Open Access Article. Published on 02 September 2025. Downloaded on 10/4/2025 3:42:51 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Journal of

Materials Chemistry B

¥ ® ROYAL SOCIETY
PP OF CHEMISTRY

View Article Online

View Journal | View Issue

’ '.) Check for updates ‘

Cite this: J. Mater. Chem. B, 2025,
13, 11855

Received 2nd June 2025,
Accepted 18th August 2025

DOI: 10.1039/d5tb01312g

rsc.li/materials-b

Introduction

Evaluation of peripheral analgesia in a rat
incisional pain model using degradable
hydrophilic microspheres for sustained delivery
of buprenorphine

Laurent Bédouet, (22 Anne Beilvert, (22 Emeline Servais, ()2 Florentina Pascale,®
Saida Homayra Ghegediban,® Michel Wassef, 2 ¢ Julien Namur ©° and
Laurence Moine (2 *¢

To target peripheral opioid receptors for postoperative pain relief while minimizing systemic opioid
side effects, low doses of buprenorphine hydrochloride (0.8 up to 4.8 mg mL™Y) were loaded into
prefabricated, hydrophilic, degradable polyethylene glycol-based micropheres (PEG-MS, 50-100 pm)
used as a drug delivery platform. By varying the composition of the degradable crosslinker, the degrada-
tion rate of PEG-MS, and consequently the drug release duration, could be tuned from 2 days to
2 months. In a pharmacokinetic study in rabbits, the time to the last quantifiable serum concentration
(Tiast) of buprenorphine increased with the degradation time of PEG-MS, reaching 1, 2, 4, and 7 days for
microspheres degrading over 2, 6, 12, and 50 days, respectively. PEG-MS demonstrated good
biocompatibility, as evidenced by only mild and transient local inflammatory responses during their
degradation when implanted in various rabbit tissues, including the dermis, muscle, and subconjunctival
space. In a rat incisional pain model, the intraplantar injection of buprenorphine-loaded PEG-MS
(degrading over 12 days) at doses of 240 pg and 40 pg increased the paw withdrawal threshold at 24 h
by 34% (p < 0.0001) and 20% (p = 0.0466), respectively, compared to drug-free microspheres. Serum
concentrations of buprenorphine exceeded the therapeutic threshold, indicating that intraplantar
administration resulted in systemic, rather than local, effects. In the context of the opioid crisis, the local
administration of a degradable drug delivery system that releases a small amount of buprenorphine in an
operative wound for a few days after surgery seems relevant. Nevertheless, while the PEG-MS as
buprenorphine delivery system was effective, local
administration resulted in the opioid spreading throughout the body. The future of peripheral analgesia

this preliminary study showed that their

lies in developing opioids with physicochemical properties that prevent them from reaching the brain or
being active there.

long-term pain can lead to serious psychological, social, and
economic consequences. For this reason, effective management

Each year, 310 million surgical procedures are performed
worldwide. A significant proportion of patients (~80%) experi-
ences undesirable levels of postoperative pain in the first
24 h."* The intensity and duration of this acute pain can
increase the risk of developing chronic or persistent postsurgi-
cal pain, which affects between 10% to 30% of cases.” Such
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of acute postoperative pain is essential to improve patient
outcomes.

Buprenorphine exhibits unique pharmacological properties
compared to other opioids as a partial mu receptor agonist, i.e.,
it binds strongly to the receptors without fully activating them,
providing a therapeutic effect with fewer side effects.*® Its
activity in postoperative pain management has been documen-
ted in various reviews,”® demonstrating effectiveness with a
relatively low side effect profile. The analgesic effects typically
last around 6 hours. The main side effect of buprenorphine is
respiratory depression.’

To reduce the potential side effect of opioids, local injection
of low dose of opioids directly in tissues after the surgery could
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provide significant pain reduction for 6-8 h."® The rationale is
based on the discovery of functional opioid receptors on the
peripheral nerve endings of the nociceptors.’*** Indeed, per-
ipheral opioid receptors located in the skin,"® joints,'*
cornea,'® sciatic nerve'®'” and viscera'® can be targeted for
effective analgesia without the central effects associated with
systemic opioid treatment. Local delivery of opioids in
wounded tissues after surgery represents a promising strategy
to inhibit the pain at its source.'® The peripheral opioid system
allows the development of novel pain treatment strategies by
separating analgesic action from unwanted central side
effects.”® Different solutions for peripheral analgesia are being
investigated, such as the development of new opioid drugs with
low brain diffusion'® or drug delivery systems (DDS) for local
delivery of opioids to peripheral tissues.>’ However, the analge-
sic effect of peripherally administered opioids in the post-
operative setting is often short-lived,'® likely due to rapid
tissue clearance and drainage of the locally applied drugs.

In this study, we explored the promising strategy of achiev-
ing peripheral analgesia through the local, sustained release of
low doses of buprenorphine from a degradable DDS. This
approach involves the local postoperative injection of the
DDS to gradually activate peripheral opioid receptors and pro-
long postoperative analgesia. Sustained delivery products con-
taining buprenorphine are already marketed as implants for
the treatment of opioid dependence of patients. In this indica-
tion, intramuscular implants (Probuphine®/Sixmo®, Buvidal®,
Sublocade®) provide for several weeks stable plasmatic con-
centrations of buprenorphine.>” However, these implants are
not compatible with surgical wounds infiltration either because
they are non-degradable (Probuphine®/Sixmo®™) or contain
organic solvents (N-methyl-pyrolidone for Sublocade™ and
ethanol for Buvidal®).

To address this limitation, we developed a particular com-
position of biocompatible and biodegradable microspheres
(PEG-MS), consisting of poly(ethylene glycol) hydrogel cross-
linked with a hydrolyzable crosslinker as platform delivery of
buprenorphine. Originally designed for embolization®® and
chemoembolization,>**> PEG-MS were adapted to load small
quantities of buprenorphine and engineered to degrade at
controlled rates. The goal was to achieve local therapeutic effect
over the critical 3-day postoperative pain period, while mini-
mizing systemic exposure to reduce the risk of opioid side
effects. The release kinetics of buprenorphine were evaluated
in vitro and in vivo following a single subcutaneous injection in
rabbits, aiming to identify a formulation capable of maintain-
ing drug release for at least 3 days in vivo. The biocompatibility
of the PEG-MS was evaluated by histology in various rabbit
tissues. To evaluate analgesic efficacy, buprenorphine-loaded

Table 1 PEG-MS used for buprenorphine sustained release experiments
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PEG-MS were administered by intraplantar injection in the
Brennan model of postoperative pain in rats to investigate
the anti-allodynic effect over 3 days.

Methods

Preparation and characterization of PEG-MS

Material. Poly(ethylene glycol) methyl ether methacrylate
(PEGma) (M,, = 300 g mol ), poly(ethylene glycol), M, = 600 g mol ",
e-caprolactone (CI), stannous 2-ethylhexanoate, methacrylic anhydride,
phosphate buffer solution (PBS), 2,2'-azobis(2-methylpropionitrile) and
buprenorphine hydrochloride (PHR1729-50MG) were purchased from
Sigma-Aldrich France. pr-Lactide was purchased from polysciences.

PEG-MS synthesis. Polyethyleneglycol-based degradable
microspheres for buprenorphine delivery (PEG-MS) were
synthesized by suspension polymerization.>® By varying the
composition of the degradable crosslinker described in
patents,>®?” four microspheres with different degradation
times ranging from two days up to two months were obtained
(Table 1 and Table S1). These microspheres are designated
PEG-MS2, PEG-MS6, PEG-MS12, and PEG-MS50, corresponding
to their respective degradation times of 2, 6, 12, and 50 days.
Briefly, the degradable crosslinkers (PEG;3-LA;,, PEG;3-LAg-co-
Cl,, PEGy3-LA;-c0-Cl; and PEG3-LA,-co-Cl;s) have been synthe-
sized by polymerization of polyethylene glycol, M, = 600 g mol "’
with bpr-lactide and e-caprolactone with stannous 2-ethyl-
hexanoate during 20 h at 115 °C. After polymerization and
precipitation, the end chain functionalization was done with
methacrylic anhydride at 80 °C for 8 h. Polymerization suspen-
sion was done with dimethacrylate derivatives of crosslinker
and polyethylene glycol methyl ether methacrylate (PEGma) at
80 °C during 8 h in presence of 2,2'-azobis(2-methyl-
propionitrile). Then, PEG-MS were collected by filtration on a
40 um sieve and washed extensively with acetone and water.
Microspheres were then sieved with decreasing size of sieves
(315, 100 and 50 um) and the fraction 50-100 um was collected
for the buprenorphine delivery study.

Optical sizing of PEG-MS. After sieving, the PEG-MS were
poured into a Petri dish and pictures were taken with an optical
microscope at 10x magnification (Leitz, Diaplan) equipped
with a digital camera (Allied Vision Mako). Microspheres
diameter was determined with the Image ] software
(100 measures).

Dry weight determination of PEG-MS. In triplicate, after the
sieving step 1 ml of wet PEG-MS was placed in pre-weighted
15 ml polypropylene vials before freeze-drying. Then, the dry
microsphere weight was determined by weighing.

Loading of buprenorphine. After the sieving step, 1 mL of
microspheres was placed in 15 mL polypropylene vials in 3 mL

PEG-MS2 PEG-MS6 PEG-MS12 PEG-MS50
Degradable crosslinker composition PEG,;5-LA,, PEG, ;-LAg-co-Cl, PEG,;-LA,-co-Cl; PEG, 3-LA,-co-Cl;
In vitro degradation time 2 days 6 days 12 days 2 months
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of water before mixing with buprenorphine hydrochoride
(1 mg, 4 mg, 5 mg). The loading step was done at room temper-
ature for 2 h under stirring on a tube rotator (~30 rpm).
Then, the supernatants were removed for the measurement
of unbound buprenorphine hydrochloride by fluorimetry
(Aex 280 nm, g, 354 nm, Hitachi F2000). The amount of
buprenorphine in supernatant was obtained by extrapolation
from a standard curve (0.6 to 25 pg mL ). The loaded dose was
calculated by subtracting the final amount of buprenorphine
from the initial amount. The loading efficiency was calculated
by the following equation: loading efficiency = ((buprenorphine
in feed — buprenorphine in supernantant)/buprenorphine in
feed) x 100. The amount of buprenorphine loaded onto micro-
spheres was given in mg per mL of MS (mg mL ") as is common
in chemoembolization for the quantification of anticancer
agents loaded onto the drug eluting beads,*®*° but also in
percentage of dry weight (w/w): drug loading = (mg of bupre-
norphine loaded onto 1 mL of microsphere)/(dry weight (mg) of
1 mL of drug-free microsphere) x 100. Then, the microsphere
pellets were freeze-dried (Christ, Alpha 2-4 LSC basic) at
0.2 mbar and —80 °C during 4-5 days in the dark. Samples
were exposed to e-beam radiation at room temperature and air
atmosphere in a linear electron accelerator. The electrons
emitted have a single energy level of 9.8 MeV + 0.2, and the
passage speed was adjusted to deliver a dose of 25 kGy (Ionisos,
Chaumesnil, France).

In vitro drug release study. PBS (25 mL) prewarmed at 37 °C
was added to the dry and sterile microspheres loaded with
buprenorphine, and the tubes were placed horizontaly in an
orbital shaker (IKA) at 37 °C under shaking (150 rpm). Samples
were removed at 10 min, 5 h and every day until degradation of
microspheres. At each sampling time, all medium was totally
renewed. The amounts of free buprenorphine in PBS super-
natants were determined by fluorimetry (lex 280 nm, Zgny
354 nm, Hitachi F2000) as described above. Blank (drug free)
PEG-MS were incubated under the same conditions to exclude
interference from PEG-MS degradation products on the bupre-
norphine fluorimetric assay.

Degradation rate of sterile PEG-MS during buprenorphine
release. PEG-MS degradation was monitored during buprenor-
phine release using a colorimetric assay as previously
described.?® The PEGylated degradation products released into
PBS during the time were quantified using an iodine and
barium assay.*' Standard curves (5 pg up to 25 ug) were
prepared using a solution of PEG-MS degradation products
diluted in PBS at 1 mg mL '. Absence of buprenorphine
interference in the colorimetric assay of PEGylated products
was verified.

Animal studies

For the pharmacokinetic and the biocompatibility studies,
experiments were conducted in accordance with the French
regulation regarding experiments conducted on live animals
(Directive 2010/63/EU of the European Parliament). For the
anti-allodynic study, rats were treated according to the

This journal is © The Royal Society of Chemistry 2025
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guidelines of the Committee for Research and Ethical Issue
of the I.A.S.P. (1983) and the European guidelines 2010/63/UE.

Labelling of mu receptors in the plantar aspect of the foot in
rat. Rat paws were thawed directly in alcohol formalin glacial
acetic fixative and then demineralized for 3 days. Then, sagittal
sections of plantar aspect of the foot were performed. After
dehydration in successive baths of ethanol, acetone and xylene,
samples were embedded in paraffin. After deparaffinization of
sections (5 pum), antigenic sites were unmasked by citrate/
microwave pretreatment for 10 min, before overnight incuba-
tion at 4 °C with rabbit anti-mu opioid receptor antibody
(Abcam, ab217766) at dilution 1:100 in PBS-BSA 3%. After
inhibition of endogenous peroxidases by hydrogen peroxide,
the sections were incubated in the peroxidase-coupled second-
ary antibody (Dako, Envision rabbit, ref. K4002). Reaction with
diaminobenzidine (Dako, ref. K3468) revealed antigen-anti-
body complexes by the appearance of a brown staining. Sec-
tions were counterstained with Mayer’'s hematoxylin, then
mounted between slide and coverslip in aqueous medium. As
negative control, the primary antibody was replaced by PBS-
BSA 3%.

Pharmacokinetic study in rabbit. The procedures were sub-
mitted to the “Comité d’Ethique en matiére d’Expérimentation
Animale Anses/ENVA/UPEC (C2EA16)” under number 17-029 and
received a positive notification from the “Ministere de
IEnseignement Supérieur, de la Recherche et de I'Innovation” on
January 24, 2019. Injectable buprenorphine (Bupaq®, Multi-
dose 0.3 mg mL " Injectable solution, Virbac, France) was
administrated at the dose of 30 pg kg~ '/12 h as reference,
and sterile PEG-MS degradable in 2, 6, 12 and 50 days loaded
with buprenorphine were implanted subcutaneously in the
back behind the neck of 5 male New-Zealand rabbits (4.35 +
0.4 kg - min-max 4.05-4.95 kg) with a 23G needle in a 3 mL
syringe (Medaillon®, Merit Medical) (Table S2). The dose of
buprenorphine injected for the PEG-MS was determined as the
dose equivalent to repeated injectable buprenorphine injec-
tions over the period of buprenorphine elution from PEG-MS
determined in vitro, i.e. for a delivery of 10 days, the total dose
injected with injectable buprenorphine was 60 ug kg™ day '
per injection x 10 injections. Blood samples (~2.5 mL) were
through the auricular artery to assess the systemic concen-
tration of buprenorphine at the following time points: pre-
injection (T0), 15 min, 30 min, 1 h,3h,5h,24 h,2D,4D, 7 D,
14 D, 21 D, 28 D. Buprenorphine quantifications were done by
coupled HPLC-MS/MS (SI1). Statistical analysis of the data was
not performed owing to the small number of animals treated.
This study was designed to determine whether buprenorphine
loading onto the PEG-MS would extend its delivery time in
serum compared to free buprenorphine.

Pharmacokinetic data analysis. Results from each rabbit
were grouped according to products and the blood collection
time point. The serum concentration of buprenorphine was
plotted for the time points to generate serum concentration—
time curves, which were compared between injectable (free)
buprenorphine and PEG-MS groups. Pharmacokinetic para-
meters were calculated using a non-compartmental analysis

J. Mater. Chem. B, 2025, 13, 11855-11869 | 11857
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that assumed a total-body exposure to the drug. Calculated
parameters, including maximal observed serum concentration
(Cmax), time to maximal observed serum concentration, (Tiax),
time to the last quantifiable serum buprenorphine concen-
tration (Tis), terminal elimination half-life (¢,,,), area under
the curve (AUCy 7, ) from time 0 to Tj,s Were determined from
the individual observed concentration time data. AUCo 7,
was obtained by calculation of the area under the concen-
tration curve by the trapezoid method using the equation:
S = ((C1 + Cy)/2) x (T, — Ty), and the terminal half-life (¢,,)
by dividing the natural logarithm of 2 with the elimination
slope (K. =In C; — In C,/T, — T,) found by graphic analysis with
2 time points on the terminal portion of the serum curves by
determining on the ordinate axis the time interval elapsed
between the concentration C and the concentration C/2.

Rabbit biocompatibility study of blank PEG-MS12 in dermis,
muscle and subconjunctival space. The procedures were sub-
mitted to the “Comité d’Ethique en matiere d’Expérimentation
Animale Anses/ENVA/UPEC (C2EA16)” under identification
number #17-029 on October 12, 2018, and received a positive
notification from the “Ministére de I’Enseignement Supérieur, de
la Recherche et de I'Innovation” on January 24, 2019. Male white
New Zealand rabbits (3.92 £+ 0.19 kg - min-max 3.54-4.26 kg,
n = 12) were treated with an anti-infective drug (Trisulmix®,
trimetoprim and sulphadimethoxine, 0.2 mL kg ' in
drinking water daily), starting the day of injection until the
day of sacrifice, and with antibiotic (enrofloxacin 2.5%,
7.5 mg kg~' day " injected subcutaneously for 7 days after
implantation). Lighting was automatically controlled for
approximately 12 h per day. Anesthesia was performed by
intramuscular injection of 10 mg kg ' ketamine and 2.5 mg kg ™"
xylazine and maintained with oxygen (100%) and isoflurane
(1 to 3%) delivered through supraglottic airway device. Animals
were placed in dorsal decubitus. Analgesia was done by intra-
muscular injection of 0.1 mL kg™ buprenorphine (Vetergesic)
at the end of the procedure. A vascular access was gained in the
auricular vein and artery for perfusion and blood sample
respectively. Details of microsphere implantation and histology
work are given in the SI2.

Incisional pain model. The standard protocol describing the
animal model used in this study was approved by the Animal
Ethical Committee (Comité d’Ethique pour IExpérimentation
Animale Auvergne — C2E2A) and accredited by the “Ministéere de
I’Enseignement Supérieur, de la Recherche et de l'Innovation”
under national authorisation number #11887. Thirty male
Sprague-Dawley rats (SPF status, Janvier, France), weighing
188-234 g the day of surgery were used in the pharmacody-
namic part, and 6 males (205-225 g) the day of treatment were
used in the pharmacokinetic study (satellite group). Briefly, rats
were housed at 20-24 °C and relative humidity (45-65%)
controlled room and acclimated to an artificial day/night cycle
of 12 h light/12 h darkness. Rats had free access to tap water
and were fed ad libitum with pelleted complete diet. Animals
were housed 3 or 4 per cage (type E) and were acclimated for a
period of at least 5 days before any testing. Surgery was done
under gas anaesthesia (2.5% isoflurane/3 L min~"). For all rats,

1858 | J Mater. Chem. B, 2025, 13, 11855-11869
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the plantar aspect of the left hindpaw was exposed and a 1 cm
longitudinal incision was made using a surgical blade, through
skin and fascia of the plantar aspect of the foot, starting 0.5 cm
from the proximal edge of the heel and extending toward the
toes. The plantaris muscle was elevated and incised longitud-
inally whereas the insertions remained intact. After haemosta-
sis with gentle pressure, the skin was stitched up with three
sutures.*>

Intraplantar injection of PEG-MS preloaded with buprenor-
phine. After surgery (DO) right after completion of the surgical
procedure, 100 puL suspension of PEG-MS in water (ratio 1/1)
was intraplantarly administered at 3 different doses of bupre-
norphine (blank PEG-MS/BU1/BU2): 0/240 pg (buprenorphine
loading at 4.8 mg mL ')/40 pg (buprenorphine loading at
0.8 mg mL~')/animal. For practical reasons, dosing was done
group by group in a non-random order, which could introduce
a potential risk of bias. The low dose (40 pg) was arbitrarily
chosen given the wide range of buprenorphine concentrations
that can be administered subcutaneously in rats, from 5 to
500 pg kg '.**?* The high dose (240 ug) corresponded to the
dose commonly used for post-operative pain control in animals
treated with buprenorphine extended-release formulations, i.e.
a final dose of 1.2 mg kg™ on a body weight basis®>>° (based
on an average rat weight of 200 g). A buprenorphine loading of
PEG-MS12 at 4.8 mg mL ™" was selected to achieve this dosing
allowing the administration of 50 pL of pellet (Table S3). PEG-
MS12 were injected at surgery site under gas anaesthesia with a
23G needle attached to a 1 mL Luer syringe (Medaillon®, Merit
Medical) inserted approximately 1 cm rostrally to the skin
surgical incision and pushed parallel to the skin to the rear
limit of the incision. The tip of the needle should be placed in
the incised muscle. The target dose was then administered by
retroinjection along the surgical incision, while compression
was maintained on the incision site with the thumb to avoid
leakage.

Assessment of the anti-allodynic effect of PEG-MS12 and
blood sampling. On D1, D2, and D3 after surgery paw with-
drawal threshold was measured using the electronic Von Frey
(EVF3 model, Bioseb, France). Each reaction threshold measure
was repeated three times for both hindpaws (operated and
unoperated) with intervals of approximately 2-3 min. Allodynia
testing was performed in a random order by a blinded experi-
menter. For blood sampling at D3, serum samples from three
randomly chosen rats in the groups BU1 and BU2 were col-
lected by intra-cardiac puncture. Serum samples were also
collected in the satellite group (n = 6) at 24 h and 48 h after
wound infiltration with PEG-MS12 loaded with buprenorphine.
Briefly, animals were anaesthetized (3% isoflurane, 3 L min ")
and 1.0 mL of blood was collected in the caudal vein.
Samples were gently mixed and were placed in ice and centri-
fuged at the latest within 30 min after collection at 4600 rpm for
5 min at room temperature. Serum samples were gently col-
lected and frozen immediately (—80 °C). Rats were sacrificed at
the end of the experiment by CO, inhalation. The dosage
of buprenorphine in serum was measured using the method
used in rabbits for the pharmacokinetic study (SI1). Rat paws

This journal is © The Royal Society of Chemistry 2025
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were recovered after sacrifice and frozen in nitrogen for
immunochemistry.

Statistical analysis

Statistical analyses were performed on StatView SAS 2000 (SAS
institute, Cary, NC). For comparison of two groups, non-
parametric Mann-Whitney (MW) test was used. The Kruskal-
Wallis (KW) test was used to compare three or more indepen-
dent groups. Significance was set at p < 0.05.

Results
Degradable microspheres properties

Morphologically, PEG-MS were similar regardless of their com-
position (Fig. 1). They were spherical with smooth surfaces,
showed no signs of aggregation, and were free of structural
defects such as cracks, fused (‘“‘Siamese”) microspheres, or
inclusions. The mean diameter of PEG-MS was 87 pm, PEG-
MS6 had a significantly smaller diameter compared to the other
3 groups (Table S1). The amount of polymer material per 1 mL
of wet PEG-MS was 207 mg mL ™' (average value for the
4 groups) and it was independent of the composition of the
microspheres.

After e-beam treatment (25 kGy), PEG-MS2 were degraded
after 2 days in PBS, while PEG-MS6, PEG-MS12 and PEG-MS50
were degraded after 6, 12 and 50 days, respectively (Fig. 2).

The PEG-MS underwent gradual hydrolysis over time, releas-
ing PEGylated degradation products, regardless of their com-
position. At the end of degradation, no microspheres were
visible in PBS. No enzymes were required for degradation of
PEG-MS, indicating that degradation occurred via a hydrolytic
mechanism.>* The composition of the degradable crosslinker
influenced the rate of the PEG-MS degradation; specifically,
increasing the caprolactone content relative to lactide resulted
in a slower degradation rate (Table S1).

PEG-MS2
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Buprenorphine loading

Low loading levels of buprenorphine (target loading of 1 and
4 mg mL™") were chosen to minimize systemic passage in an
attempt to target peripheral opioid receptors with a systemic
exposition as low as possible. In contrast to traditional long
acting injectables formulated with poly(lactic-co-glycolic acid)-
based microspheres,® in our approach, buprenorphine loading
was performed post-manufacture of the microspheres. It was
accomplished through a straightforward process utilizing a
purely aqueous solution of the buprenorphine hydrochloride
without the addition of any organic solvents.

This method of buprenorphine loading onto the degradable
microspheres after their synthesis resulted in a loading effi-
ciency ranging from 75% to 88% for the different loading
targets and the different microsphere compositions (Table 2).
For loading objectives of 1 mg mL™* and 4 mg mL ™", loading
values of 0.8 mg mL™~ ' and 3 mg mL ™' were obtained, corres-
ponding to a drug load by weight of 0.3% and 1.4% w/w.

In vitro delivery of buprenorphine according to the
microspheres degradation time

The release profiles of buprenorphine from the different PEG-
MS after sterilization varied according to their respective
degradation time (Fig. 3).

Buprenorphine release closely paralleled the degradation of
the microspheres, i.e. formulations designed to degrade in 2, 6,
and 12 days (PEG-MS2, PEG-MS6, and PEG-MS12, respectively)
released the drug over corresponding durations. In the case of
the slowest-degrading formulation, PEG-MS50, buprenorphine
release plateaued after 30 days while complete degradation
microsphere occurred after 50 days (Fig. 3B). Overall, the
PEG-MS platform enabled sustained buprenorphine release at
various rates ranging from 2 days to 30 days as the micro-
spheres degraded without a burst effect. Approximately 90% of
the loaded buprenorphine was eluted from the microspheres

PEG-MS6
) b ) ®

PEG-MS50

Fig. 1 Aspect of PEG-MS produced by suspension polymerization after sieving (50-100 pm) used for buprenorphine sustained delivery. Bar = 200 um.

This journal is © The Royal Society of Chemistry 2025
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buprenorphine release on loaded microspheres using an iodine/barium assay of PEGylated products released into the medium over time. Experiments
were done in triplicate (PEG-MS2, PEG-MS6, PEG-MS12) and in duplicate (PEG-MS50).

Table 2 Loading values of buprenorphine on PEG-MS for in vitro release and preliminary pharmacokinetic study in rabbit. The homogeneity between
PEG-MS groups was estimated by the non-parametric Mann—-Whitney (MW) and Kruskal—-Wallis (KW) tests

Drug loading Statistical
target PEG-MS2 PEG-MS6 PEG-MS12 PEG-MS50 analysis

1 mg mL™? 0.86 + 0.03 (n = 9) (85%)”  0.88 4 0.02 (n = 8) (88%)  0.83 %+ 0.03 (n = 10) (82%)  0.79 4 0.02 (n = 2) (79%) p = 0.0160
4 mg mL™? ND ND 3.03 + 0.011 (n = 4) (75%)  3.11 £ 0.16 (n = 5) (77%) p = 0.0731

¢ Loading efficiency.
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Fig. 3 Buprenorphine release in PBS from degradable PEG-MS loaded at 0.8 mg mL™ (A) or 3 mg mL™* (B). Buprenorphine content in medium was
determined by fluorimetry (lex 280 NM, Zem 354 nm) for PEG-MS2 (n = 3), PEG-MS6 (n = 3), PEG-MS12 at 0.8 mg mL™* (n = 7), PEG-MS12 (n = 2) and

PEG-MS50 (n = 2) at 3 mg mL™L.  PEG-MS degradation time.

that degraded during the release study. For PEG-MS50,
it is possible that some of the buprenorphine may have
remained bound to the microspheres during the degradation
process, which would explain the plateau. Ending buprenor-
phine elution most often coincided with complete microsphere
degradation.

Effet of PEG-MS carriers on buprenorphine concentration in
rabbit serum

Prior to testing in a rat model of post-operative pain, a
pharmacokinetic study was conducted in rabbits to identify a
PEG-MS formulation capable of releasing buprenorphine for at
least 3 days after a single subcutaneous administration. All 5
rabbits included in this study remained healthy throughout the
study, except for the animal n° 2 injected with PEG-MS2 which
somnolated during the first 3 h after administration before

11860 | J Mater. Chem. B, 2025, 13, 11855-11869

returning to normal behavior. Buprenorphine serum concen-
trations varied between treatment groups, in particular with
regard to Cpax and duration (Fig. 4). The pharmacokinetic
parameters of each formulation are presented in Table 3.
Following subcutaneous administration of Bupaq® (120 ug;
30 pg kg~ '/12 h), buprenorphine was detectable in rabbit serum
from 15 min to 5 h post-injection, reaching a peak concen-
tration (Cpay) of 0.59 ng mL™" at 30 min (Fig. 4A). In contrast,
PEG-MS?2 resulted in a delayed Cp,ay Of 1.48 ng mL™ " at 5 h, with
detectable levels still present at 24 h. Administration of PEG-
MS6 led to stable serum buprenorphine concentrations from
15 min to 48 h. The Cpay of 0.43 ng mL ™" was observed at 3 h,
similar in magnitude to Bupaq®, but with an extended duration
of drug presence in the serum. With PEG-MS12, buprenorphine
was maintained at consistent levels from 15 min up to 4 days post-
injection. A delayed Cyay Of 2.29 ng mL ™" was reached at 24 h. The

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 Serum concentration—time curves showing buprenorphine concentrations in rabbit after a single subcutaneous injection of buprenorphine HCl
(Bupaq®) or PEG-MS up to 1 week (A). The time to the last quantifiable serum buprenorphine concentration (Ti,s) corresponded to the last time point
where buprenorphine was quantifiable in serum (B). The amounts of buprenorphine and the rationale for dose selection are summarized in Table S2.
Pharmacokinetic parameters are summarized in Table 2. All data points are reported. The experiments were carried out on male rabbits.

Table 3 Buprenorphine pharmacokinetic parameters of rabbit after a single subcutaneous injection of PEG-MS loaded with buprenorphine

Amount of buprenorphine Crax Trax AUCo 1, T/
Animals Products administered (pg) (ng mL ") (h) (ng x hmL™) ()
1 Bupaq® 120 0.59 0.5 5.6 9.9
2 PEG-MS2 511 1.48 5 24.6 17.9
3 PEG-MS6 1458 0.43 3 22.7 10.5
4 PEG-MS12 2550 2.29 24 132.7 29.9
5 PEG-MS50 6750 5.59 24 399 48.8

PEG-MS50 formulation provided the longest duration of release,
with buprenorphine detectable from 15 min to 7 days. Peak
concentration reached 5.59 ng mL ™" at 24 h, with levels gradually
declining to 0.13 ng mL™* by day 7.

Ty, was longer for all PEG-MS formulations compared to
injectable Bupaq®. Additionally, AUC, 1, , increased with both
the amount of buprenorphine implanted and the degradation
time of PEG-MS (Table 3). The mean time of the last quantifi-
able serum buprenorphine concentration (7Tj,s) also increased
with the degradation time of the microspheres (Fig. 4B). These
results support the sustained release capacity of PEG-MS for-
mulations, with buprenorphine release closely linked to the
degradation profile of each microsphere type.

This study was limited by a small and homogeneous sample
population, however, this number was sufficient to show that
PEG-MS effectively prolonged buprenorphine release over free
buprenorphine in an animal model, confirming in vitro obser-
vations (Fig. 3). The use of additional animals was therefore not
necessary and will go against the Russell and Burch’s 3R
principles: reduction, refinement, and replacement. For the
tactile allodynia study, experimental groups of 10 rats were
formed as well as groups of 3 rats for the associated
pharmacokinetic study.

Evaluation of the biocompatibility of blank PEG-MS

For the anti-allodynic study in rat, buprenorphine elution from
PEG-MS2 and PEG-MS6 were too rapid to cover the post-
operative period. As drug release durations from PEG-MS12
and PEG-MS50 were comparable (Fig. 4), PEG-MS12, which
degraded in 12 days, was selected for local buprenorphine

This journal is © The Royal Society of Chemistry 2025

administration, in line with the objective of rapid vector
clearance following drug release. Prior to in vivo efficacy testing,
PEG-MS12 biocompatibility was evaluated in rabbits through
the administration of the microspheres in 3 tissues: the dermis
(tissue of reference for PEG-MS biocompatibility study*?), the
muscle at saddle level, and subconjunctival space near the
cornea, a tissue rich in functional mu opioid receptors which
could be targeted by agonists to reduce ocular pain.'

Microscopically, PEG-MS12 appeared as ovoid imprints
(~70 um in diameter), either dispersed or in clusters (Fig. 5).
Histological analysis on day 2 revealed polymeric material
(visible as a purple substance, annotated with a star) inhomo-
geneously distributed in the tissue indentations, with vacuoles
and voids in all tissues. Although the microsphere contours
were not regular, no signs of fragmentation or cellular infiltra-
tion were observed.

At day 2, PEG-MS12 was detected in all tissues (Table 4), and
persisted in at least half of the samples at day 7. After 14 days, no
microspheres were detectable in any of the tissues, which was in
agreement with the degradation time determined in vitro in PBS
(Fig. 2). This convergence supports that microsphere degradation
in tissues occurred through the hydrolysis of the ester bonds of
the crosslinker. The decreasing surface area of microspheres over
time confirmed progressive degradation (Fig. 6A), with a notably
faster reduction in muscle tissue—dropping from 9.6 mm? on day
2 to 0.18 mm” by day 7—indicating slightly accelerated degrada-
tion at this site (Fig. 6B). Overall, implantation site had minimal
impact on degradation kinetics.

On the histology slides (n = 36), few cells were visible in the
center of the implants or around them in the surrounding

J. Mater. Chem. B, 2025, 13, 11855-11869 | 11861
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Fig. 5 Histology images of PEG-MS12 at 3 time points in the dermis, muscle and subconjunctival space. PEG-MS12 (100 plL) were administered in male
rabbit (n = 12) in the 3 tissues under anesthesia. HES stained sections were digitized. Star (PEG-MS12), arrow (foamy macrophages).

Table 4 Number of samples with PEG-MS12 detected at histopathology
for each implantation site and each time point. PEG-MS12 was adminis-
tered in 4 rabbits for each implantation site

Day 2 Day 7 Day 14
Dermis 4/4 4/4 0/4
Muscle 4/4 2/4 0/4
Subconjunctival space 3/4 3/4 0/4

tissue, indicating a weak foreign body inflammatory reaction
(Fig. 5). No evidence of cell necrosis was observed in any of the
three tissues across all time points, confirming the absence of
toxic leachables or degradation products and supporting the
biocompatibility of the cross-linked PEG-based microspheres.

The thickness of the inflammatory reaction around PEG-
MS12 remained limited, increasing slightly from a mean of
14 pm on day 2 to 27 pm on day 7, with a maximum of 44 pm
recorded in muscle tissue (Fig. 6C). This thickness then
decreased at day 14. Globally, inflammatory response was
comparable across tissues, with only a slight transient increase
in muscle at day 7.

The type of inflammatory cells associated with PEG-MS12
was determined in skin samples only, as the percentage of
neutrophils, eosinophils, lymphocytes, macrophages and giant
cells present in ‘hotspots’ of inflammation. Inflammatory
reaction was almost exclusively composed of macrophages
and giant cells at all time points while a few neutrophils,
eosinophils and lymphocytes were seen at earlier time points
and never detected at later time points (Fig. 6D). Macrophages
were predominant over giant cells at days 2 and 7. These two
cell types showed an increase between the two time points. On
day 14, the number of giant cells decreased and foamy macro-
phages were observed in the dermis between the collagen
bundles (Fig. 6D). The purple material observed in their

1862 | J Mater. Chem. B, 2025, 13, 11855-11869

cytoplasm suggested the presence of phagocytosed polymer
indicating that macrophages were cleaning up the tissue.

Anti-allodynic activity of buprenorphine loaded on PEG-MS12
in the Brennan’s model in the rat

To evaluate analgesic efficacy, three buprenorphine dosing
formulations were prepared for intraplantar injection: blank
(drug-free PEG-MS), BU1 (240 pg buprenorphine; PEG-MS12 at
4.8 mg mL '), and BU2 (40 pg buprenorphine; PEG-MS12 at
0.8 mg mL ™). The high dose was chosen to match the reference
dose commonly used in commercial sustained-release analge-
sics for rodents (1.2 mg kg™").>*%°

First of all, evidence of peripheral mu receptors in rat
hindpaw was observed on unoperated rat hindpaws, where
mu opioid receptor immunoreactivity appeared in nervous
structures (Fig. 7).

Labelling was also visible in the epidermis, mainly in the
basal cell layers of the keratinocytes and in some endothelial
cells. Presence of nerves in paw sections expressing mu recep-
tors indicated that it would be possible to target these receptors
using buprenorphine eluted from degradable microspheres to
reduce pain induced locally by surgery. However, 3 days after
the surgical wound infiltration in the plantar aspect of the foot
with a suspension of microspheres, histology failed to show any
proximity between the microspheres and the nerve fibres
positively labelled with the antibody, suggesting a low density
of nerves in the operative wounds.

On days 1, 2, and 3 following surgery and PEG-MS12
infiltration, paw withdrawal thresholds were assessed using
the Von Frey test (Fig. 8).

The surgical incision of the plantar aspect of the left
hindpaw induced a significant decrease in the paw withdrawal
thresholds one-day post-sugery, compared to the control un-
operated paw (35 g vs. 59 g, —40%, p < 0.001). In the control

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5tb01312g

Open Access Article. Published on 02 September 2025. Downloaded on 10/4/2025 3:42:51 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Journal of Materials Chemistry B

p = 0.0223 (MW)

p = 0.0003 (MW)

(mm2)

PEG-MS12 deposit surface

-8~ Muscle
Subconjunctival space
& Dermis

N W »
o o o
L L 1

Thickness of inflammation
around PEG-MS12 (um)
o

D2 D7 D14

View Article Online

Paper
B
144
g 121 -o- Muscle
E 104 Subconjunctival space
gNﬁ 8 - Dermis
2 £
~ £ 6
2 2
o
0 T y >
D2 D7 D14
D
@ 407
3
2
£ 30 -e- PN
£ = EO
< 20 - MP
5 - CG
jo}
s 10+ - LP
6
xR
R gl
D2 D7 D14

Fig. 6 Quantification of PEG-MS12 degradation at 3 time points in rabbit tissues (A) and (B) and assessment of the inflammatory foreign body reaction
observed during microspheres degradation (C) and (D). Evolution of the surface of the implants of PEG-MS12 in all tissue (A) or in each tissue (B).
Thickness of inflammation in contact with PEG-MS12 in each tissue (C), evolution of infllmmatory cells during PEG-MS12 fate in dermis (D). PN:
polymorphonuclear neutrophils, EO: eosinophils, MP: macrophages, CG: giant cells, LP: lymphocytes. The experiments were carried out on male rabbits.

£3 Y5 o
< ) ’ ‘.
) P
VB
2 O ) . !
i \ - !
.- x\‘.h: 21 R A 73
e ¥
ab217766 1/100-+ om . ab21776601/100 ;
- : -~ 3
. ) {
¥ T

ab217766 1/100

G 7Y = e

o W, 8 & o
- ‘_, .-/ L .: ‘ 2 y ’v/ ; ’ v
ab2177(;6_l/10() s0ym ab217766 14100, Sopn_ nb{masi/mo”{ el S |

Fig. 7 Detection of mu opioid receptors on rat hindpaws. Unoperated paws (A) and (B) and paws 3 days after plantar incision and intraplantar injection of
blank PEG-MS12 (C) and (D) and buprenorphine-loaded PEG-MS12 (240 pg buprenorphine/paw — BU1) (E) and (F). v: vessel, n: nerve, a: adipocyte, m:

muscle, arrow: positive cells, star: polymer as filamentous network of bluish
Fig. S2. The experiments were carried out on male rats.

group treated with drug-free PEG-MS (blank), injured paws
continued to exhibit significantly lower withdrawal thresholds
than the unoperated paws at both day 2 (41 gvs. 52 g, —21%, p =
0.0011) and day 3 (42 g vs. 48 g, —12.5%, p = 0.0194). Reduction
in the withdrawal threshold of the injured paws at day 3
suggested a self-healing process.

This journal is © The Royal Society of Chemistry 2025

color. The negative control of mu opioid receptors labelling is shown in

The analgesic effect produced by wound infiltration with
PEG-MS12 loaded with buprenorphine was determined by
comparison with operated hindpaws infiltrated with the drug-
free PEG-MS12 in a separate experimental group. Administra-
tion of PEG-MS12 loaded with the high dose of buprenorphine
(BU1: 240 pg per paw) immediately after surgery significantly

J. Mater. Chem. B, 2025, 13, 11855-11869 | 11863
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improved withdrawal thresholds at day 1 compared to the drug-
free PEG-MS group (47 g vs. 35 g; +34%, p < 0.0001). A similar
but less pronounced effect was observed with the low-dose
buprenorphine formulation (BU2: 40 pg per paw), which also
resulted in a significantly higher threshold than the blank
group (42 g vs. 35 g; +20%, p = 0.0466). However, by day 2
(p = 0.6031, KW) and day 3 (p = 0.9098, KW), no significant
differences in withdrawal thresholds were observed between
the blank, BU1, and BU2 groups.

2.21+1.62
4n ng/mL -e- BU1 (240 ug/paw)
- BU2 (40 pg/paw)
3-
124+ 0.8
ng/mL

Serum buprenorphine (ng/mL)
N
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Fig. 9 Serum concentration of buprenorphine after the intraplantar
administration at high (BU1) and low dose (BU2) of PEG-MS12 loaded with
buprenorphine. The dosing was performed on 3 male rats at each time
point and at each dose level during 3 days.

11864 | J Mater. Chem. B, 2025, 13, 11855-11869

As a tissue assay of buprenorphine was not performed in
hindpaws, a serum assay was conducted to monitor systemic
drug concentrations. The aim was to facilitate the interpreta-
tion of allodynia measurements in relation to serum concen-
trations of buprenorphine, and more specifically to determine
whether the pain relief observed at 24 h was explained by a local
or systemic effect. The rat blood concentration of buprenor-
phine following the intraplantar injection of PEG-MS12 was
assessed (Fig. 9).

The circulating concentrations of buprenorphine decreased
over time. For the highest dose (240 ug per paw; 4.8 mg mL™ %),
serum concentrations remained above the therapeutic thresh-
old in rodents (1 ng mL™ "), with level measured at 2.21 ng mL ™"
at 24 h and 1.24 ng mL™" at 48 h. For the low dose (40 pg per
paw; 0.8 mg mL "), the circulating concentration of buprenor-
phine was lower than the therapeutic threshold at 24 h and
48 h. In each experimental group, buprenorphine was absent
from serum samples at 72 h.

Discussion

The identification of functional opioid receptors in peripheral
tissues has opened new avenues for managing postoperative
pain while minimizing central opioid side effects.">*° This
study aimed to investigate the potential of a local, sustained-
release strategy for postoperative pain management using low
doses of buprenorphine delivered via a degradable drug deliv-
ery system (DDS). Specifically, we examined whether PEG-based

This journal is © The Royal Society of Chemistry 2025
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hydrophilic microspheres (PEG-MS) could provide prolonged
peripheral analgesia by gradually releasing buprenorphine at
the site of surgical injury, thereby activating peripheral opioid
receptors. The primary objective was to demonstrate that
PEG-MS can serve as an effective DDS for the sustained release
of buprenorphine. A secondary goal was to test the hypothesis
that locally released buprenorphine can activate peripheral
opioid receptors to achieve postoperative analgesia in a rat
model of incisional pain.

Buprenorphine loading onto PEG-MS and its sustained release

The sustained-release strategy for buprenorphine developed
in this study draws inspiration from chemoembolization,
where drugs in aqueous solution like doxorubicin or irinotecan
are loaded onto pre-calibrated microspheres via ionic interac-
tions before being delivered intra-arterially through a micro-
catheter.”®?° The degradable PEG-MS, originally developed for
embolization®*"***' and chemoembolization**** were adapted
here for local administration.

Buprenorphine in water was efficiently loaded on different
PEG-MS with four degradation times. Given buprenorphine’s
lipophilic nature (logP = 4.98), loading probably occured via
hydrophobic interactions with the caprolactone and lactide
moieties present in the degradable crosslinkers. This approach
aligns with established strategies for incorporating lipophilic
drugs into hydrogels through hydrophobic domains.*>** The
amphiphilic nature of PEG-MS not only facilitates effective
loading of hydrophobic drugs like buprenorphine but also
ensures a better biocompatibility and promotes rapid fate in
tissues.

Buprenorphine release was strongly correlated with PEG-MS
degradation time, confirming its interaction with the cross-
linked PEG polymer. Following subcutaneous injection in
rabbits, the four PEG-MS formulations produced a rapid serum
peak, indicating immediate bioavailability for early analgesic
effect. Subsequently, buprenorphine was gradually released as
the PEG-MS degraded, supporting a prolonged analgesic
action. However, the small number of rabbits used in the
pharmacokinetic study limited the possibility of statistical
analysis. Overall, the administration of buprenorphine loaded
PEG-MS (n = 4) showed that the microspheres delayed the
serum passage of buprenorphine. Collectively the material
effect was shown to be consistent with microsphere degrada-
tion times. The release profiles paralleled the degradation
kinetics of each formulation, in contrast to delivery systems
based on poly(lactic-co-glycolic acid), lactide, caprolactone, or
their copolymers, where drug release occurs over a few days
despite matrix degradation taking months or years.****> Due to
the rapid degradation of PEG-MS, the risk of a long-term
inflammatory reaction around the implant after buprenorphine
delivery is abolished, which is an advantage for treatment
tolerance.

Trial of peripheral analgesia in the rat’s brenann model

Following intraplantar injection of buprenorphine-loaded
PEG-MS, the aim was to achieve sustained targeting of opioid

This journal is © The Royal Society of Chemistry 2025
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receptors through gradual buprenorphine release, overcom-
ing tissue clearance to maintain effective local concentra-
tions over several days. However, this objective was only
partially achieved. PEG-MS with lower dose of buprenorphine
(40 pg per paw) resulted in minimal systemic exposure but
produced limited efficacy on tactile allodynia at the limit of
significance. In contrast, a single intraplantar administration
of PEG-MS loaded with the high dose of buprenorphine
(240 pg per paw) induced a significant anti-allodynic effect as
evidenced by an increase in the paw withdrawal threshold
(+34%) at day 1 compared to the vehicle-treated group. How-
ever, serum concentrations at this time point were above the
therapeutic threshold (1 ng ml™"), indicating that the analgesic
effect was likely mediated by systemic—rather than local--o-
pioid receptor activation. Furthermore, reduction in allodynia
at 48 h was not observed, probably because the concentration of
buprenorphine was near the threshold of efficacy in rodents. In
the Brennan model, the high local dose of 240 ng of buprenor-
phine was equivalent to a dose of 1.2 mg kg~ when expressed
in terms of animal body weight. This dose was similar to
buprenorphine sustained-release formulations marketed for
analgesia in rats, which provide analgesia for 48-72 h in several
pain models after a single subcutaneous injection.**® The
results obtained with PEG-MS were close to those obtained with
PLGA microspheres in development, which provide in vivo
release of buprenorphine for 3 days after single subcutaneous
adminstration depending on microsphere diameter and poly-
mer molecular weight, with 30% burst and plasma levels above
1 ng ml~" for 24 h in mice at 1.2 mg kg~ ".>* Despite the absence
of clear evidence for local receptor engagement, PEG-MS12
enabled effective postoperative analgesia during 24 h at a
clinically relevant dose, most likely through systemic drug
release.

Targeting of mu opioid receptor

The main limitation of the intraplantar implantation of PEG-
MS after surgery was the potential loss of PEG-MS from the
surgical site. To mitigate this risk, an additional (third) suture
bridge was performed, instead of the two described in the
original method.** Then, using stained microspheres, it was
found that under the conditions of the study, the PEG-MS did
not get released when the rats walked. Despite this, upon
recovery from anesthesia, the return to normal mobility and
frequent pressure exerted on the operated paw during ambula-
tion may have induced microsphere leakage, potentially reduc-
ing the effective dose of buprenorphine. This potential loss of
material could have impacted the observed analgesic efficacy.
To improve reliability and ensure consistent drug delivery,
further studies should be conducted with PEG-MS injected
subcutaneously at a dose of 1.2 mg kg™ ', aligning with proto-
cols used in previous evaluations of sustained-release bupre-
norphine formulations in rodent pain models.**° Once
implanted subcautaneously, the microspheres cannot be
released by animal movement. Another possible explanation
is the possible loss of buprenorphine through wound exudate
following suturing. Interstitial fluid containing buprenorphine
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may have escaped through the wound under mechanical pres-
sure during walking. An alternative hypothesis to account for
the absence of local anti-allodynic activity is the paucity of mu
opioid receptors in the vicinity of degradable PEG-MS, whereas
one might have expected overexpression of mu opioid receptors
after surgery.*®

Changes in buprenorphine delivery time

This study observed a rapid decline in the release time of
buprenorphine since PEG-MS12 transitioned from 12 days in
PBS to four days in rabbits and 24 h in rats, providing 24 h of
pain relief. The accelerated release of buprenorphine after
subcutaneous implantation in rabbits was consistent with
previous reports showing that the in vivo absorption curves of
long-acting injectable formulations could be different from the
in vitro release profiles.”” These differences can be explained by
the in vitro release methods, such as the apparatus, release
media, vessel dimensions, temperature, and agitation speed.
The in vitro release method for buprenorphine-loaded PEG-MS
needs improvement to achieve a better in vitro-in vivo correla-
tions. On the other hand, the acceleration of buprenorphine
absorption between subcutaneous injections in rabbits and
intraplantar injections in rats could be explained by a different
lymphatic drainage between the two injection sites. It is
acknowledged that lymph production is increased by mechan-
ical stimuli such as arterial pulsation, vibration, massage and
joint movement.*® It is therefore conceivable that lymph drai-
nage in the hindpaws, on which the rats lean when walking,
was greater than in the rabbit’s subcutaneous tissue, thereby
stimulating the passage of buprenorphine into the blood
circulation. In the skin, the hydrostatic pressure of tissue fluid
is negative, and the pressure in the initial lymphatics to be
positive, some driving force is necessary for lymph to be
produced against this pressure gradient.*®*® Another possible
explanation for the rapid decline in buprenorphine concen-
tration in rat serum was a faster elimination in rats than in
rabbits, where detectable levels persist for up to four days after
subcutaneous injection of PEG-MS. Clearance measures done
in rodents and rabbits after intravenous injection of buprenor-
phine support this hypothesis, since clearance values of 2.8 and
4.1 1 h™" kg~ " were reported for rats and 1.8 1 h™" kg~ " for
rabbit.>”

PEG-MS a biocomptatible degradable DDS

Ideally, a DDS would be resorbed after drug delivery with little
tissue reaction, which is not the case with the lactide and
caprolactone-based injectable gel for buprenorphine (bupre-
norphine ER-LAB formulation) which degrades over years.****
The degradation rate of PEG-MS could be tuned by varying the
caprolactone content in the degradable crosslinker. Incorpora-
tion of caprolactone extended the degradation time from 2 days
(crosslinker without Cl) to up to 2 months with the more
hydrophobic crosslinker composition (PEG;3-LAs-co-Cls). The
slowing down of degradation by caprolactone was descri-
bed with different copolymers composed of poly(r-lactide)
and poly(e-caprolactone).”™* The hydrogel composition of
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PEG-MS contributes to the low intensity of the foreign body
inflammatory response observed in various rabbit tissues dur-
ing microspheres degradation. This PEG hydrogel formulated
in microspheres contains a small amount of polyesters and
PEG material (approximately 20% of the mass), with the
majority of the mass being water. Mild and transient inflam-
mation has previously been observed in the rabbit dermis
following degradation of PEG-MS within 24-48 h** and in the
sheep shoulder joint cavity with slower-degrading PEG-MS,>
confirming the excellent local biocompatibility of cross-linked
PEG hydrogels. In terms of overall safety, PEG-MS for bupre-
norphine delivery combines several advantages: absence of
organic solvent, low amount of polymer, rapid degradation
with mild inflammatory reaction, and use of buprenorphine
hydrochloride rather than buprenorphine base as the active
ingredient, which is more toxic than the hydrochloride salt.®

Other strategies for achieving peripheral analgesia with opioids

In order to limit the sytemic diffusion of buprenorphine into
the circulation by oral or intravenous treatments, local injec-
tion of opioid solutions into wounds has been investigated.'®
The therapeutic effect is short-lived (6 h) and depends on the
inflammation of the treated tissues. In this study, local implan-
tation of a buprenorphine DDS resulted in plasma absorption
of a therapeutic dose, confirming that local treatments pose a
risk of systemic exposure. This has been well demonstrated for
local anesthetics injected along nerve pathways, where systemic
absorption is strictly controlled to prevent toxic plasma levels.”*
With the aim of eliminating the undesirable side effects of
opioids by selectively activating opioid receptors outside the
central nervous system, several experimental approaches are
being developed. One of these is the development of nano-
particles, such nanocarriers of morphine*' or neuropeptide
Leu-enkephalin® or liposomes conjugated to the intracellular
adhesion molecule I (ICAM-1) antibody loaded with the mu
receptor antagonist iopermaide® for peripheral delivery into
inflamed tissues for pain control based on the enhanced
permeability and retention (EPR) effect. Opioid derivatives with
low blood brain barrier penetration have been developed, such
as asimadoline (peripheral K receptors), which has been tested
in clinical trials in patients with irritable bowel syndrome
(NCT00454688) or after colectomy (NCT00443040). The acidity
of fluids in injured and inflamed tissues (pH 5-7) vs. 7.4 in non-
inflamed tissues has been taken into consideration to develop
derivatives that are only ionized in an acidic environment in
order to activate opioid receptors in tissues where the micro-
environment is acidic. Such a compound called NFEPP
(pK. 6.8), which is only active in acidic tissues caused by
injury/inflammation, was obtained by fluorination of fentanyl
(pK. 8.43). NFEPP binds to the mu opioid receptor and activates
it only at acidic pH, producing analgesia in different animal
pain models.'>*” To get an opioid based analgesia without side
effets the answers are manifold, combining on the one hand
the design of new prototypes of opioid receptor ligands and on
the other the development of vectors for their appropriate
administration.

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5tb01312g

Open Access Article. Published on 02 September 2025. Downloaded on 10/4/2025 3:42:51 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Journal of Materials Chemistry B

Conclusion

The initial objective of achieving peripheral analgesia by target-
ing mu receptors after infiltrating a buprenorphine DDS into
the plantar wound of the rat’s Brennan model was inconclusive
due to the brief duration of analgesia (24 h) and the systemic
passage of buprenorphine released from degradable micro-
spheres. The reasons for this failure may be multiple, including
the low density of mu opioid receptors in the surgical wound,
the loss of part of the microspheres or buprenorphine-
containing exudate from the wound, or the high lymphatic
drainage stimulated by the movement of rats on their operated
hindpaws. However, compared to existing buprenorphine DDS,
the solvent-free PEG-MS due to its rapid degradation, absence
of organic solvent and biocompatibility make then a promising
degradable platform for buprenorphine delivery for post-
operative pain relief in pets and laboratory animals after
subcutaneous administration like the two prolonged-release
buprenorphine formulations on the market in United
States.*®”*° Further studies in incisional models after subcuta-
neous injection in rats®® and pigs®>®® could confirm the
potential shown in this study to alleviate the post-operative
pain. The route of administration and the dose of buprenor-
phine to be loaded onto the PEG-MS must be optimized for the
different possible clinical indications.
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