory nerve blocking as compared to spherical bupivacaine MPs, even though the duration of the

nerve block remained similar. This study demonstrates the utility of stretch-induced anisotropic MPs in

controlling drug release profiles from polymeric MPs, under both in vitro and in vivo conditions. We

show that shape, as a tunable design parameter, could play an important role in engineering drug-

delivery systems.
Introduction

Anisotropic, non-spherical polymeric particles have been
recently gaining much importance for their rather interesting
ability to avoid non-specic uptake by certain blood,1 tumor,2

and stem cells.3 Most of these reported ndings are in particles
that range in size from 500 nm to 5 mm.4,5 Larger, non-spherical
shaped microparticles (MPs) in the size range beyond 10 mm,
though not suitable for intracellular uptake, may have a role in
controlled drug delivery.6,7 Shape as a tunable design parameter
for regulating drug-release from polymeric MPs could be
utilized as an additional strategy in drug-delivery.8,9 However,
actual proof of utilization of shape and anisotropy as design
parameters for regulating drug-release from polymeric MPs is
lacking.

The internal structural arrangement of polymeric chains is
fairly uniform within spherical shaped MPs synthesized by
conventional methods.10 However, altering the shape and
inducing anisotropy in MPs changes the internal and surface
architecture of the polymeric matrix,11 which can affect particle
degradation. Passive drug efflux from drug-loaded polymeric
ine, Amrita Vishwa Vidyapeetham, Kochi

icloud.com; sahadevs@aims.amrita.edu;

tion (ESI) available. See DOI:

the Royal Society of Chemistry
delivery systems occurs via a combination of diffusion, hydro-
lytic degradation, and bulk erosion.12,13 Even though the rate of
drug diffusion from polymeric MPs is closely linked to drug
hydrophilicity, the ingress of water molecules into the MP
matrix determines to a large extent, the efflux of drug from the
delivery system.14–16 Key factors that allow water molecules to
enter and percolate through polymeric MPs are the sub-micron
sized defects on the surface of MPs, along with the structural
arrangement of the polymeric matrix. Incorporation of ‘poro-
gens’ such as pluronic into the polymeric emulsion during MP
synthesis, or addition of organic solvents to induce partial
dissolution of polymer monomers, are few well-known strate-
gies to alter the rate of drug efflux from the microparticulate
matrix.17,18

Prolonged, controlled release of encapsulated drug mole-
cules from polymeric microparticulate systems is a well-proven
strategy to regulate intensity and duration of drug action and is
widely used in several therapeutic applications.19,20 In this
study, we wanted to examine if altering the shape of drug-
loaded MPs by controlled morphological deformation could
change drug release patterns. We hypothesized that stretch-
induced anisotropic poly(lactic-co-glycolic acid) (PLGA) parti-
cles loaded with bupivacaine, a local anesthetic, can be utilized
to produce functional nerve blocks. Bupivacaine-induced nerve
blocks are widely used in clinical practice to perform minor
surgical procedures. However, bupivacaine is extremely short-
RSC Adv., 2021, 11, 4623–4630 | 4623
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acting and hence limits its use. Delivery systems using spherical
polymeric MPs have successfully demonstrated extended
release of bupivacaine for prolonged nerve blocks.21,22 In this
proof-of-concept study, by altering the shape and inducing
anisotropy in bupivacaine-loaded PLGA microparticles, we have
attempted to alter the dynamics of drug release and thereby
affecting bupivacaine-induced nerve blocks.
Fig. 1 Morpho-physical characteristics of stretched polymeric
microparticles. Representative SEM images of blank (a), or drug loaded
spherical microparticles (c and e), that were subjected to a controlled
stretching force, resulting in oblong and ellipsoid shaped microparti-
cles (b, d and f). Magnified images of bupivacaine microparticles (e, f
and g) showed small irregularly distributed surface pores (arrows) that
were not visualized in other microparticle groups. Number of surface
pores on bupivacaine microparticles were counted from magnified
images (n¼ 10–15 particles) and plotted in (h) Data shown are mean�
SD, *, #P < 0.05, where * indicates statistical comparison between the
indicated and non-stretched group (AR 1.0), while # indicates
comparison between the indicated and AR 1.9 group.
Results
Morphology of stretched PLGA microparticles

To determine the effect of controlled stretching on micropar-
ticle topography, integrity, and shape, we subjected poly vinyl
alcohol (PVA) lms embedded with spherical PLGA micropar-
ticles to a continuous stretching force using a customized gear-
based puller. We determined the effect of various stretching
parameters on the aspect ratio (AR) (maximum length/
maximum width) of the resulting anisotropic particles. PVA
lms containing näıve PLGA MPs (polymer ratios 50 : 50 and
75 : 25) were subjected to varying temperature, stretching rate,
and extent of stretch (Table 1, Fig. S1†). Expectedly, the extent of
lm stretching had the most effect on the overall MP aspect
ratio, while the rate of stretching had the least effect. Increasing
the temperature of the PVA lm during stretching only had
a moderate effect, while the different lactide to glycolide ratio of
PLGA used in this study did not seem to affect the overall MP
shape. Similar to what was observed in näıve MPs, the overall
aspect ratio of bupivacaine-loaded MPs was also strongly
determined by the extent of applied stretch (Table 1).

Controlled stretching of the PVA lm resulted in the defor-
mation of embedded spherical microparticles (Fig. 1a) into
oblong and ellipsoid anisotropic particles (Fig. 1b), as visual-
ized under SEM. Despite change in shape, stretched näıve MPs
maintained their smooth and even surface topography with
uniform taper at the poles (Fig. 1b), which was distinctly
different from bupivacaine-loaded particles. Stretched micro-
particles containing bupivacaine demonstrated an uneven
surface topography with slightly jagged tapering (Fig. 1c and d).
Interestingly, bupivacaine particles subjected to a larger
Table 1 Aspect ratios of microparticles (MPs) that were extracted from PVA films exposed to varying temperature, stretching rate, and stretch-
length. The average pre-stretch diameter of PLGA 50 : 50 microparticles was 27.3 � 8.5 mm, and that of PLGA 75 : 25 was 30.6 � 8.8 mm. While
varying each of the three stretching parameters, the remaining parameters were fixed at 50 mm min�1 (rate of stretching), 2.4 (length of
stretching), or 80 �C (temperature)

Stretching parameters (PVA lm) PLGA 50 : 50 MPs PLGA 75 : 25 MPs

Temperature 60 �C 2.8 � 0.9 3.8 � 1.1
70 �C 2.8 � 0.7 4.1 � 1.3
80 �C 3.3 � 1.0 3.7 � 0.8

Rate of stretching 25 mm min�1 2.7 � 0.7 1.9 � 0.4
50 mm min�1 3.0 � 1.0 3.3 � 1.1
82 mm min�1 2.9 � 1.0 3.3 � 1.0

Length of stretching Film AR 1.5 1.9 � 0.4 1.8 � 0.4
Film AR 2.0 2.3 � 0.7 2.5 � 0.5
Film AR 3.5 3.8 � 0.9 3.7 � 1.0

Bupivacaine loaded MPs Film AR 1.5 1.9 � 0.5 —
Length of stretching Film AR 3.5 4.0 � 1.5 —

4624 | RSC Adv., 2021, 11, 4623–4630 © 2021 The Author(s). Published by the Royal Society of Chemistry
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stretching force demonstrated visibly higher number of surface
pores measuring 0.5–1 mm in diameter, as compared to non-
stretched and moderately stretched particles (Fig. 1e–h).

In a parallel experiment, to further determine the role of
incorporated drug in overall MP morphology, an unrelated
hydrophobic drug (ketoprofen) was loaded within PLGA MPs
and subjected to similar stretching conditions as described
before. Curiously, stretched ketoprofen-loaded particles
demonstrated a large central hollow defect that was observed in
20–40% of MPs (Fig. S2a–c†), that was morphologically very
different from stretched bupivacaine-loaded MPs. Partly similar
to what was observed with stretched bupivacaine particles, the
number of defect-carrying ketoprofen-loaded MPs increased
with increase in stretching force. These observations conrm
that encapsulated drugs indeed play a role in determining the
overall architecture of the MP matrix, in addition to the
stretching parameters.
Characterization of drug-loaded post-stretched microparticles

To further conrm the nature of interaction between encapsu-
lated bupivacaine and the PLGA matrix, bupivacaine-PLGA MPs
were subjected to Fourier transform infrared spectroscopy
(FTIR). Characteristic PLGA peaks at 2949–3000 cm�1, and
1756 cm�1 corresponding to C–H, and C]O stretching23

respectively, were distinctly observed in all anisotropic
bupivacaine-loaded PLGA particles (Fig. 2a). Bupivacaine asso-
ciated peaks at 1651 cm�1 corresponding to C]O stretching
vibration of amide I group, and the peak at 1534 cm�1
Fig. 2 Physio-chemical analysis of drug-loaded stretched micropar-
ticles. Representative FTIR peaks (a) corresponding to the chemical
bonds at indicated regions obtained from bupivacaine loaded PLGA
microparticles of varying aspect ratio. Pristine drug loadedMPs refer to
‘as-synthesized’ spherical particles. Representative XRD peaks (b) ob-
tained from drug-free (i, ii and ii), bupivacaine (v–viii), loaded micro-
particles. Pure drug form of bupivacaine (iv) were used as comparative
reference. Pristine drug loaded MPs refer to ‘as-synthesized’ spherical
particles.

© 2021 The Author(s). Published by the Royal Society of Chemistry
corresponding to classic amide II vibration,24,25 were relatively
unchanged in the stretched particles. The seemingly unchanged
bupivacaine FTIR spectra within the anisotropic MPs suggests
physical entrapment of bupivacaine within the PLGA matrix.

Further, X-ray diffraction (XRD) data of bupivacaine was
assessed to determine its crystallinity and distribution within
the deformed PLGA matrix. Absence of sharp peaks in all drug-
free MP groups suggests the amorphous nature of the PLGA
matrix. The sharp peaks associated with the crystalline nature
of bupivacaine was distinctly noticeable in all stretched bupi-
vacaine loaded MPs. This could be due to initial high-
bupivacaine loading in MPs, which was essential to offset the
drug loss due to the stretching process. However, there was
a noticeable decrease in the intensity of bupivacaine associated
peaks with increase in the aspect ratio of the stretched MPs
(Fig. 2b), possibly due to loss of drug aer the stretching
process.
Drug release from stretched microparticles

To determine drug-release characteristics of stretched PLGA
MPs, particles loaded with bupivacaine (Table 2), were sus-
pended in a dialysis buffer with innite sink conditions, and
samples were collected at regular time intervals. Buffer condi-
tions were optimized to mimic physiological temperature (37
�C) and pH (7.4). The total amount of drug in stretched MPs was
lower, compared to unstretched particles (Table 2), partly due to
the inevitable drug-loss that occurs during the process of
stretching. Cumulative drug-release patterns from bupivacaine-
loaded stretched MPs demonstrated faster release, compared to
unstretched particles (Fig. 3). In addition, stretched particles
retained a much smaller amount of bupivacaine aer one-week,
compared to non-stretched MPs. Interestingly, moderately
stretched bupivacaine particles (AR 1.9) demonstrated compa-
rable release with longer stretched (AR 3.9) particles. To further
conrm if the observed bupivacaine release pattern was mainly
due to MP stretching, the release prole of an unrelated drug
(ketoprofen) from stretched MPs was measured (Fig. S2†).
Similar to stretched-bupivacaine MPs, anisotropic ketoprofen-
loaded MPs also demonstrated enhanced ketoprofen release.
However, unlike bupivacaine MPs, longer-stretched ketoprofen
particles (AR 3.9) released ketoprofen much quicker than
moderately stretched MPs (AR 2.0). This strongly suggests that
the drug itself partially contributes to its release in anisotropic
MPs.
Table 2 Drug content in non-stretched (AR 1.0) and stretched PLGA
50 : 50 microparticles. MPs were stretched at 80 �C, with a stretching
rate of 50 mm min�1 at variable extent of stretch to obtain micro-
particle AR's as depicted in the table. Data shown are from a single
batch of microparticles that were subjected to 2–3 separate stretching
sessions

MP Aspect ratio Bupivacaine content (wt%)

1.0 44.9
1.9 33.6
3.9 19

RSC Adv., 2021, 11, 4623–4630 | 4625
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Fig. 3 Differential drug release from stretched microparticles. Percent
cumulative drug release from bupivacaine loaded microparticles of
varying aspect ratio. Data shown are mean � SD from 2–3 separate
experiments conducted in triplicates.
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Differential nerve blocks with stretched and unstretched
bupivacaine microparticles

To further assess the in vivo utility of stretched bupivacaine
particles, sensory and motor nerve functions of the sciatic nerve
were blocked by administering bupivacaine MPs as a nerve-
block injection around the sciatic nerve in rats (Fig. 4a). Care
was taken to ensure that the total amount of bupivacaine in the
Fig. 4 Stretched bupivacainemicroparticles induced stronger sensory
blocks. Stretched (AR 2.8), or un-stretched (AR 1.0) microparticle
injectate, containing 27.5 mg of bupivacaine was administered around
the sciatic nerve of SD rats as a local nerve block injection (a). Sensory
nerve block duration (b) and peak effect (c), along with motor block
duration (d) was recorded. Data shown are mean� S.D., with n¼ 4 rats
per group. * indicates P < 0.05, unpaired two-tailed Students t test. #
indicates P < 0.05, unpaired Students t test, and corrected for multiple
comparison using the Holm–Sidak method.

4626 | RSC Adv., 2021, 11, 4623–4630
MP injectate in both the groups was similar (27.5 mg). The paw-
withdrawal latency, an indirect measure of sensory function,
was strongly blocked (9.8 � 1.2 s) in stretched, compared to
unstretched MPs (5.1� 0.8 s) (Fig. 4b and c), while there was no
difference in the total duration of the nerve block between the
two groups. Motor nerve block, usually considered as an
unavoidable secondary effect in nerve-block anesthesia, was
reversed much quicker in rats injected with stretched micro-
particles (Fig. 4d). Overall, stretched microparticles induced
a strong sensory block, with a shorter-duration motor block. All
animals had recovered their gait, and movement appeared
normal within 12 hours of MP administration in both the
groups. In this study, the total amount of bupivacaine (loaded
in PLGA MPs) injected per animal was optimized to 27.5 mg,
mainly because previous studies26 have shown that MPs con-
taining $40 mg of bupivacaine tend to produce strong sensory
blocks with paw-withdrawal latency values touching the upper
limit (12 s) of the behavioral tests. Hence to allow room for
possible detection of any difference in nerve block intensity
between stretched and non-stretched groups, a lower dose of
27.5 mg was chosen. In addition, variability observed in the
stretching process was reected in the utilization of MPs of AR
2.8 for nerve block injection compared to those utilized in in
vitro studies. Because there was minimal difference in bupiva-
caine release fromMPs with AR 1.9 and 3.8 (Fig. 3), MPs with AR
2.8 were still considered relevant and used for nerve block
injections.

Discussion

In this study, we wanted to examine if bupivacaine release from
PLGA MPs can be altered by inducing particle anisotropy, and
possibly utilized for modulating nerve blocks. The motivation
for this approach was to demonstrate proof-of-concept principle
that stretch-induced MP anisotropy could be utilized as
a tunable parameter to modulate drug release pattern for
a given condition.

We chose to deform spherical drug-loaded PLGA MPs using
the simple process of lm stretching, mainly because this
method is technically less challenging and allows for large scale
production of deformed MPs that is relevant for in vivo appli-
cations.27,28 In principle, the process involves the formation of
hydrogen bonds between the embedded PLGA MPs and the PVA
lm.28 By simultaneously maintaining the PLGA MPs above
their glass-transition temperature, and applying a constant
stretching force on the PVA lm, the MPs undergo concomitant
deformation along the axis of the stretching force. However, the
drawback of the stretching technique is the variability in the
aspect ratio of MPs that are obtained from each stretched-lms.
This variability was also noticed in our study where homoge-
nously sized spherical microparticles, aer stretching demon-
strated approximately 20–30% variation in mean aspect ratio.
The observed variability can be attributed to the uneven distri-
bution in the stretching forces experienced by MPs distributed
at different locations in the lm. For instance, MPs located
centrally in the lm tend to have a higher AR compared to those
in the periphery of the lm. This observation may have to do
© 2021 The Author(s). Published by the Royal Society of Chemistry
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with the formation of a ‘belly’ in the center of the lm during
the stretching process. During the course of this study, we
found that by maintaining lms at 80 �C, and stretching them at
50 mm min�1 minimized the belly formation in the lm and
reduced the variability in the AR of embedded MPs. Although
the variability of particle AR within each stretched lm was
reduced, batch-to-batch variability (about 10–20%) still existed,
and this is reected in the slight differences in mean AR of MPs
used in different experiments within the study. Furthermore, in
alignment with previous reports,27–29 we observed a strong
positive association between the aspect ratio of the embedded
MPs and the nal length of the stretched lm.

Importantly, in comparison to the stretching technique used
in this study, other particle-deformation strategies such as those
using microuidics,30 lithography, and micro-molding31 have
been shown to produce homogeneously shaped-particles, but
these processes are technically challenging with relatively low
yield. In addition, we observed that both, bupivacaine- and
ketoprofen-loaded stretched particles demonstrated higher
release of loaded drug compared to unstretched particles. A
plausible explanation for this observation could be due to an
increased surface area to volume ratio, and the formation of
stretch-induced pores and surface defects in the stretched PLGA
MPs. As seen in SEM images, stretched bupivacaine-loaded MPs
exhibited an increase in the number of micron-sized pores, while
stretched ketoprofen-loaded MPs (Fig. S2†) developed a single
large defect in the center. These observations have similarities
with other reports, where ‘dimpling’ inMPs exposed to stretching
conditions above 90 �C have been observed.29

It is quite plausible that water entry into MPs occur via such
stretch-induced surface defects and enhance the erosion and
hydrolytic degradation of the PLGA matrix resulting in
increased rate of drug release, as observed in our study. This
explanation is strongly supported by the drug-release pattern
observed in stretched ketoprofen MPs (Fig. S2†), where the
percentage of MPs with surface defects positively correlates with
the rate of drug release.32 In contrast, moderately stretched
bupivacaine particles (AR 1.9), with comparable pore density to
un-stretched controls, exhibited a drug-release pattern that was
remarkably quicker than controls. Interestingly, further
stretching of bupivacaine particles (to AR 3.9), increased surface
pore formation, but there was no change in the drug release
pattern compared to moderately stretched (AR 1.9) particles.
Though the reason for this observation is not completely clear,
it is possible that the moderate stretching force was sufficient to
distort the polymeric arrangement within the bupivacaine-
loaded MPs, leading to enhanced bupivacaine release, but not
sufficient enough to alter surface porosity. However, application
of a stronger stretching force, in addition to probable matrix
distortion produced visible surface pores in the MPs, but this
did not seem to alter drug-release patterns any differently from
MPs that were moderately stretched.

Since drug release from polymeric matrix is also determined
by drug hydrophobicity, the difference in release rate between
bupivacaine and ketoprofen could be attributed to their
intrinsic chemical property. Even though both drugs are
hydrophobic, ketoprofen is known to plasticize PLGA by
© 2021 The Author(s). Published by the Royal Society of Chemistry
forming hydrogen bonds with the polymer backbone, resulting
in enhanced polymer hydration33 and quicker drug release
compared to bupivacaine base, which has limited interaction
with the polymer. In addition to the chemical nature of the
drug, the amount of loaded drug is also known to modulate
release. However, higher loading of hydrophobic drugs has
been mostly shown to enhance release.34,35 This is quite oppo-
site to what is observed in this study, which strongly suggests
that the altered drug release from stretched-anisotropic parti-
cles is unlikely due to uneven drug content but more likely due
to stretch-induced defects in the drug-loaded MPs. Further-
more, the surface defects seen in stretched bupivacaine MPs
were sub-micron to micron sized pores, while stretched keto-
profen MPs exhibited a large central defect. It is likely that the
larger defects in stretched ketoprofen MPs facilitated better
water ingress and thereby promoted quicker drug release
compared to bupivacaine MPs.

Another important feature of this study is the modulation of
drug-induced functional effects by anisotropic drug-loaded
particles. We chose to study the nerve-blocking effect of bupi-
vacaine because behavioral tests to determine nerve function
allows for a rapid, graded response to bupivacaine that can be
quantied and compared.21,36,37 In good agreement with the
bupivacaine-release pattern observed in our in vitro study,
animals administered with bupivacaine-loaded anisotropic
particles demonstrated a stronger sensory nerve block, most
likely due to enhanced release of bupivacaine. However, the
duration of sensory nerve-block in both spherical and aniso-
tropic particles was similar, and quite brief, in comparison to
the duration of drug release in vitro. This could be because
tissue uids typically induce rapid autocatalytic degradation of
the polymer due to the presence of tissue enzymes,38 tissue-
associated acidic components,39 and free radicals.40 In addi-
tion, even though the injectate comprising of bupivacaine MPs
is deposited in the vicinity of the sciatic nerve, it is very likely
that a signicant proportion of the released drug is absorbed by
the contiguous muscle layers, resulting in nerve block durations
that are not-aligned with in vitro release patterns.

Further, we also noticed that the effect of motor nerve block
was considerably shorter in animals administered with aniso-
tropic particles compared to controls. This could be because,
aer the rapid phase of drug extravasation from anisotropic
particles, the concentration of bupivacaine released from
injected MPs may be insufficient to sustain motor block in large
myelinated motor axons. In conclusion, bupivacaine-loaded
anisotropic microparticles could be utilized to produce differ-
ential nerve blocks of varying intensity. The differential drug
release from stretch-induced anisotropic particles was primarily
attributed to the formation of surface defects within the poly-
meric matrix. Thus, by regulating anisotropy-associated poly-
meric defects, drug release kinetics could be potentially altered
to suit specic therapeutic applications.

Conclusion

In this study, we show that bupivacaine-loaded anisotropic
PLGA particles have a differential drug release pattern that
RSC Adv., 2021, 11, 4623–4630 | 4627
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produces a stronger nerve block compared to conventional
spherical shaped-MPs. The importance of our results is the
demonstration of MP anisotropy as a tunable parameter for
drug release and its potential application in controlled thera-
peutic regimens. However, more systematic studies will be
required to further examine how drug release patterns can be
controlled by mixing different proportions of drug-loaded MPs
with varying anisotropy.

Materials and methods
Materials

Poly (lactide-co-glycolide) (PLGA) 50 : 50 (mol. wt ¼ 150 KDa),
and 75 : 25 (mol., wt ¼ 97 KDa) were purchased from Poly-
sciences, Inc. (Washington, PA). Poly (vinyl alcohol) (PVA) (87–
89% hydrolyzed, mol. wt ¼ 13–23 KDa) ketoprofen and bupi-
vacaine hydrochloride were purchased from Sigma-Aldrich
(USA). Bupivacaine hydrochloride was converted to bupiva-
caine free base by alkaline precipitation and ltration.
Dichloromethane, methanol, tris, and hydrochloric acid were
obtained from Merck (USA).

Animal care

Adult, female Sprague–Dawley rats weighing 225–275 g were
housed in pairs, allowed standard rat diet and water ad libitum,
andmaintained on 10 h/14 h light/dark cycle. All protocols used
in this study were approved by the Institutional Animal Ethical
Committee (IAEC) (IAEC/2016/1/4), Amrita Institute of Medical
Sciences, Kochi, India, in accordance with guidelines set forth
by the Committee for Control and Supervision of Experiments
on Animals (CPSCSEA), Government of India.

PLGA microparticle synthesis and drug loading

Bupivacaine- and ketoprofen-loaded MPs were prepared by oil-
in-water emulsion followed by solvent evaporation tech-
nique.26,41 In brief, bupivacaine free base (160 mg) or ketoprofen
(50 mg) and PLGA (100 mg) were dissolved in methylene chlo-
ride (5 mL), and the mixture was added to 100 mL of 0.2%
polyvinyl alcohol in 100 mM tris buffer (pH 8.5) under stirring
condition at 1200 rpm and 600 rpm for 1 h and 3 h respectively.
The synthesized microparticles were washed three times at
15 161 g for 25 min at 4 �C. The nal pellet was thoroughly
resuspended in 3 mL of sterile water and lyophilized. Bare
microparticles were prepared using the same method except for
the drug. Drug loading of 45% and 17% were achieved for
bupivacaine and ketoprofen encapsulated MPs respectively.

Controlled stretching of synthesized PLGA microparticles

Microparticles of varying aspect ratio were produced by physi-
cally stretching synthesized particles that were embedded in
a PVA lm,27 using a custom-made lm-stretcher. Briey, the
thin-lm was prepared by dissolving 10% (w/v) PVA at 60 �C,
followed by the addition of 0.5% (v/v) glycerol at room
temperature. ‘As-synthesized’ MPs (0.25 mg mL�1) were mixed
in the PVA–glycerol solution, and poured as a thin layer into
a tray measuring (9.2 � 11 cm), and allowed to dry at 37 �C. The
4628 | RSC Adv., 2021, 11, 4623–4630
resulting plasticized lm was mounted on a custom-built lm
stretcher, immersed in paraffin oil (60–80 �C), and stretched
one-dimensionally in the horizontal plane. The rate and extent
of stretch were assessed along a graduated scale built within the
stretcher, while the movement of the stretching platform was
controlled manually by a calibrated screw-knob. Once the lms
were stretched to the desired length, the lms were le to dry
overnight. The embedded MPs were extracted by dissolving the
lms in water, washed at 15 161 g for 25 min at 4 �C, and pellets
resuspended in 3 mL of water, lyophilized and stored for later
use.
Characterization studies

The surface morphology and particle size were determined
using a scanning electron microscope (JEOL, JSM-6490LA,
Japan) (SEM). Lyophilized MPs in powder form were placed
on adhesive carbon tape and mounted on specimen stubs.
Samples were sputter coated with gold before imaging at an
accelerating voltage of 8 kV. SEM images were analyzed for size,
aspect ratios, and surface pores and defects using an image
analysis soware (Image J, U.S. NIH, Bethesda, USA).

Drug signatures in MPs was determined using Fourier-
transform infrared spectroscopy (FTIR) and X-ray diffractom-
etry (XRD). FTIR transmission spectra in the range from 400 to
4000 cm�1 were recorded using an FTIR spectrophotometer (IR
Affinity-1s, Shimadzu, Japan) from lyophilized MP samples
compacted using the KBr pellet method. Diffraction scans from
lyophilized MP samples were recorded at 2q range of 5–80� at
a step size of 0.03�, using an X-ray diffractometer (XpertPro, PAN
analytica, Germany).
Drug release studies

Ketoprofen, or bupivacaine loaded MPs of xed weight (5 mg)
were suspended in dialysis bags (10 KDa, cut off, Spectrum,
USA), immersed in PBS, (pH 7.4) at 37 �C under constant stir-
ring condition. Buffer conditions were optimized to mimic
physiological temperature (37 �C) and pH (7.4). Dialysate
samples (2 mL) were collected at xed time intervals and stored
at 4 �C until further use. Sample volume retrieved at each time
interval was replaced with fresh PBS to maintain innite sink
conditions. Quantication of released ketoprofen in the dialy-
sate uid was performed by measuring the absorbance wave-
length at 258 nm using a UV-spectrophotometer (Synergy H1,
Biotek, USA). Drug concentrations from different experimental
time-points were calculated using a ketoprofen standard curve.
Similarly, the amount of released bupivacaine in the dialysate
uid was quantied using reverse-phase high performance
liquid chromatography (RP-HPLC, 20AD, Shimadzu, Japan).26

Dialysate samples (20 mL) were injected into 4.6 � 250 mm
Zorbax eclipse C18 5 mm columnmaintained at 30 �C. The HPLC
column was eluted with an aqueous solution of 65 : 35 aceto-
nitrile buffer (phosphate buffer, 10 mM, pH ¼ 6.78) at 1
mL min�1, and bupivacaine peaks were detected by UV absor-
bance at 272 nm. Bupivacaine concentrations were calculated
using standards composed of known concentrations.
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Nerve block injections

Rats were anesthetized using 2% isourane mixed with 98%
oxygen dispensed through a small-animal anesthesia manifold.
The le hind-limb was shaved and nerve-block injection
administered using a 23-gauge needle as described before.36

PLGAmicroparticles (AR 1.0, and AR 2.8), containing 27.5 mg of
bupivacaine were suspended in 0.4 mL of 1% carboxymethyl
cellulose and 0.1% Tween 80, and injected at the location of the
sciatic nerve near the sciatic notch. Care was taken to admin-
ister the microparticle injectate around the nerve without
injecting it into the muscle. Since stretched and unstretched
MPs have uneven drug loading due to the stretching process,
the amount of injected MPs were adjusted accordingly to
contain 27.5 mg of bupivacaine (86.4 mg of stretched MPs and
55 mg of unstretched MP).
Behavioral tests for thermal responsiveness and motor
strength

To assess the effectiveness of the sensory nerve blockade, tactile
responsiveness to thermal stimulus was elicited from the hind
paw and measured at different time points. As mentioned
before42,43 measurements were performed by gently placing the
rat's hind paw on a pre-heated surface maintained at 55 �C. The
time taken by the animal to withdraw its hind paw from the
heater surface was recorded as the paw-withdrawal latency. The
contralateral limb was used as internal control. Each recording
was repeated thrice per animal and the mean value calculated.

To assess motor blockade, each hind-limb of the animal was
gently placed on a digital weighing scale (Health Sense, India)
and the maximum weight borne by the tested limb was noted.
Each measurement was repeated thrice per limb and the mean
value calculated. The contralateral limb was used as internal
control. The test was repeated at regular time intervals.
Statistics

All data are represented as mean � standard deviation (SD).
Difference in mean values among experimental and control
groups was tested using one-way, or two-way ANOVA, using
GraphPad Prism version 7.0 for Mac (GraphPad Soware, La
Jolla California USA).
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